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Abstract 

The work in this thesis describes the approaches taken to advance the field of 

pulmonary optical molecular imaging for the diagnosis of unexplained pulmonary 

opacities in the critically ill patient where bacterial causes are suspected and the 

investigation of pulmonary nodules and masses where lung cancer is suspected.  

The bacterial work includes the development and assessment of a multivalent 

fluorescently labelled antimicrobial peptide fragment that allows for the in vivo in situ 

detection of bacteria in the distal lung. This Smartprobe (chapter 3), called NBD-

UBIdend remains specific for bacteria and pathogenic pulmonary fungi (Aspergillus 

fumigatus) over mammalian cells, and has a clinically relevant limit of detection when 

it is imaged in an ex vivo whole lung ovine ventilated model using fibered confocal 

fluorescence microscopy (FCFM). Furthermore, NBD-UBIdend detects all bacteria 

assessed, including a panel that accounts for 70% of ventilator associated pneumonia 

causing organisms. Chapter 4, develops this further and describes the in vitro and ex 

vivo evaluation of another Smartprobe utilising a fluorescently labelled modified 

polymyxin B moiety, called NBD-PMX. This compound detects gram-negative but 

not gram-positive bacteria and is compatible with pulmonary FCFM. This combination 

of Smartprobes and FCFM could allow the immediate stratification of patient therapy 

in the assessment of pulmonary opacities where bacterial causes are suspected.  

The lung cancer work includes the use of label free FCFM in a clinical cohort to 

determine if autofluorescence patterns can differentiate benign and malignant 

pulmonary nodules. This work (chapter 5) demonstrates here there is no differentiation 

using FCFM alone and therefore, for this technology to be used in lung cancer 

diagnostics a Smartprobe strategy may be beneficial. Finally, chapter 6 demonstrates 

a Smartprobe based approach for interrogating lung cancer and discusses a matrix 

metalloproteinase (MMP) compound that detects MMPs in a whole ventilated lung 

utilising a modified spontaneous ovine pulmonary adenocarcinoma model.  
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Lay Summary 

The work in this thesis describes the approaches taken to advance the field of 

pulmonary optical molecular imaging for the diagnosis of unexplained pulmonary 

infiltrates where bacterial causes are suspected and the investigation of pulmonary 

nodules and masses where lung cancer is suspected.  

The bacterial work includes the development of chemical compounds called 

Smartprobes which can allow the detection of bacteria in the lungs of patients where a 

pneumonia (bacterial infection of the lung) is suspected. Chapter 3 describes the 

modification of naturally occurring peptides, that are specific for bacteria and do not 

bind to normal human cells and the structure has been modified to allow bacterial 

labelling in the lung. These peptides also have had a fluorescent reporter attached to 

them, which remains quiet under normal conditions but ‘lights up’ when a bacteria is 

bound. Using these Smartprobes with an imaging technique called fibred confocal 

fluorescence microscopy (FCFM), which is a small fibre microscope that can be 

passed into the lungs of patients, then bacteria can be detected in the lungs of patients 

in real time. Chapter 4 develops this further and using a different Smartprobe we can 

determine the classification of bacteria, as well as the presence of them. Bacteria are 

broadly divided into two groups called gram-negative and gram-positive bacteria and 

this Smartprobe detects gram-negative bacteria. This has implications for the types of 

treatment patients are to be given. Both these compounds are safe, and are being 

planned to be used in patients in intensive care, where a pneumonia is suspected.  

The lung cancer work assesses the ability of the FCFM technique to tell us whether 

pulmonary nodules (small, usually rounded areas found in the lungs on imaging) are 

cancerous or non-cancerous. However, chapter 5 demonstrates that just using FCFM 

alone cannot provide such information. Therefore, chapter 6 describes the 

development of another Smartprobe to be used with FCFM, to determine whether a 

nodule (or indeed any lung mass) is cancerous by targeting a family of compound 

called matrix metalloproteinase (MMP) which are often overexpressed in lung cancers. 

The thesis concludes with future directions for studies of these compounds.   
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Chapter 1: Introduction to optical imaging, suspected 

ventilator-associated pneumonia and the pulmonary nodule.  
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1.1 Optical Imaging and Smartprobes 

1.1.1 Imaging in pulmonary medicine 

The use of imaging modalities is critical for the management of any patient with 

respiratory disease. The potential of the radiograph (x-ray) for imaging of the human 

body was first discovered by Wilhelm Rӧntgen in 1895 (Spiegel, 1995), and the chest 

x-ray quickly became established and essential to the management of respiratory 

disease to ‘see’ what processes were occurring in the lungs of the symptomatic patient. 

Indeed, from 1900 chest x-rays played an essential role in the screening and detection 

of tuberculosis (Davies and Davies, 1945, Daniel, 2006) prior to the introduction of 

chemoprophylaxis in the 1940s (Medical Research Council Streptomycin in 

Tuberculosis Trials, 1948) and for the first time allowed imaging of lung cancer 

without the need for a postmortem examination. X-rays are electromagnetic (ionizing) 

radiation (wavelengths from 0.01-10nm) and for chest imaging pulses are directed 

through the patients’ thorax to a detector on the opposing side (Figure 1.1).  

 

Figure 1.1 Principle of chest x-ray. Schematic demonstrating the principle of chest x-ray where x-ray beams pass 
through the thorax to a detector and a 2 dimensional image is formed with the differential attenuation of the x-rays 
through differing densities of body tissues.  

The resultant two dimensional image is derived from the interaction of the ionizing 

radiation with the body parts it passes through, with differentiation achieved by the 

absorption potential of the body structures it passes through.  In the thorax almost all 

of the radiation passes through air filled structures (such as normal lung tissue), little 

or none passes through bone and variable amounts through other thoracic structures 

such as diseased lung, blood vessels and mediastinal structures.  The chest x-ray still 
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retains an essential place in the diagnosis, investigation and management of all patients 

with respiratory illness, however advances in radiology and technology over the years 

led to the development and use of computed tomography (CT) from the 1970s 

(Hounsfield, 1973). CT technology, like chest x-rays, relies on two dimensional 

radiographic images but are taken around a single axis of rotation (slice) and serially 

along the length of the section to be imaged. This axial imaging allows for differential 

attenuation of the various tissue the x-rays pass through by the rotating detectors and 

therefore provide differentiation of these tissues relative to each other and once 

reconstructed it provides accurate three dimensional information on internal body 

structures (Nikolaou et al., 2004). A number of advances in CT technology (Goldman, 

2007) including the use of multi-row detectors, collimated beam technology and 

helical scanning has advanced the technology to the point where an entire acquisition 

of the thorax can be undertaken in a single breath hold with reconstruction precision 

to 0.5 x 0.5mm (Goldman, 2007).  CT scans have transformed the management of 

patients with respiratory disease and, through various acquisition methods and the use 

of intravenous contrast agents, have become an indispensable tools for the 

management of patients with most pulmonary diseases; including roles in the 

assessment of the pulmonary vasculature (for example the diagnosis of acute 

pulmonary embolism (Torbicki et al., 2008)), the pulmonary parenchyma (for example 

the classification of patients with pulmonary fibrosis (Raghu et al., 2011)) and for 

detailed structural information (for example as a first line investigation for suspected 

lung cancer (Silvestri et al., 2007)).  Chest x-rays and CT scans can only provide 

structural information and CT may be approaching the limits of resolution it can offer. 

As there was a natural progression from chest radiography to CT to give us a better 

understanding of disease, there is now a greater need to understand disease processes 

at cellular resolution and with molecular information. This has led to a greater demand 

from imaging modalities to provide such information and a valuable advance in this 

area is the advent of positron emission tomography (PET) technology, especially in 

the management of oncological disease (Rohren et al., 2004).   

PET aims to provide functional information through the use of radionuclide tracers 

injected into the body, and the adoption of the technology  was accelerated following 

the combination of the technology with CT in 1998 to give integrated PET-CT 
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scanners (Beyer et al., 2000).  PET scanners detect annihilation photons emitted by 

positron-emitting radionuclide tracers which can be injected into patients (Rohren et 

al., 2004). The most commonly used tracer is 18-fluorodeoxyglucose (FDG), a glucose 

substrate which is taken up by malignant cells through overexpressed glucose 

transporters and trapped as 18FDG-phosphate, thereby acting as a map of glucose 

activity (Gallagher et al., 1978). Therefore PET ‘avid’ areas represent highly metabolic 

cells, including cancerous tissue, but may also be ‘avid’ in inflammatory conditions 

leading to false positive results and conversely it may be low in indolent malignancies, 

leading to false negative results (Chang et al., 2006). FDG-PET (combined with CT to 

offer improved spatial resolution) is widely accepted in the assessment of lung cancer 

for both initial staging and assessing disease response, and in the assessment of 

pulmonary nodules (von Schulthess et al., 2006, Lardinois et al., 2003).  PET remains 

a potentially versatile imaging modality as the radiotracer given can be targeted 

specifically for the target of interest, and as such PET compatible radiotracers have 

been synthesised specifically for imaging infection (Akhtar et al., 2004), imaging beta-

amyloid plaques in Alzheimer’s disease (Klunk et al., 2004), dopamine imaging in 

neuropsychiatric illnesses (la Fougère et al., 2010, Gründer et al., 2003) and sodium 

fluoride imaging for predicting plaque rupture in coronary artery lesions (Joshi et al., 

2014).  However, routine use of radiotracers other than FDG have not been widely 

established clinically but this may change with the success of PET in oncology, the 

increasing availability of PET scanners at various centres and the need for more than 

structural information in various diseases.  Despite their established and important role 

in thoracic imaging, both PET and PET-CT will not allow resolution of disease process 

at a cellular level, do not allow multiplexing of radiotracers for assessing multiple 

functional aspects of the target and concerns remain about the radiation exposure from 

CT scans (Brenner and Hall, 2007, Smith-Bindman et al., 2009).   As such imaging 

techniques that allow imaging at microscopic resolution, such as optical imaging, are 

an emerging field in medical diagnostics.  

1.1.2 Optical Imaging technologies 

Optical imaging (OI) technologies use light in the visible spectrum to the near infrared 

of the electromagnetic spectrum (Figure 1.2) and have the aim of providing low cost, 
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high resolution, minimally invasive imaging in vivo. OI detects light emitted from cells 

or tissues, and can provide micro or macroscopic resolutions depending on the 

detection system and light sources used.  

 

Fluorescence generation requires three steps (Figure 1.3); the excitation of a 

fluorophore by a photon of light from its’ ground state to an excited state (absorbance), 

dissipation of part of this energy primarily by vibrational relaxation (internal 

conversion) and finally emission of fluorescence at a longer wavelength and lower 

energy (fluorescence). The difference between the peak absorbance wavelength and 

emission wavelength is termed the Stokes shift (Figure 1.3).  

 

Figure 1.3 Generation of fluorescence. Diagram on left is an adapted Jablonski diagram demonstrating the stages 
of fluorescence generation with excitation of a photon, internal conversion and fluorescence emission at a longer 
wavelength. Schematic on right are representative spectra of a fluorophore demonstrating the Stokes shift. 

The excitation modalities for optical imaging include both laser and LED technology 

operating from near-ultraviolet (<450nm), visible (450-650nm) and near-infrared 

(650-1000nm) (Ntziachristos, 2010) and the source of fluorescence may be intrinsic 

Figure 1.2 The electromagnetic spectrum and visible light ranging from near ultraviolet to near-infrared 
regions.  
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autofluorescence or from exogenously administered compounds including contrast 

fluorophores, fluorescently tagged ligands or Smartprobes (Dorward et al., 2012).  

Multiple excitation wavelengths, with carefully selected fluorophores with narrow 

Stokes shifts can therefore be used to image multiple targets simultaneously within the 

visible spectra, a concept called multiplexing.  

OI remains a fundamental tool in laboratory science; advances in the biological 

mechanisms of many disease processes have stemmed from the initial engineering of 

the green fluorescent protein (GFP) (Tsien, 1998), which now extend to a vast array 

of available fluorescent proteins (Day and Davidson, 2009, Tsien, 2005).  Coupled 

with the plethora of fluorophores available for conjugation to antibodies (Panchuk-

Voloshina et al., 1999), core laboratory techniques of confocal imaging and flow 

cytometry, have all together rooted the use of OI modalities in many aspects of 

fundamental biological research (Mittag and Tarnok, 2011, Miyawaki, 2011). 

Furthermore, advances in microscopy technologies, such as super-resolution 

microscopy techniques (Huang et al., 2009), can allow imaging at resolutions below 

the diffraction limit of light (~250nm lateral resolution when imaging with an objective 

lens with high numerical aperture) (Huang et al., 2010). This can allow the study of 

protein-protein interactions and allow single molecule imaging holding promise for 

further advancing our knowledge of biological processes (Sako and Yanagida, 2003, 

Lippincott-Schwartz and Manley, 2009). Whilst many of these optical technologies 

remain confined to research use, its translation into the clinic for in vivo use in man 

has also made significant progress over the last decade (Lippincott-Schwartz and 

Manley, 2009).  

OI in clinical settings has a number of attractive properties and advantages over 

conventional radiology (Dorward et al., 2012); it uses non-ionising radiation, faster 

acquisition time, can image with resolution of micrometers allowing cellular 

resolution, allows multi-channel imaging and therefore the ability to multiplex and is 

relatively inexpensive (Dorward et al., 2012, Weissleder and Pittet, 2008). 

Furthermore, in the assessment of pathological process it could negate the need for 

more invasive biopsies and would have the ability to undertake serial imaging to assess 

response (Weissleder and Pittet, 2008). A considerable limitation of OI in human tissue 
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remains the scatter of light, with lung tissue in particular being a highly scattering 

tissue (Ntziachristos, 2010). Photons interact with different cellular structures resulting 

in elastic scattering (changes in photon direction but not energy) which are influenced 

primarily by the haemoglobin and mitochondrial content of the tissue assessed 

(Beauvoit et al., 1995), as well as the presence of other chromophores. Therefore, in 

tissues there is an estimated loss of light intensity of approximately 90% per 1cm 

travelled (Dorward et al., 2012), although this phenomenon is more severe for shorter 

wavelengths (such as ultraviolet range) than the near infra-red range. Therefore, to 

minimize light scattering many groups are developing imaging probes in the near-infra 

red spectrum (Ntziachristos, 2010, Haller et al., 2008), as well as using techniques to 

achieve greater penetration depths, such as non-linear single point illumination of dual 

photon microscopy (Zipfel et al., 2003) or optoacoustic imaging (Ntziachristos and 

Razansky, 2010), which the latter retaining the same depth as ultrasound imaging of 

3-5cm. Applications of near-infrared imaging with targeted fluorescent probes in man 

shows promise but is confined, currently, to the preclinical space (Weissleder and 

Ntziachristos, 2003, Weissleder and Pittet, 2008) but reporters for bacterial detection 

are awaiting regulatory approval (van Oosten et al., 2013). Nonetheless, clinical 

translation of optical imaging with targeted fluorescent probes has been undertaken 

with folate targeting in ovarian cancer (van Dam et al., 2011), CD47 targeted bladder 

cancer (Pan et al., 2014), fluorescently labelled 5-amino-levulinic acid for resection of 

glioblastomas (Colditz and Jeffree, 2012) and recently c-Met targeted colonic polyp 

detection (Burggraaf et al., 2015).  

A number of OI modalities exist (Dorward et al., 2012, Ntziachristos, 2010, 

Weissleder and Pittet, 2008), but to offer imaging at cellular resolutions in vivo 

confocal imaging is attractive. Confocal laser scanning microscopy (referred to now 

as confocal) imaging is an OI modality that allows high-resolution optical imaging 

within a focal plane of tissue (Cremer and Cremer, 1978). It utilises single point-by-

point illumination by scanning across the field of view of the target of interest with a 

single wavelength excitation source, and detects emission fluorescence but eliminates 

out of focus light within a focal plane by the addition of a pinhole, minimising light 

scattering and allows imaging deeper in tissues when compared to conventional 

fluorescence microscopy (Webb, 1999). Although it does allow sectional imaging in 
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tissue, the penetration (axial resolution) is still restricted to under 1mm (Brakenhoff et 

al., 1985) in optimal laboratory based setups but the advantage of confocal microscopy 

remains the high-lateral resolution of imaging (Brakenhoff et al., 1985, Webb, 1999) 

which remains in the micrometer range.  Consequently, OI modalities for lung 

imaging, especially confocal, would not be possible from surface or external excitation 

sources given the depth of penetration the light would need to traverse for the diseased 

area of interest. To achieve confocal OI in the lung, the technology must be passed 

down into the lung parenchyma, and this could only be achieved with fiber based 

technologies with endobronchial passage of the fiber.  

1.1.3 Fibered Confocal Fluorescence Microscopy 

A number of prototype fiber based imaging systems have been described in the 

literature  (Knittel et al., 2001, Liang et al., 2001, Delaney et al., 1994, Jabbour et al., 

2012) including LED based systems (Muldoon et al., 2007) and clinical translation of 

these prototypes for assessment in man (Lane et al., 2009).  However, I will focus on 

a commercially available system that have been approved by the US Food and Drug 

Administration (FDA) for pulmonary imaging in man, called CellvizioTM (Mauna Kea 

Technologies, France) and is becoming established for distal lung imaging (Thiberville 

et al., 2007b, Thiberville et al., 2009b, Yserbyt et al., 2013).  This technology utilises 

a proximal laser scanning unit (LSU) emitting blue argon laser light at 488nm and 

transmits this down a flexible bundle to the tissue being imaged. Emitted light is then 

transferred back down the fiber bundle to a photodetector housed in the same unit as 

the LSU after passing through a dichroic filter to capture emitted light in the 505-

700nm range (Figure 1.4A-B). The fiber bundle (Figure 1.4C) can vary in diameter 

from 300 micrometres for preclinical research (Leal‐Campanario et al., 2013) to fiber 

bundles of 1.4mm for pulmonary imaging and up to 2.8mm for gastrointestinal 

applications. These fiber bundles can be passed down the working channel of 

endoscopes or bronchoscopes for imaging in the organ of interest (Figure 1.4D).  The 

most commonly used fiber for pulmonary imaging, called the AlveoflexTM, is 1.4mm 

in diameter and houses up to 30,000 individual fibers of varying diameter. It affords 

an axial resolution of 0-50 micrometers, a lateral resolution of 3.5 micrometers, a field 

of view of 600 micrometers and a scan rate of 12 frames per second (Thiberville et al., 
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2009a). Currently, three CellvizioTM systems are approved by the FDA for use in man 

including the 488nm system described, a system emitting laser light at 660nm and, 

recently, a near-infrared system at 785nm excitation. The latter are designed for the 

use with administration of dyes or Smartprobes for detailed molecular information 

whereas the 488nm system can image human lung autofluorescence.   

 

Figure 1.4 Clinically approved fibered confocal fluorescence microscopy (FCFM) system. A shows a schematic 
of the system demonstrating a laser source emitting laser light, passed through mirrors for scanning down a fiber and 
return of emitted light through a dichroic filter to a detector. B shows the clinical system stack with the fiber for 
pulmonary imaging at 1.4mm diameter (C). D shows the fiber passing down the working channel of an endoscope.  
Images used with permission from Mauna Kea Technologies.  

The technology, primarily the 488nm system,  has been widely adopted and has been 

used primarily in the field of gastrointestinal imaging (where the technique is also 

referred to as probe based confocal laser endomicroscopy (pCLE)) and has been used 

to image the distal oesophagus (Kiesslich et al., 2006, Dunbar et al., 2009), gastric 

diseases including malignancy (Kitabatake et al., 2006), pancreatic and biliary tree 

imaging (Konda et al., 2011, Loeser et al., 2011, Meining et al., 2011), imaging 

inflammatory bowel diseases (Kiesslich et al., 2012, Moussata et al., 2010) and 

colorectal lesions (Hlavaty et al., 2011, Kiesslich et al., 2004). Furthermore, it has been 

used in other endoscopically accessible organ systems including the urological tract 

(Sonn et al., 2009), head and neck for precancerous lesions (Nathan et al., 2014) and 

the gynecological tract (Tan et al., 2009). The procedure is often combined with 

administration of intravenous fluorescein to enhance cellular contrast (Wallace et al., 

2010). Targeted imaging has also been undertaken with fluorophore conjugated 

antibodies to CD47 have been performed in the urological tract  (Pan et al., 2014), 

fluorescently labelled hexapeptides administered topically to colonic lesions to image 

dysplastic lesions (Hsiung et al., 2008) and fluorescently labelled CEA antibodies for 
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colonic dysplasia and carcinoma (Keller et al., 2002).  Pulmonary FCFM imaging has 

been performed on patients with respiratory disease in multiple centers around the 

world and has an excellent safety profile (Newton et al., 2012, Morisse et al., 2012, 

Thiberville et al., 2007a, Thiberville et al., 2007b, Thiberville et al., 2009b). Unlike 

GI FCFM, the use of intravenous fluorescein has been met with limited success 

(Newton et al., 2012, Fuchs et al., 2010) but the topical administration of dyes has been 

demonstrated with the 488nm (Fuchs et al., 2013) and 660nm systems (Obstoy et al., 

2015) for proximal lung tumours. Furthermore, our research group has demonstrated 

the potential of administering topical Smartprobes for detection with FCFM in ex vivo 

whole ventilated lungs (Aslam et al., 2015). Therefore, topical administration of 

Smartprobes with FCFM is a viable option for the detection of molecular targets in the 

lung. The images seen with the 488 system without fluorophores arises from human 

lung autofluorescence; the predominant source in the human distal airways being 

elastin (Gabrecht et al., 2007, Thiberville et al., 2007b) which represents up to 50% of 

distal lung connective tissue fibers. Contributions from endogenous flavins and 

collagen are significantly lower when using a 488nm excitation source (Thiberville et 

al., 2009a). Occasionally, in smokers or ex-smokers, autofluorescent cells presumed 

to be predominantly macrophages are also seen (Newton et al., 2012, Thiberville et al., 

2009b).  FCFM in pulmonary medicine has been used to assess proximal lung cancers 

(Fuchs et al., 2013, Obstoy et al., 2015), airways diseases such as asthma (Yick et al., 

2011) and parenchymal lung diseases such as emphysema (Newton et al., 2012), 

alveolar proteinosis (Salaün et al., 2010) and amiodarone associated pneumonia 

(Salaun et al., 2013). These conditions are imaged with either native autofluorescence 

or with the addition of fluorescent contrast agents and there appears to be specific 

patters of fluorescence observed in many conditions which correlate with 

histopathology. Furthermore, there have been provisional reports published in abstract 

form at international conferences of the use of FCFM imaging of peripheral pulmonary 

lung nodules (Thiberville et al., 2009c) including the use of a classification criteria for 

indeterminate nodules (Gildea et al., 2011).  Thus, FCFM imaging can be undertaken 

in the distal lung, is safe and with the 488nm system the images returned without 

administration of contrast agents or Smartprobes predominantly represent elastin 

autofluorescence.  
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1.1.4 Smartprobes for optical imaging 

The use of contrast agents in cancer detection was first performed in 1948, where there 

was localization of brain tumours by the administration of fluorescein (Moore et al., 

1948). Over the years, progressive steps have been undertaken from ex vivo testing of 

fluorescein labelled antibodies for gastric cancer (Tatsuta et al., 1989) to this approach 

in vivo for colonic cancer (Folli et al., 1992). More recently this targeted approach has 

been developed further with Smartprobes, which are specific chemical entities that 

amplify, concentrate or only switch on when they detect a particular molecular target. 

Smartprobes must display relative selectivity for a target of interest and have a form 

of fluorescence amplification over background and, therefore, one of the premises of 

a Smartprobe is that they go from an ‘off’ state to an ‘on’ state, thereby improving 

signal-to-noise and providing a semi-quantifiable ‘activity’ signal (Kobayashi and 

Choyke, 2011). This can be achieved through a number of modalities including peptide 

based (Becker et al., 2001, Weissleder et al., 1999), antibody based (Urano et al., 2009, 

Hsu et al., 2006b), nanoparticle based (Josephson et al., 2002) and protein based 

Smartprobes (Raymond et al., 2008), however the focus of this work remains peptide 

based Smartprobes. 

Peptides are an attractive backbone for Smartprobe synthesis (Weissleder and Pittet, 

2008, Akram et al., 2015, Hellebust and Richards-Kortum, 2012); they are small (<50 

amino acids), are low cost, can be synthesised readily, and can be synthesised to report 

a multitude of targets.  Furthermore, the peptide sequence can be tailored to the needs 

of the Smartprobe and can be as specific or broad as required. Two essential 

components of a peptide based Smartprobe include; i) a recognition moiety where the 

peptide undergoes attachment to the target of interest, or the peptide that acts as a 

substrate for specific proteolytic cleavage and ii) a fluorophore (or dye) component. 

The dye component can originate from a multitude of dyes available in the visible 

spectrum (a selection shown in Figure 1.5) and these can be quiet in their native state, 

or be quenched through Smartprobe design. A number of strategies can be undertaken 

for peptide based Smartprobe design, as summarised in Figure 1.6, including 

autoquenched mechanisms, selfquenched mechanisms and using an energy transfer 

system such as Förster resonance energy transfer (FRET).  
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Figure 1.6 Categories of peptide based Smartprobe design. Schematics demonstrating broad categories of 
Smartprobes from their off state (left) to their on state (right). Constructs can be classified as autoquenched (a), 
Fluorophore-fluorophore selfquenched (B), or fluorophore and Dark quencher (Q) paring for FRET designs (C).  

Autoquenched Smartprobes are quiet in their native state but become fluorescent upon 

enzymatic cleavage of the peptide. Most fluorophores require the presence of another 

fluorophore or quencher (see below) to accept the emitted energy from the fluorophore 

in order to quench baseline fluorescence. One fluorophore, called indocyanine green 

(ICG) is a near infra-red fluorophore (emission 700-850 nm) and conjugation to 

proteins results in loss of fluorescence which is thought to be due to interaction with 

aromatic rings on the side chain of amino acids (Kobayashi and Choyke, 2011). Whist 

for some this was a reason not to use this fluorophore, others have harnessed this 

Figure 1.5 Selection of fluorophores available within the visible spectrum for use in optical Smartprobes 
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potential to make Smartprobes which increase in fluorescence when the ICG dye is 

unbound from the antibody conjugation (Ogawa et al., 2009a).  Autoquenched 

Smartprobes can also use the fluorophore’s differential activity in various 

environments without peptide cleavage as the ‘smart’ element of the Smartprobe. This 

approach has been used in vitro for the monitoring of acidic phagosomal conditions of 

activated macrophages (Vázquez-Romero et al., 2013), intracellular pH sensing with 

fluorescein (McNamara et al., 2001) and to study the membrane interactions of AMPs 

with membranes by using a fluorophore called NBD which increases fluorescence in 

the hydrophobic lipid bilayer of membranes (Shai, 1999). Therefore, these 

fluorophores can be used to amplify fluorescence in such conditions, with their 

specificity determined by the peptide component.  

Selfquenched Smartprobes result when the emission energy from the fluorescence 

molecule (donor) is accepted by another member of the same fluorescence molecule 

(as accepter) with the chemical structure allowing energy transfer when they are in 

close proximity. These dye constructs must be in specific orientation to each other, 

hence some thought is required as the optimal scaffold (example shows a tri-branched 

dendrimeric scaffold) and the absorbance spectra of the dye must overlap (short Stokes 

shift) with its own emission spectra for this type of quenching to occur (Avlonitis et 

al., 2013). Thus with the correct conformation and dye selection, there is minimal 

fluorescence with the intact Smartprobe but when the enzyme of interest cleaves the 

peptide, there is liberation of the fluorophore, loss of the selfquenching and relative 

fluorescence increase. Such a strategy has been employed in tumour imaging with 

fluorophores conjugated to copolymers (Weissleder et al., 1999), preclinical imaging 

of MMP tumour activity in vivo (Bremer et al., 2001b, Bremer et al., 2001a), cathepsin 

D sensing Smartprobes for preclinical tumour imaging in vivo (Tung et al., 2000) and 

imaging neutrophil specific elastase activity in vitro (Avlonitis et al., 2013). This 

modality can generate a significant increase in signal, as the cathepsin D Smartprobe 

increased its’ fluorescence 350-fold (Tung et al., 1999). 

A FRET system operates on the same principle as selfquenched Smartprobes but uses 

a dark quencher (denoted as Q in Figure 1.6) to absorb the emission energy from the 

fluorophore in its close proximity.  This strategy is often employed in a number of 
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laboratory techniques for monitoring DNA and RNA reactions including monitoring 

DNA amplification in polymerase chain reactions, detecting DNA hybridization and 

mutation detection (Didenko, 2001).  As in autoquenching, there is liberation of the 

fluorophore following cleavage and subsequent fluorescence increase when the donor 

moves away from the acceptor. This approach for OI has been demonstrated in 

preclinical studies (Ogawa et al., 2009b) and a number of FRET pairing combinations 

are possible (Ogawa et al., 2009c).  

1.1.5  Multiplexing with optical imaging 

Conventional imaging modalities restrict us to the detection of anatomical features and 

PET usually utilizes a single radioisotope and therefore limits the amount of functional 

information to this single parameter. Single-photon emission computed tomography 

(SPECT) scanning, a radionuclide test similar to PET, can extend to using two 

radioisotopes as contrast agents with resolution of the emitted energy (Antunes et al., 

1992, Shih et al., 1996) this is not widely used in clinical practice due to the limited 

spatial resolution offered by SPECT (Kobayashi et al., 2010). OI, however, lends itself 

well to the concept of imaging for multiple parameters simultaneously, called 

multiplexing, by using careful fluorophore/ligand selection for the Smartprobe, with 

excitation and detection of emitted light at appropriate wavelengths. Currently this has 

only been demonstrated in vivo in preclinical models with up to 5 different spectrally 

distinct parameters being assessed (Koyama et al., 2007, Kobayashi et al., 2007).  Such 

an approach in patients, and specifically for the lung, needs development of 

Smartprobes with multiplexed capabilities as well as technology that can excite and 

detect emitted light with spectral distinctions. The latter of these have been assessed 

in humans with prototypic devices (Svanberg et al., 1998) and are available 

commercially for preclinical imaging (Vercauteren et al., 2013). It is likely they will 

enter the clinical space once commercialised with available Smartprobes. Furthermore, 

advances in fiber based technology to incorporate additional parameters over 

fluorescence imaging have been demonstrated preclinically, such as addition of Raman 

spectroscopy (Jeong et al., 2015) and lifetime fluorescence (Hassan et al., 2007) and 

these approaches increase the future potential of fiber based imaging modalities to 

allow multiplexing in the lung.   
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1.1.6 Summary 

An increasing understanding of the molecular basis of disease coupled with the 

advance of personalised medicine has led to the need to develop imaging technologies 

that provide molecular information. The work in this thesis describes the application 

of FCFM technology to two clinical scenarios within pulmonary medicine where there 

remains considerable diagnostic uncertainty and include i) the critically ill patient in 

intensive care unit (ICU) where the presence of bacteria in the distal alveolar region 

(pneumonia) is suspected and ii) the indeterminate pulmonary nodule which could be 

early lung cancer. These clinical scenarios and the evidence behind the current 

management, including the potential role of FCFM in these clinical scenarios, are 

discussed in the reminder of this chapter.  
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1.2 Acute respiratory distress syndrome and suspected 

ventilator-associated pneumonia  

1.2.1 Acute respiratory distress syndrome 

Acute respiratory distress syndrome (ARDS) is a devastating syndrome of relatively 

acute (<7 days) onset which affects the lung alveoli (distal airspace) resulting in 

impaired gas exchange and manifests radiologically as pulmonary opacities on chest 

radiographs. It was originally defined in 1967 (Ashbaugh et al., 1967) in 12 patients 

with acute onset of tachypnea, hypoxemia and loss of pulmonary compliance and 

radiological appearances demonstrating diffuse alveolar infiltration. The authors noted 

that the effects seen in the lungs of these patients was similar, despite a broad range of 

differing stimuli causing the index illness including patients with trauma, pancreatitis 

and viral pneumonitis. Furthermore, it was noted that it developed in the majority of 

cases in those with no prior respiratory illness. Since then, there has been a greater 

understanding of the syndrome and definitions have evolved to include the PaO2/FiO2 

ratio to categorise the severity of ARDS; the Berlin criteria (The ARDS Definition 

Task Force, 2012) categorises the severity as mild (PaO2/FiO2 ratio 200-300mmHg), 

moderate (PaO2/FiO2 ratio 100-200mmHg and severe (PaO2/FiO2 ratio ≤ 100mmHg). 

The definition still requires onset to be within 1 week of a known clinical insult or 

worsening respiratory symptoms, requires unexplained radiological opacities (by chest 

x-ray or CT scan) and cardiac failure or fluid overload to be absent as the origin of 

oedema. This definition allows increasing severity to be correlated with mortality and 

in survivors to be correlated with increased duration of mechanical ventilation (The 

ARDS Definition Task Force, 2012). Unexplained radiological opacities refer to the 

radiographic appearance on chest x-rays of areas with a greater density to air due to 

accumulation of substances within the pulmonary bronchi, bronchioli or alveoli. The 

former term of pulmonary infiltrates remains relativity imprecise, however, in the 

context of patients with significant gas exchange problems they are indicative of a 

developing pathological process within the lungs. 

The incidence of ARDS has been reported as 86.2 per 100,000 person years, or 

approaching 200,000 cases per year in the USA alone, with a mortality rate of 40% 

(Rubenfeld et al., 2005). Another estimation has placed the global burden of ARDS as 



 

17 

5.5 million episodes of ARDS per year (Adhikari et al., 2010).  Despite a greater 

understanding of the pathogenesis of ARDS in preclinical models, and the 

implementation of non-pharmacological therapies to improve mortality in clinical 

trials, such as lung-protective ventilation (Tidal, 2000, Amato et al., 1998), some 

systematic reviews have shown no improvement to ARDS mortality from 1994-2001 

where pooled mortality remains 44% for observational studies and 36.2% for 

randomized controlled trials (Phua et al., 2009).  However, other systematic reviews 

have found there has been a 1.1%/yr. reduction in ARDS mortality amongst 72 studies 

between 1994-2006, with an overall mortality remaining high at 43% (Zambon and 

Vincent, 2008). This poor mortality rate is compounded by the disappointing results 

of any pharmacological therapy to improve the mortality of patients with ARDS (Mac 

Sweeney and McAuley, 2010, Matthay et al., 2012). A number of therapies have 

progressed to phase II and III studies in intensive care but have failed to show an 

improvement in mortality and include the use of recombinant pulmonary surfactant 

(Spragg et al., 2004), methylprednisolone (Meduri et al., 2007, Steinberg et al., 2006, 

Bernard et al., 1987), HMG-CoA reductase Inhibitors (statins) (Craig et al., 2011),  

inhaled nitric oxide (Taylor et al., 2004), recombinant human activated protein C 

(Ranieri et al., 2012) and human granulocyte-macrophage colony stimulating factor 

(Paine et al., 2012).  This lack of progress may have arisen as most of our 

understanding of the pathogenesis of ARDS comes from preclinical models (Matthay 

et al., 2012, Bastarache and Blackwell, 2009). In vivo in humans it is known that ARDS 

is a neutrophil predominant disease with genetic and environmental influences 

(Matthay and Zemans, 2011), but given ARDS can occur in neutropenic patients 

(Maunder et al., 1986) there remains considerable gaps in the understanding of the 

human pathogenesis of ARDS (Matthay and Zemans, 2011).  

The current treatment of this syndrome remains the correction and treatment of the 

underlying cause and supportive therapy, with fluid management and lung-protective 

ventilation strategies.  

1.2.2 Causes of ARDS  

The most common cause of ARDS remains pneumonia (Estenssoro et al., 2002, Ware 

and Matthay, 2000), where the attributable incidence ranges from 29% (Sigurdsson et 
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al., 2013) to 42.3% (Villar et al., 2011). However, multiple causes exist including both 

direct insults to the lung, as well as indirect insults (Table 1.1) with evidence that direct 

pulmonary insults may have a worse outcome (Suntharalingam et al., 2001). 

Furthermore, ARDS can develop in patients who are already mechanically ventilated 

(Gajic et al., 2005) and therefore, intercurrent conditions such as ventilator-associated 

pneumonia (VAP) also contribute to the development of ARDS.   

Table 1.1 Causes of ARDS, reproduced with permission from (Ware and Matthay, 2000), Copyright Massachusetts 
Medical Society. 

 Direct Lung Injury Indirect Lung Injury 

Common Causes  Pneumonia Sepsis 

 Aspiration of gastric 
contents 

Severe trauma 

Less Common Causes Pulmonary contusion Cardiopulmonary bypass 

 Inhalational injury 
(including drowning) 

Acute pancreatitis 

 Reperfusion pulmonary 
oedema 

Transfusion of blood 
products 

 Fat Emboli Poisoning or Drug induced 

As previously mentioned the management of patients who are developing ARDS, 

either as their index admission to hospital or those that develop an intercurrent illness 

whilst being ventilated, is the continuation of supportive measures and prompt 

treatment of the underlying cause. As pneumonia remains one of the most common 

causes of ARDS, and itself is associated with the development of new opacities, the 

accurate diagnosis of pneumonia and a precipitating factor or VAP as an intercurrent 

precipitating cause is often required to provide targeted antimicrobial therapy as part 

of the overall management strategy.    

1.2.3 Community-acquired pneumonia in the intensive care unit 

Community-acquired pneumonia (CAP) necessitating the need for ICU admission 

varies from 2.5% to 19.9% of cases admitted to hospital (Chalmers et al., 2011), 

though in studies within the UK up to 8.9% require ICU admission for mechanical 

ventilation and inotropic support (Akram et al., 2010).  Furthermore, differing 

healthcare systems have different admission criteria to intensive care demonstrated by 

a varied proportion of patients with CAP requiring mechanical ventilation; in studies 

in Australia (Buising et al., 2007) and Canada (Marrie and Shariatzadeh, 2007) 88.4% 
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and 81% respectively of those admitted to ICU required mechanical ventilation, 

though a Spanish study (Capelastegui et al., 2006) reported 40 % of patients with CAP 

admitted required ventilation. Indeed, the American Thoracic Society regard the 

requirement for invasive mechanical ventilation itself a major criteria for defining 

severe CAP (Niederman et al., 2001). Patients who do require admission to ICU have 

a higher mortality than those who do not (Rodriguez et al., 2009) where up to a 

between a quarter and a third of patients may succumb to CAP (Rodriguez et al., 2009, 

Moine et al., 1994). Unsurprisingly, patients with CAP admitted to ICU also have 

longer hospital stays, higher healthcare associated costs and higher mortality than 

those not admitted to ICU (Angus et al., 2002, Restrepo et al., 2008).   

1.2.4 Ventilator-associated pneumonia in the intensive care unit 

The development of a VAP may be suspected when there is a deterioration in the 

ventilatory status of the patient, with new opacities on radiological assessment and 

clinical findings, which may be non-specific, such as tachycardia, fever, leukocytosis 

or purulent secretions. Therefore, a suspected VAP remains an area of considerable 

diagnostic uncertainty in the ICU.  Worldwide the critical care burden of ventilated 

patient’s approaches up to 20 million mechanically ventilated patients per year 

(Adhikari et al., 2010), and VAP can complicate the course of up to 28% of ventilated 

patients (Chastre and Fagon, 2002). It is broadly defined as the development of a 

nosocomial pneumonia occurring in a patient within 48 hours of invasive ventilation 

(Chastre and Fagon, 2002, Morehead and Pinto, 2000). Furthermore, VAP can be 

regarded as early onset (within 96 hours of commencing mechanical ventilation) or 

late onset (>96 hours of commencing mechanical ventilation) (Hunter, 2006). This 

concept of ‘late onset’ VAP was further re-enforced in more recent definitions of VAP 

which require a period of stability on a ventilator for at least 48 hours (unchanged 

PEEP or FIO2) with a subsequent increase in PEEP or FIO2 for a further 48 hours before 

the diagnosis can be considered (Levy, 2013). This distinction of timing remains 

important as the pathogens causing VAP with the new definition are often caused by 

resistant nosocomial pathogens such as P. aeruginosa, MRSA and A. baumannii 

(Hunter, 2006).  
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Crude mortality ranges from 24 to 54% and in cases associated with specific pathogens 

can be as high as 78% (Chastre and Fagon, 2002, Tejerina et al., 2006, Fagon et al., 

1993), which is in stark contrast with other ICU acquired infections (such as urinary 

tract or skin) where attributable mortality is 1-4% (Chastre and Fagon, 2002).  For 

attributable mortality in VAP, matched cohort studies demonstrate there is an 

increased risk of mortality of up to 27.1% through the development of VAP, when 

compared to ventilated controls (Craig and Connelly, 1984, Bercault and Boulain, 

2001, Heyland et al., 1999, Fagon et al., 1993), with an odds ratio of 2 for VAP being 

an independent risk factor of death (Fagon et al., 1993, Bercault and Boulain, 2001). 

However, some studies, using matched controls have found no increased mortality risk 

(Papazian et al., 1996, Baker et al., 1996). Furthermore, the development of a VAP, 

when compared to non-VAP matched ventilated patients leads to a longer length of 

stay in the ICU (Heyland et al., 1999, Kappstein et al., 1992, Fagon et al., 1993) and 

increased healthcare associated costs (Kappstein et al., 1992).  

1.2.5 Pathophysiology of VAP 

Critically ill patients may develop immune dysfunction (Adib-Conquy and Cavaillon, 

2009) and loss of the normal defense mechanisms, such as cough reflex and 

mucociliary clearance (Hunter, 1999). Traditionally with sepsis it was considered there 

is overactivation of the innate immune system from a bacterial stimulus, leading to an 

initial and subsequently sustained pro-inflammatory response orchestrated by 

neutrophils and macrophages, with release of powerful primary and secondary 

inflammatory mediators leading to significant host damage (Rittirsch et al., 2008). 

However, emerging evidence exists for the development of an ‘immune paralysis’ state 

with neutrophils undergoing shut-down of intracellular signaling pathways (Hotchkiss 

and Nicholson, 2006), immunosuppression through a switch from T helper 1 cell to T 

helper 2 cell response (Harrington et al., 2005), increased apoptosis in lymphocytes 

and dendritic cells (Hotchkiss and Nicholson, 2006) as well as dysregulation of the 

coagulation and autonomic nervous systems (Rittirsch et al., 2008).  Furthermore, in 

ventilated patients there is often replacement of the normal flora and colonisation of 

the oropharynx with pathogenic gram-negative bacteria, or pathogenic gram-positive 

bacteria such as S. aureus (Garrouste-Orgeas et al., 1997). The organisms that cause 
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VAP in the distal airways may arise from a number of sources including aspiration of 

oropharyngeal secretions, inhalation of contaminated aerosols, haematogenous spread 

and seeding from a distant site and, possibly, gastrointestinal translocation (Johanson 

et al., 1972, Kollef, 1999, Estes and Meduri, 1995, Craven et al., 1984, Hunter, 2006).  

Specific clinical risk factors for developing VAP include older age (>60 years) (Kollef, 

1993), the length of time a patient is mechanically ventilated (Joshi et al., 1992, Langer 

et al., 1989, Cook et al., 1998), the presence of trauma, coma and impaired airway 

reflexed on admission to ICU (Chevret et al., 1993, Cook et al., 1998), more severe 

organ dysfunction on admission to ICU (Kollef, 1993, Cunnion et al., 1996) and 

surgical ICU patients (when compared to medical ICU patients) (Cunnion et al., 1996).  

Pathological processes have been defined by immediate post-mortem studies of 

patients, with demonstration of foci of consolidation with intense leukocyte 

accumulation in the bronchioles and alveoli (Alcón et al., 2005, Fabregas et al., 1996). 

There is heterogeneity within cases and the degree of the histological changes seen, 

depend on the time-point at which the disease is detected at post-mortem, as 

summarised in Figure 1.7.  Key to the diagnosis is the detection of bacteria in the distal 

alveolar space, as opposed to bacterial presence in the larger airways, and sampling 

techniques are often hampered by contamination of bacteria from elsewhere in the 

endobronchial tree. This remains a potential advantage of direct imaging of the distal 

alveolar region for bacteria detection (see section 1.2.6.3). 

The bacterial causes of VAP are different for early-onset VAP and late onset VAP, 

and differ according to healthcare setting and the prior antibiotics received by the 

patient (Rello and Diaz, 2003, Chastre and Fagon, 2002).  In early onset-VAP, the 

most common offending organisms are often those seen in community-acquired cases 

such as H. influenzae, S. pneumoniae, MSSA and drug susceptible gram-negative 

bacteria, whereas late onset VAP often include A. baumannii, MRSA and multi-drug 

resistant gram-negative bacteria including P. aeruginosa (American Thoracic Society 

and Infectious Diseases Society of America, 2005, The American Thoracic Society, 

1996, Trouillet et al., 1998).  
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Figure 1.7 Normal lung parenchyma and phases of pneumonia. A: Normal alveolar structure, with absence of 
interstitial and capillary abnormalities. B: Early phase of pneumonia, with accumulation of polymorphonuclear 
leukocytes within the capillaries. C: Intermediate phase of pneumonia, with leukocytes, fibrin and few erythrocytes in 
the alveolar lumina. D: Advanced phase of pneumonia, with leukocytes and macrophages filling the alveolar lumina. 
E: Resolution phase of pneumonia. Some alveoli show macrophage activity with residual inflammatory exudate 
(hematoxylin and eosin, x200). Reproduced, with permission from (Fabregas et al., 1996).  

 

Furthermore, the aetiology is also guided by local microbial patterns (Rello et al., 

1999), local resistance patterns and patients prior antibiotic usage (Rello and Diaz, 

2003).  Chastre et al (Chastre and Fagon, 2002) summarised the pathogens grown in 

24 studies where bronchoscopic techniques were used, including 1,689 VAP episodes 

and are shown in Table 1.2.  
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Table 1.2 Causes of VAP by bacteria pathogens. Reproduced, with permission, from (Chastre and Fagon, 2002) 

Pathogen Frequency (%) 

Pseudomonas aeruginosa  24.4 

Acinetobacter spp.  7.9 

Stenotrophomonas maltophilia   1.7 

Enterobacteriaceae* 14.1 

Haemophilus spp.  9.8 

Staphylococcus aureus# 20.4 

Streptococcus spp.  8.0 

Streptococcus pneumoniae   4.1 

Coagulase-negative staphylococci  1.4 

Neisseria spp.  2.6 

Anaerobes  0.9 

Fungi  0.9 

Others (< 1% each)   3.8 
*Distribution when specified: Klebsiella spp., 15.6%; Escherichia coli, 
24.1%; Proteus spp., 22.3%; Enterobacter spp., 18.8%; Serratia spp., 12.1%; 
Citrobacter spp., 5.0%; Hafnia alvei, 2.1%. 
#Distribution when specified: methicillin-resistant S. aureus, 55.7%; 
methicillin-sensitive S. aureus, 44.3%. 
Gram-positive bacteria in bold. 
Reprinted with permission of the American Thoracic Society. Copyright © 
2015 American Thoracic Society. 

 

1.2.6 Diagnosis of VAP in the ICU 

Key to the management of VAP is the accurate diagnosis of VAP and the prompt 

institution of appropriate antimicrobial therapy, as delayed or ineffective therapy will 

result in increased morbidity and mortality (Trouillet et al., 1998, Iregui et al., 2002).  

However, unlike CAP, there is often diagnostic uncertainty around the development 

of VAP in a ventilated patient (American Thoracic Society and Infectious Diseases 

Society of America, 2005, Masterton et al., 2008).  The diagnosis may be suspected 

when there is development of new radiological opacities, and new clinical signs 

suggesting infection, however the optimal method of achieving a diagnosis remains 

elusive. Historically the ‘gold standard’ for diagnosis remains multiple pulmonary 

biopsies (Marquette et al., 1995, Torres et al., 1994) but as the diagnostic procedure of 

pulmonary biopsy would incur morbidity and potential mortality, it does not remain a 

feasible option. Therefore a number of alternative methods have been proposed and 

are discussed in turn. 
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1.2.6.1 Clinical features to diagnose VAP 

Clinical signs alone, such as the presence of fever, leukocytosis and tachycardia remain 

non-specific finding in any critically unwell patient (Chastre and Fagon, 2002). 

Furthermore, the presence of purulent secretions itself is not always indicative of a 

pneumonia, as it is frequently found in tracheobronchitis which is common in 

mechanically ventilated patients (Nseir et al., 2002). 

The use of a combination of clinical signs has been suggested for the diagnosis of 

VAP; Pugin et al (Pugin et al., 1991) suggested a six variable scoring system called 

the Clinical Pulmonary Infection Score (CPIS). This score was derived from 28 

patients and included fever, leukocytosis, tracheal aspirates, oxygenation, radiological 

opacities and semi-quantitative cultures of tracheal aspirates with gram-stain to derive 

a score out of 12, where >6 suggests the presence of VAP. They found a sensitivity of 

93% and specificity of 100% in the original study but subsequent validation of the 

score has resulted in poor results with sensitivities ranging from 30-89% and 

specificities ranging from 43-80% (Croce et al., 2006, Luyt et al., 2004, Pham et al., 

2007).  A number of studies have shown that CPIS does not discriminate those with 

and without VAP (Luyt et al., 2004, Schurink et al., 2004, Fartoukh et al., 2003), and 

the inter-observer variability for compiling the score remains poor (Schurink et al., 

2004). Furthermore, variations of the score to remove the need for microbiologic data 

to guide therapy have been proposed but not widely adopted (Singh et al., 2000). 

1.2.6.2 Radiological methods to diagnose VAP 

The role of radiological parameters such as chest x-ray, may only be to rule out a VAP 

is entirely normal. Whilst the sensitivity of a chest x-ray can be as high as 92%, it 

remains nonspecific to the presence of VAP with specificities of 33% (Fàbregas et al., 

1999, Winer-Muram et al., 1993). Furthermore, there is no sign seen on chest x-ray, 

from seven radiological chest x-ray signs including air bronchograms, alveolar 

infiltrates, silhouette sign, cavities, fissure abutment, atelectasis, and asymmetric 

opacities, that correlates with pneumonia in ventilated patients (Wunderink et al., 

1992). Similarly, no sign seen on CT is predictive of VAP (Winer-Muram et al., 1998) 

and CT or PET scanning both require the movement of a critically ill patient through 

a scanner, which increases the risk of complications in transit (Beckmann et al., 2004). 

PET imaging does offer a targeted imaging platform with tracers that can be used 
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which have the potential to be specific for infection. Radiolabelled antibiotics, such as 

ciprofloxacin (Langer et al., 2005, Sarda et al., 2003, Siaens et al., 2004) have yielded 

disappointing results in studies to discriminate sterile from infected sites often 

demonstrating nonspecific uptake. A closely related analogue with broader spectrum 

of activity called sparfloxacin has been used in preclinical models (Singh et al., 2003), 

but to date has not been assessed in clinical cohorts. The most widely studied 

radiotracer that has been shown to be useful in small scale human infection imaging 

trials is a radiolabelled AMP called Ubiquicidin (Welling et al., 2002), however, none 

have been assessed in intensive care cohorts.   

1.2.6.3 FCFM for bacteria detection 

As this work describes OI, and particularly FCFM imaging in the lung, its role in ICU 

cohorts is discussed. There have been no reports of FCFM technology for the detection 

of bacteria. It is known that bacteria can display autofluorescence from NADH and 

riboflavin contents but this occurs in the 350-360nm ultraviolet range (Laflamme et 

al., 2005) and therefore would not be excited at 488nm. Therefore, for the potential of 

bacterial detection in the distal lung, FCFM technology must be used in conjunction 

with targeted Smartprobes.  The advantage of FCFM imaging is the potential of direct 

visualisation of bacteria in the distal alveolar space, which overcomes issues with 

contamination. Despite no reports on the use of FCFM in bacterial infections, the 

feasibility of detecting pathogens with FCFM has been introduced by Morisse et al 

(Morisse et al., 2012), who have reported fungal detection with FCFM. In a rat model 

of invasive aspergillosis they have shown the FCFM, using a trans-thoracic approach, 

can detect fungal hyphae from Aspergillus fumigatus expressing red fluorescent 

protein.  Morisse et al (Morisse et al., 2013) subsequently built on this work and in a 

further rat model of subpleural invasive pulmonary aspergillosis demonstrated the 

detection of micro-abscesses by FCFM imaging following the intravenous injection of 

a fluorescently labelled fungal detection peptide.  The premise of OI to detect bacteria, 

albeit not using a FCFM modality, has been demonstrated by a number of groups (van 

Oosten et al., 2013, Ning et al., 2011, White et al., 2010, Leevy et al., 2006) but none 

of these reports have assessed their potential for pulmonary infections in their 

preclinical models.  However, the zinc based reporter detailed by Leevy et al also can 
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label apoptotic cells (Smith et al., 2011), making this less specific for bacterial 

infections.  

1.2.6.4 Culture methods to diagnose VAP 

Culture methods require the sampling of blood, tracheal aspirates or the invasive 

sampling of the distal alveolar region by fiber optic bronchoscopy combined with 

protected specimen brush (PSB) or bronchoalveolar lavage (BAL).  

Blood cultures have demonstrated a low sensitivity of 26% for detecting the same 

pathogen as BAL in patients with VAP and therefore is of limited use for the diagnosis 

of VAP (Luna et al., 1999), but remains an important tool for the detection of 

bacteremia from other sources.  Blind endotracheal aspirates (ETA) are an attractive 

proposition for VAP diagnosis as they can be done without the need for invasive 

procedures such as bronchoscopy. Analyses of studies reporting ETA for the diagnosis 

of VAP report wide sensitivities of 38-100% and specificities of 14-100% for their 

ability to diagnose VAP (Cook and Mandell, 2000).  ETAs are often associated with a 

false-positive results as a result of endotracheal tube or upper airway contamination 

and as a result a higher diagnostic threshold of 106 or 107 CFU/ml have been applied, 

but remain less accurate than distal airway sampling (Jourdain et al., 1995). 

Consequently the use of ETAs are not recommended in national guidelines (Masterton 

et al., 2008).  

Much of the literature has focused on the use of PSB or BAL to diagnose VAP, and 

consequently these studies have been reported in systematic reviews and meta-

analyses. Baughman (Baughman, 2000) conducted a systematic review for the use of 

PSB to diagnose VAP in 42 studies. The sensitivity of the studies ranged from 33% to 

100% and the specificity ranged from 50 to 100%. Torres et al (Torres and El-Ebiary, 

2000) performed a systematic review of 23 studies assessing BAL for the diagnosis of 

VAP in 957 patients. They found that the sensitivity ranged from 42 to 93%, with a 

mean of 73%, and specificity ranged from 45 to 100% with a mean of 82%. The 

authors also commented there was variability in the method of conducting BAL, 

including the volume of fluid instilled and methods used, such as some authors using 

additional methods to prevent contamination such as balloon occlusion. These findings 

were mirrored by Rea-Neto et al (Rea-Neto et al., 2008) who demonstrated that BAL 
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had a sensitivity between 19 and 83% and specificity between 45 and 100% and PSB 

a sensitivity between 36 and 83% and specificity between 50 and 95%. They also 

found that both quantitative methods were broadly similar. Cook et al (Cook et al., 

1991) had performed a systematic review in the early 1990s and found better results 

for PSB or BAL for the diagnosis of VAP. They found in 18 studies the pooled 

sensitivity and specificity was 89.9% and 94.5% and for BAL the sensitivity varied 

between 53.3 to 100%, but pooled specificity remained high at 98.6%.  Finally,  de 

Jaeger et al (de Jaeger et al., 1999) performed a meta-analysis comparing the ability 

of PSB or BAL to diagnose VAP and found that both remain a reliable method to 

diagnose VAP, with BAL having advantages in patients already receiving antibiotics 

as accuracy of PSB is reduced in these patients. The summary receiver operator 

characteristics demonstrated an area under the curve of 0.8608 and 0.8373 for PBS 

and BAL respectively (not statistically significant) for diagnosing VAP.  

In the absence of a better diagnostic test both PSB and BAL remain the most common 

approach for the diagnosis of VAP (Masterton et al., 2008, American Thoracic Society 

and Infectious Diseases Society of America, 2005) and they have some significant 

weaknesses. Firstly, there remains debate about the optimal cut-off to use for the 

diagnosis of VAP, with most authors suggesting a criteria of >104 CFU/ml (Meduri 

and Chastre, 1992, Masterton et al., 2008) but some suggesting >105 CFU/ml (Solé-

Violán et al., 1994, de Castro et al., 1993, Pugin et al., 1991, Grgurich et al., 2013). 

Secondly,  as shown by the systematic reviews there remains a broad range of reported 

sensitivities and specificities for the prediction of VAP and thirdly, and perhaps the 

most critical factor, a BAL can take up to 48 hours to yield a result (Baselski and 

Wunderink, 1994), during which time patients can rapidly deteriorate or be prescribed 

inappropriate therapy (Fagon and Chastre, 2003, Johnston et al., 2010). 

Therefore, there is a clinical unmet need (Johnston et al., 2010) for a more rapid 

immediate point-of-care VAP diagnostic algorithm.  

1.2.6.5 Non-culture methods to diagnose VAP 

Non-culture methods offer a quicker time to a result (often measured in hours) and 

therefore a number of biomarkers for VAP have been assessed. Blood biomarkers have 

been assessed to predict the ability to diagnose VAP; both CRP and procalcitonin have 
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been assessed but do not predict VAP, or correlate with severity in intensive care 

populations (Hillas et al., 2010, Jung et al., 2010). Other blood biomarkers, such as 

copeptin, may have a role in determining prognosis of VAP patients (Seligman et al., 

2008), but has not been assessed as a diagnostic marker. Some authors have considered 

the use of BAL fluid (or PSB) for the more rapid diagnosis of VAP. The most studied 

approach has been to assess the BAL for bacteria by gram-staining. O’Horo et al 

(O'Horo et al., 2012) performed a meta-analysis on 21 studies assessing the predictive 

ability of gram-stain for VAP and found a pooled sensitivity of 79%, and pooled 

specificity of 75% but only found a positive predictive value of 40%. Other authors 

have assessed the prospect of BAL biomarkers, such as interleukin-1β and interleukin-

8 and have found these to have a good negative predictive value for excluding VAP 

(Morris et al., 2010), but this remains to be assessed in larger cohorts. Another marker, 

called Soluble Triggering Receptor Expressed on Myeloid cells-1 (sTREM-1) in BAL 

has also been studied (Oudhuis et al., 2009) but sTREM-1 levels were not 

discriminatory for VAP. Other methods assessed include real time PCR on respiratory 

samples (Lung and Codina, 2012, Bogaerts et al., 2013, Kwon et al., 2012), fluorescent 

in situ hybridization (FISH) of respiratory secretions (Atieh et al., 2013, Rudkjøbing 

et al., 2012) and DNA microarray (Textoris et al., 2011, Mothershed and Whitney, 

2006) and all have the advantage of shorter time to inform decision making (within 

hours) but have limitations including the high sensitivity nature of the PCR test 

detecting non-pathogenic bacteria, DNA microarrays not distinguishing infection from 

inflammation and FISH has not been validated in clinical setting.  

In summary, there is no single test, or combination of tests that allow for accurate 

diagnosis of pneumonia in ventilated patients, and PSB and BAL suffer from a delay 

to diagnosis and variable sensitivity and specificity.  

1.2.7 Pneumonia and ARDS 

As mentioned previously, the most common single diagnosis causing ARDS is 

pneumonia and the two are closely correlated in the critically ill patient (Bauer et al., 

2006) and both the diagnosis of pneumonia and ARDS require the presence of 

pulmonary opacities on imaging. It has been reported that up to 25% of patients 

admitted to the ICU with CAP meet the criteria for ARDS (Torres et al., 1991), 
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however it is also known that the development of ARDS (not caused by pneumonia) 

can lead to a higher incidence of subsequently developing VAP (Hunter, 2006). 

Neutrophils retrieved from BAL in patients with ARDS are known to have impaired 

chemotaxis and microbicidal capacity (Martin et al., 1991) and the presence of alveolar 

oedema may be a favorable environment for bacterial proliferation (LaForce et al., 

1973) that has been demonstrated in preclinical animal models. Studies have 

demonstrated that the incidence of VAP in patients with ARDS has been higher than 

in those ventilated patients who do not have ARDS (Meduri et al., 1998, Chastre et al., 

1998, Markowicz et al., 2000) but the distribution of pathogens broadly remains the 

same in VAP affecting ARDS patients and those without ARDS.  Furthermore, older 

postmortem studies have demonstrated that in patients who have died of ARDS, 

pneumonia is present in up to 73% of cases (Bell et al., 1983, Andrews et al., 1981). 

Therefore, as well as being a potential cause of ARDS, the risk of developing VAP is 

higher in patients with pre-existing ARDS, highlighting the need for diagnostic 

investigations that provide quick and accurate information.  

1.2.8 Nosocomial fungal infections 

Pulmonary fungal infections are rare in the immunocompetent patients, and are most 

commonly associated with patients who have prolonged neutropenia or those with 

bone marrow transplants (Iwen et al., 1993, Cordonnier et al., 1986). These patients 

are at risk of pulmonary infection with Aspergillus species, such as Aspergillus 

fumigatus. However, invasive aspergillosis can occur in patients without malignancy, 

and in one series was found to be a contributing factor in 6.9% of all ICU admission 

(Meersseman et al., 2004). In the study by Meersseman et al, the mortality in patients 

with proven invasive aspergillosis was 97%, and risk factors included patients with 

COPD, immunosuppression for organ transplant and liver cirrhosis. The gold standard 

for diagnosis remains a pulmonary biopsy demonstrating fungal hyphae, though tests 

such as galactomannan, which have been validated in immunosuppressed cohorts 

(Maertens et al., 2001) show a sensitivity of 88% and specificity of 87% for invasive 

aspergillosis in BAL fluid in patients with invasive aspergillosis in ICU (Meersseman 

et al., 2008). Further diagnostic tests for fungal infections include the use of β-D-

glucan (a component of the fungal cell wall) in the serum of patients, however, remain 
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susceptible to false positive results (Marty and Koo, 2009) and the use of fungal PCR 

testing both in blood samples (Van Burik et al., 1998) and from cultures or tissues (Lau 

et al., 2007, Luo and Mitchell, 2002), however the latter only successfully detected 

fungi in 64.3% of histologically proven tissue samples (Lau et al., 2007). 

 

1.2.9 Summary 

The development of radiological opacities in critically ill patients raises the question 

of the patient developing ARDS, where pneumonia may be a precipitating cause, or 

the development of pneumonia itself. Current methodologies to diagnose pneumonia 

in the ICU are sub-optimal, and take a number of days to provide a result. Therefore, 

there is a clinical need for a rapid, bedside test that may inform clinicians as to the 

presence of bacteria in the distal lung. Chapter 3 assesses whether we can use optical 

imaging techniques, with Smartprobes, to help answer this clinical problem. 

Furthermore, chapter 4 builds on this work and attempts to answer if we can stratify 

patients in whom bacteria are detected into the gram-status.  
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1.3  Early diagnosis of lung cancer and the investigation of 

pulmonary nodules 

1.3.1 Lung cancer incidence and mortality 

Lung cancer incidence had been steadily rising since the 1930s, predominantly due to 

cigarette smoking, despite this association first being recognised in 1950 (Doll and 

Hill, 1950) and confirmed with wide acceptance in 1960s following reports issued by 

the Royal College of Physicians in the UK, and the Surgeon General in the US 

(Ginsberg, 2005).  Recent incidence figures from 2012 (Ferlay et al., 2012) reveal that 

lung cancer is now the most common cancer in men worldwide (with an age-

standardised rate (ASR) of 34.2 per 100,000) and the fourth most common cancer in 

women 13.6 per 100,000). In terms for mortality, it the most common cause of cancer 

related deaths in men accounting for 23.6% and is the second most common cause of 

cancer death in women where it accounts for 13.8% of cancer related deaths. 

Worldwide there is a difference in incidence and trends for lung cancer prevalence and 

mortality; in many developed countries, such as the US, the ASR is declining in men 

and plateaued in women, suggesting the effects of tobacco ‘epidemic’ which has 

peaked in these countries is translating into lung cancer incidence. However, for, less 

developed countries, where are still high rates of tobacco smoking, there is a predicted 

rise in incidence and mortality (Ridge et al., 2013, Jemal et al., 2010).  

A number of well-established risk factors have been established for the development 

of lung cancer with tobacco smoking being the single most important risk factor, and 

others including radon exposure, passive smoke exposure, asbestos exposure, as well 

as other occupational risks including silica, nickel, arsenic and beryllium exposure 

(Ridge et al., 2013, Alberg and Samet, 2003). Furthermore, host genetic susceptibility 

has been postulated in the development of lung cancer (Misra et al., 2003) as well as 

pre-existing lung disease, correcting for confounding factors such as tobacco smoking 

and asbestos exposure (Alberg and Samet, 2003).  The diagnosis is often formed on 

the basis of biopsies from affected sites, which are guided by radiological imaging. 

Traditionally lung cancer is classified according to its histological type when examined 

by light microscopy and can be broadly differentiated into small-cell lung cancer 

(SCLC) and non-small cell lung cancer (NSCLC), with the latter including histological 
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subtypes of adenocarcinoma, squamous cell carcinoma and large cell carcinoma. The 

management of lung cancer also takes into account molecular information and the 

testing of common mutations, where an appropriate therapy is available (such as 

epidermal growth factor receptor mutations and treatment with tyrosine kinase 

inhibitors) is commonplace in clinical practice (Pirker et al., 2010). It is likely 

molecular testing will increase, with the advent of newer therapies and in an era of 

personalised therapy (Rosell et al., 2013).  

1.3.2 Lung cancer prognosis according to stage of disease 

Lung cancer is classified into a stage of disease and has been developed on the basis 

of analyses of large cancer populations and their prognoses (Detterbeck et al., 2009, 

Goldstraw et al., 2007).  The system allows classification of three components, 

according to the size and location of the primary tumour (T component), its spread to 

local and more distant lymph nodes (N component) and its spread to distant parts of 

the body or spread in the thoracic cavity (M component) (Table 1.3). These combine 

to give an overall stage I-IV, where I, II and III are subdivided into A and B (Figure 

1.8) and the survival of patients is closely related to the stage of the disease. For 

example, a patient with stage 1A disease has a 73% 5-year survival, whereas the 

presence of metastases (stage IV) reduces this to 13%. Furthermore, using 

combinations of surgery, radiotherapy and/or chemotherapy it is possible to aim for a 

cure in patients with stage I-IIIA, but not in patients with stage IIIB or IV. The staging 

of a patient is essential to the management of lung cancer and is performed with the 

use of radiological imaging and conventional biopsies of affected sites. However, the 

overall survival in lung cancer remains poor, often because patients have been 

diagnosed at a later stage where all therapies are less efficacious (Hirsch et al., 2001). 

The finding of a lung cancer whilst it would still be termed a pulmonary nodule (<3cm 

surrounded by aerated lung and without nodal involvement or metastases) would 

represent Stage I disease and treatment at this stage is potentially curative. Therefore, 

there has been considerable interest in the early identification of patients with lung 

cancer which may diagnose the condition earlier and offer the best chance of disease 

free survival. 
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Descriptors Definitions Descriptors Definitions 

T Primary tumour N Regional lymph nodes 

T1 
Tumour ≤ 3 cm, surrounded by lung 
or visceral pleura, not more 
proximal than the lobar bronchus 

N0 No regional node metastasis 

T1A Tumour ≤ 2 cm N1 

Metastasis in ipsilateral 
peribronchial and/or perihilar 
lymph nodes and intrapulmonary 
nodes, including involvement by 
direct extension 

T1B Tumour > 2 but ≤ 3 cm N2 
Metastasis in ipsilateral 
mediastinal and/or sub carinal 
lymph nodes 

T2 

Tumour > 3 but ≤ 7 cm or tumour 
with any of the following: Invades 
visceral pleura, involves main 
bronchus ≥ 2 cm distal to the 
carina, atelectasis/obstructive 
pneumonia extending to hilum but 
not involving the entire lung 

N3 

Metastasis in contralateral 
mediastinal, contralateral hilar, 
ipsilateral or contralateral scalene, 
or supraclavicular lymph nodes 

T2A Tumour > 3 but ≤ 5 cm M Distant metastasis 

T2B Tumour > 5 but ≤ 7 cm M0 No distant metastasis 

T3 

Tumour > 7 cm; 
or directly invading chest wall, 
diaphragm, phrenic nerve, 
mediastinal pleura, or parietal 
pericardium; or tumour in the main 
bronchus < 2 cm distal to the 
carina; or atelectasis/obstructive 
pneumonitis of entire lung; or 
separate tumour nodules in the 
same lobe 

M1A 

Separate tumour nodules in a 
contralateral lobe; 
or tumour with pleural nodules or 
malignant pleural dissemination 

T4 

Tumour of any size with invasion of 
heart, great vessels, trachea, 
recurrent laryngeal nerve, 
oesophagus, vertebral body, or 
carina; or separate tumour nodules 
in a different ipsilateral lobe 

M1B Distant metastasis 

 

 

Figure 1.8 Stage of lung cancer and associated mortality. A demonstrates the classification into stage of disease 
according to TNM classification, and B is Kaplan Meier survival curves on the basis of stage. MST=mean survival 
time (months) Reproduced, with permission, from (Detterbeck et al., 2009).  

 

Table 1.3 TNM classification of lung cancer.  
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The concept of screening for lung cancer is not new and studies were performed in the 

1970s to identify lung cancer early by using chest x-ray screening and sputum cytology 

(Melamed and Flehinger, 1987, Fontana et al., 1986) and found that this approach 

could detect presymptomatic early-stage, resectable cancer and despite showing a 

higher resectability rate in the screening groups, there was no differences in lung 

cancer mortality between screened and control populations. This area was revisited in 

the era of low dose helical CT scans and is discussed below.  

1.3.3 Screening studies with CT scan and identification of 

pulmonary nodules 

A number of studies have screened high risk populations, such as older smokers, with 

low dose CT scan for the detection of early lung cancer (or nodules) including studies 

in North America (Church et al., 2013, The National Lung Screening Trial Research, 

2011, Swensen et al., 2002, Henschke et al., 1999), Europe (Veronesi et al., 2008, van 

Klaveren et al., 2009, Bastarrika et al., 2005) and the Far East (Nawa et al., 2002). A 

nodule is defined as focal rounded opacity, up to 3cm on maximal axial diameter 

surrounded by aerated lung (Callister et al., 2015, Hansell et al., 2008) and the 

prevalence of nodules in screening cohorts ranges from 17-53% in 21 studies, with a 

mean prevalence of 33% (Callister et al., 2015). However, in the same studies the 

prevalence of lung cancer is 1.4% and ranges from 0.5% to 2.7%, meaning only a small 

proportion of the nodules detected are early cancers. The largest study is the National 

Lung Screening Trial (NSLT) (The National Lung Screening Trial Research, 2011) 

which recruited 53,454 people at high risk of cancer (patients aged 55-74 with at least 

a 30 pack-year smoking history) at 33 institutions across the US to be screened by 

either 3 annual low dose CT scans (CT cohort- 26,722 patients) or chest x-ray (x-ray 

cohort- 23,732 patients). The study found the detection of an abnormality consistent 

with an early cancer in 24.2% of the CT group, compared with 6.9% of the x-ray 

cohort, with a false positive of 96.4% and 94.5% respectively. Therefore the incidence 

of lung cancer was 1060 patients in the CT cohort (of whom 649, or 2.4%, were 

detected by screening) and 941 in the x-ray cohort (or which 279, or 1.04%, were 

detected by screening). Importantly, they demonstrated a reduction of lung cancer 

related mortality by CT screening by 20%, and death by any cause of 6.7%. Therefore, 

if replicated in other large European trials that are ongoing (Horeweg et al., 2014) 
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including a pilot study in the UK (Baldwin et al., 2011), it is likely that forms of CT 

screening may be implemented in clinical practice, increasing the number of detected 

nodules.  

In addition to providing important information about the detection and management of 

early lung cancer, these studies have also highlighted a number of problems resulting 

from the high detection rates of nodules amongst screening populations but the overall 

low lung cancer incidence. This problem can result in the investigation of benign 

abnormalities that would otherwise have not caused harm, and associated potential 

complications of additional surgical procedures (Wilson et al., 2008) or the problem 

of ‘overdiagnosis’ where there is the detection of an indolent cancer that would not 

have contributed to patient death (Baldwin et al., 2014). Furthermore, the optimal 

management of patients where a nodule is found to minimise the risk of unnecessary 

investigations, and additionally to minimise the risk of not acting on an early and 

curable cancer remains an area of ongoing investigation (van Klaveren et al., 2009) 

and is the subject of recently issued guidance in the UK (Callister et al., 2015).   

Therefore pulmonary nodules represent a diagnostic dilemma (Tan et al., 2003) and as 

well as screening populations, they can be found as incidental finding in up to 24% of  

CT scans performed for other reasons (Lehman et al., 2009, Iribarren et al., 2008). 

1.3.4 Causes of pulmonary nodules 

As mentioned, a pulmonary nodule is defined as a focal rounded or irregular opacity, 

in the lung, which can be well or poorly defined, that measures less than 3cm, is 

surrounded by aerated lung and is not associated with atelectasis or lymph node 

enlargement (Hansell et al., 2008). Opacities that are larger than 3cm are termed 

masses (Gould et al., 2007b). Nodules can be classified as; i) solid nodule 

(homogenous soft-tissue attenuation), ii) ground-glass nodule (hazy increased 

attenuation) or iii) part-solid nodule (containing both ground-glass and solid soft-tissue 

attenuation components) (Hansell et al., 2008) as shown in Figure 1.9. Pulmonary 

nodules can have multiple causes, which are summarised in Table 1.4, and often there 

is no formal diagnosis for the aetiology of a benign cause.  
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Figure 1.9 Images of nodule types. Representative images of pulmonary nodules with blue arrows demonstrating 
soft-tissue attenuation components and red arrows demonstrating ground-glass components.  

Benign Nodules Malignant Nodules 
Infective causes 

 Focal pneumonia and pulmonary abscess 

 Tuberculosis or mycobacteria other than 
tuberculosis (MOTT) 

 Fungal Infections (histoplasmosis, 
aspergillosis, coccidiomycosis) 

 Parasitic Infections 

 
Lung cancer (SCLC and NSCLC)  
 
Lymphoma 
 
Carcinoid tumours 
 
Metastases from other malignancy Inflammatory and fibrotic causes 

 Nodules associated with rheumatoid 
disease 

 Sarcoidosis 

 Organising pneumonia 

 Round atelectasis 

 Nodular fibrosis 

 Wegner’s granulomatosis 

 Aberrant healing from infarcts or previous 
pneumonia 

Benign lung tumours 
 Harmatomas 

 Papillomas 
Others 

 Vascular malformations 

 Bronchogenic cysts 

 Focal haemorrhage 
 

Part-solid and ground-glass nodules represent a smaller proportion of overall nodule 

cohorts.  In one series, 2.8% and 1.6% of detected abnormalities in screening scans 

were part-solid and ground-glass nodules respectively (Henschke et al., 2002) but 

Table 1.4 Causes of pulmonary nodules.  
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representing a total of 19% of all nodules detected. They are often categorised 

separately as they have a higher chance of being malignant but paradoxically confer a 

significantly improved prognosis and cure rates approach 100% when the nodules are 

>50% ground-glass (Hung et al., 2013, Russell et al., 2011). They often represent a 

more indolent form of an adenocarcinoma and can grow following stability on CT for 

2 years (Takahashi et al., 2012, Lee et al., 2013), and therefore screening for up to 4 

years is recommended (Callister et al., 2015).  

Based solely on CT is it difficult to determine whether a nodule is benign or malignant 

(Gould et al., 2007b, Erasmus et al., 2000, Tan et al., 2003, MacMahon et al., 2005). 

Some features do suggest a benign aetiology and include calcification of the nodule 

which may arise from prior infections, such as histoplasmosis or tuberculosis, where 

the calcification is more diffuse or central, and the presence of intranodular fat 

(Erasmus et al., 2000). However, up to 6% of lung cancer may also display a more 

diffuse or amorphous calcification (Mahoney et al., 1990) meaning the presence of 

calcification in itself is not always indicative of a benign diagnosis.  Intranodular fat 

is associated with a hamartoma (Siegelman et al., 1986) and is indicative of a benign 

cause when present. A solid nodule is often considered benign if there has been no 

growth over an interval of two years (Callister et al., 2015, MacMahon et al., 2005), 

highlighting the importance of assessment with prior radiology. Multivariate analyses 

across multiple studies (McWilliams et al., 2013, Swensen et al., 1997, Gould et al., 

2007a) have demonstrated the radiological features that are independently predictive 

of malignancy of a nodule include increasing size, the presence of a spiculated margin 

and location in the upper lobes of the lung. In addition McWilliams et al found the 

presence of emphysema to be an independent predictor of a nodule being malignant 

and a larger number of nodules to be features to suggest they are benign. These factors 

form the basis of the parameters, along with clinical risk factors, discussed below.  

1.3.5 Investigation of the pulmonary nodule to diagnose early 

lung cancer 

Once a nodule is found on any type of imaging test, the critical question is to 

differentiate a benign nodule from a malignant nodule to stratify the patients in whom 

the nodule can simply be observed or potentially discharged from follow up, or in those 
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whom early aggressive therapy (by surgery to resect the nodule) would offer the best 

chance of a cure for early lung cancer.  

The suggested management after finding a pulmonary nodule in the UK, based on 

national guidelines (Callister et al., 2015), is summarised in Figure 1.10. This 

management utilises an initial risk based approach based on the potential of the nodule 

being malignant. This includes a risk of malignancy prior to a PET-CT scan, called the 

Brock model (McWilliams et al., 2013), and reassignment of the risk following a PET-

CT called the Herder model (Herder et al., 2005) (which is an adaptation of the Mayo 

clinic model (Swensen et al., 1997) incorporating PET-CT).  These risk models are 

based on clinical parameters (age, sex, smoking history, history of extra-thoracic 

cancer (Mayo clinic model) or family history of lung cancer (Brock model)), and 

radiological parameters (size of nodule, number of nodules, type of nodule, location 

of nodule and presence of emphysema (Brock model). The Herder model uses 

additional information gained by the PET-CT, which provides some functional 

assessment of the nodule. Herder et al demonstrated that a higher fluorodeoxyglucose 

uptake has been shown to increase the probability of a nodule being malignant, which 

is consistent with the literature for nodules (Cronin et al., 2008, Gould et al., 2001). 

These guidelines were developed as clinical practice in the UK often followed local 

practices which no not use risk assessment and were based exclusively on size to 

determine further management.  

Surveillance for nodules is based on whether there is growth in the nodule measured 

by assessment of the maximal diameter of the nodule, or more accurate measurement 

to measure the volume of the nodule, and calculate the volume doubling time (VDT). 

The VDT is the time taken for the nodule to double in size, with a VDT<400 suggestive 

of a nodule being malignant (Horeweg et al., 2014, Xu et al., 2006, Ashraf et al., 2011).  

However, the proposed management of pulmonary nodules remains complex and 

observation of the nodule by serial imagining can extend for up to 4 years for sub-solid 

nodules (Callister et al., 2015). Much of this limitation is due to the limits of resolution 

offered by CT scan, which can detect small nodules (as small as 1-2mm (MacMahon 

et al., 2005)) but do not offer information at a molecular level. Functional information, 

given by addition of PET, may lead to false positives in cases where the benign nodule 
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is metabolically active (such as infective or inflammatory causes) or false negatives 

where the cancer is slow growing.  

 

Figure 1.10 Algorithm for management of pulmonary nodules in the UK. Reproduced, with permission, from 
(Callister et al., 2015). 

 

Therefore the investigation of pulmonary nodules represent a key subject area in which 

to develop new technologies, such as FCFM, which can provide information at a 

cellular resolution in the lung. If this technology can provide additional information as 



 

40 

to the malignant potential of a nodule, then this would have significant impact on the 

management of patients who have nodules discovered on CT scans, especially in the 

advent of the implementation of widespread lung cancer screening. 

1.3.6 FCFM for cancer detection 

Fiber based imaging technologies (Flusberg et al., 2005) have been used to detect 

malignant changes of mucosal surfaces (Kiesslich et al., 2007) with the largest success 

and implementation in cancers of the gastrointestinal tract (Konda et al., 2013, 

Kiesslich et al., 2006, Kiesslich et al., 2007, Kitabatake et al., 2006).   

Preclinical work in lung cancer demonstrates FCFM can access peripheral lung 

nodules (He et al., 2012, Valdivia y Alvarado et al., 2011). Alvarado et al used a rabbit 

model of peripheral lung cancer (mean tumour size was 12.5mm) and used 

multimodality imaging using CT scan, real time electromagnetic guidance and FCFM 

and could access the tumours with a transthoracic approach. The tumour cell lines they 

used in this model overexpressed the integrin heterodimer αvβ3, and the rabbits were 

administered an integrin sensing fluorescent agent, which was detected by FCFM. The 

same group (He et al., 2012) developed this concept further and in the same animal 

model, they used an endobronchial approach with CT and navigation equipment to 

guide the FCFM fiber to the tumours. Here they performed αvβ3 targeted optical 

imaging with FCFM and made treatment decisions (with radiofrequency ablation) 

during the same procedure. Whilst this remains a preclinical model, this demonstrates 

the potential of targeted optical imaging of peripheral tumours for diagnostics, with 

treatment if malignant, within the same procedure. In humans, FCFM has been used, 

with contrast agents, to assess central airways lesions (Fuchs et al., 2013) and there 

have been provisional reports for the use of FCFM in the assessment of pulmonary 

nodules (Thiberville et al., 2009c). In a case series report of three patients with nodules 

Hassan et al (Hassan et al., 2015) have reported the use of FCFM at 488nm and at 

660nm with methylene blue nuclear staining for the assessment of pulmonary nodules. 

They demonstrated, at 488nm, that their cases with diagnoses of pulmonary metastatic 

melanoma, large cell undifferentiated carcinoma and a case of a benign nodule due to 

lipid pneumonitis that features including distorted, irregular compact elastic fiber 

network, dense tissue with unrecognisable elastin network and lipid droplets distorted 
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elastin network respectively. For lung cancer and nodule imaging it remains unknown 

whether the pattern of elastin disruption at 488nm in a cancerous nodule is sufficiently 

and specifically different from that of a benign nodule to be detected by FCFM and 

autofluorescence parameters alone.    

 

1.3.7 Summary 

The prognosis of lung cancer remains poor, and there are considerable efforts to 

increase early stage diagnosis, which offers a better prognosis. However, with 

increased screening, many more benign nodules will be detected and therefore 

strategies to differentiate benign from malignant nodules, early in the management of 

the patient has the potential to have a large impact on patient care and healthcare cost 

savings. The work described in this thesis assessed the potential role of label free 

FCFM in pulmonary nodules to determine their aetiology and the work is described in 

chapter 5. Furthermore, chapter 6 assesses the ability of FCFM imaging combined with 

prototype Smartprobes for the diagnosis and monitoring of lung cancer.  
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1.4 Summary to Introduction 

In this thesis I will describe the results of the biological assessment of 

Smartprobe/FCFM strategies in two areas of pulmonary medicine where there remains 

considerable diagnostic uncertainty; i) the critically ill patient in ICU where the 

presence of bacteria in the distal alveolar region (pneumonia) is suspected and ii) the 

indeterminate pulmonary nodule which could be early lung cancer. 

Chapter 3 will discuss fluorescently labelled AMP called Ubiquicidin to detect bacteria 

in situ in the distal alveolar space and describes the iterative development of the 

peptide sequence and fluorophore optimisation to allow in situ imaging. Chapter 4 then 

develops this further and using a fluorescently labelled AMP called polymyxin 

describes the labelling of bacteria with gram-specificity in size relevant animal models. 

Chapter 5 assessed the role of FCFM alone in the stratification of pulmonary nodules 

into benign and malignant causes in a clinical cohort. Chapter 6 then describes a more 

targeted Smartprobe/FCFM approach for the assessment of lung cancer and, finally, 

chapter 7 summarises the findings of the thesis and provides future direction for the 

compounds discussed.  
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1.5 Hypotheses and Aims 

The overall hypotheses for this work are; 

i) A Smartprobe/FCFM strategy can be used to detect bacteria in vivo 

in situ in the lung. 

ii) An OI strategy can be used to determine benign from malignant 

pulmonary nodules.  

The aims are to validate such approaches for the detection of bacteria both in vitro and 

ex vivo in size relevant models, including the detection of bacteria with gram-

specificity. Furthermore, the aims for the pulmonary nodule work are to determine if 

label free methods are sufficient to determine benign from malignant nodules, and to 

develop a Smartprobe based targeted strategy for differentiating benign from 

malignant nodules. 

Specific hypotheses and aims are described in the introduction for each chapter.  
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Chapter 2: Materials and Methods 
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2.1 Ethics statement 

All experiments using human samples were performed following approval of the 

appropriate regional ethics committee (REC) and with informed consent of the 

patients. Blood for isolation of neutrophils and mononuclear cells were taken from 

healthy volunteers following consent (REC no: 08/S1103/38). Human lung was 

obtained from the periphery (non-cancerous) region of patients undergoing resection 

for lung cancer, was approved by the NHS Lothian REC and facilitated by NHS 

Lothian SAHSC Bioresource (REC No:13/ES/0126). BALF from patients for imaging 

of alveolar macrophage was approved by NHS Lothian Regional Ethics Committee 

(REC) (REC No: 07/S1102/20) and use of fibrotic lung tissue was approved by the 

regional ethics committee (REC No: 09/S1101/52). Explant cystic fibrosis lung 

assessment was undertaken with informed consent and approved by the REC (REC 

No: 11/NE/0291).  Animal experiments were performed under UK Home Office 

Animals Scientific Procedures Act 1986 (Project License Number 60/4434). Ovine 

lungs were from ewes destined for cull and were euthanized under Schedule 1 of 

Animals (Scientific Procedures) Act 1986. Formal approval was not required for these 

experiments.  

2.2 Materials  

The following reagents were bought from Sigma-Aldrich. St Louis, MO, USA: 

Dimethyl sulfoxide (DMSO) (472301), Fibronectin (F1141), Poly-d-lysine (P6407), 

Paraformaldehyde 4% (158127),Triton X-100 (X100), Tween-20 (P1379), Ammonia 

chloride (A9434), Fetal Bovine Serum (FBS) (F0804), Bovine serum albumin (BSA) 

(05470), L-Glutamine (G7513), Penicillin/Streptomycin (P4458), Trypsin-EDTA 

(59418C), D-sorbitol (1876), Trolox (238813), HEPES (3375), Lysogeny Broth 

(L7275), Lysogeny Broth with agar (L7025), Sodium deoxycholate (D6750), 10% 

neutral buffered formalin (HT501128), Sodium acetate (S2889), Sodium chloride 

(NaCl) (S5886).  

The following reagents were bought from Gibco, Life Technologies, UK, unless 

otherwise stated: 



 

46 

Dulbecco’s Phosphate Buffered Saline (PBS) (14190-94), [10x] PBS (70011-044), 

Iscove’s Modified Dulbecco’s Medium (IMDM) (12440-053), Dulbecco’s Modified 

Eagle Medium (DMEM) (12491-015 and 31053-044), Roswell Park Memorial 

Institute (RPMI) media (11875-013), Sodium Chloride (0.9% NaCl) (UKF7124, 

Baxter, UK), Percoll (17-0891, GE Healthcare, UK), Dextran (Dextran 500, 5510 0500 

8007, Pharmacosmos, Denmark) 

The following reagents were bought from Fluka Analytical, Gillingham, UK: 

Mueller Hinton Broth (MHB) (70192), Tryptic Soy Broth (22092), Tryptic soy agar 

(22091), Potato glucose agar (70139), Potato dextrose broth (P6685), Brain-heart 

infusion (BHI) media, (53286), Span 80 (09569).  

The following reagents were bought from Thermo Fisher Scientific, Massachusetts, 

USA: 

Novex Tris-SDS sample buffer (LC2676), Novex 10% Zymogram Gel (EC61755), 

Novex running buffer (LC2675), Novex Renaturing buffer (LC2670), Novex 

Developing buffer (LC2671), Novex Colloidal blue staining kit (LC6025), Nunc T25 

cell culture flasks (f136196), Nunc T75 cell culture flasks (130190).  

Other reagents and antibodies: 

Marimastat (2631, Bio-Techne, Minneapolis, USA), Cell lysis buffer (9803, Cell 

Signaling Technology, MA, USA), BD Pharm lyse buffer (555899, BD Biosciences, 

San Jose, CA, USA), Recombinant MMP9 (PF024, Merck Millipore, Billerica, MA, 

USA), Recombinant pro-MMP-9 (PF038 Merck Millipore, Billerica, MA, USA), 

Donkey Anti-Rabbit Alexa Fluor 555 (a31572, Life Technologies, UK), Goat Anti-

Mouse Alexa Fluor 488, (a11029, Life Technologies, UK), Mouse Anti-Human Anti-

TTF1, (ab72876, Abcam, UK), Mouse Anti-Human Anti-pancytokeratin, (c2562, 

Sigma-Aldrich. St Louis, MO, USA), Mouse Anti-human Anti-Integrin alpha V beta 

3 (ab78289, Abcam, UK), Mouse Anti-human Anti-Integrin alpha V beta 3 (sc-7312, 

Santa Cruz Biotechnology, Santa Cruz, CA)-From Dr Jeremy Brown, Queen’s 

Medical Research Institute, Mouse Anti-human Anti-Integrin alpha V beta 3 (LS-

C15968, LifeSpan Biosciences, WA, USA)- From Dr Jeremy Brown, Queen’s 

Medical Research Institute,  Alexa Fluor® 647 anti-human CD51/61 Antibody 
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(304410, BioLegend, CA, USA), Alexa Fluor® 647 Mouse IgG1, κ Isotype Ctrl (FC) 

Antibody (400130, BioLegend, CA, USA), Human Total Integrin alpha V beta 3 

DuoSet IC, (DYC3050, R&D Systems, MN, USA), Human sputum leukocyte elastase 

(SE563, Elastin Products Company Inc., Missouri, USA), Sivelestat (3535, Bio-

Techne, Minneapolis, USA), Purified human plasmin (P1867, Sigma- Aldrich, St 

Louis, MA, USA), MMP-1,2,8,9,13 (Multipack-1, AK013, Enzo Life Sciences Ltd, 

NY, USA), MMP-3,7,10,11,12 (Multipack-2, AK014, Enzo Life Sciences Ltd, NY, 

USA), 8-Well Lab-Tek II Confocal Chambers (VWR, PA, USA). Dulbecco’s 

Phosphate Buffered Saline (PBS), (14190-94, Gibco, Life Technologies, UK) 

2.3 Smartprobe preparation and assays 

2.3.1 Synthesis 

Smartprobes were synthesised by colleagues in Professor Mark Bradley’s laboratory 

in the Department of Chemistry, University of Edinburgh. The Ubiquicidin analogues 

were synthesised by Dr Nicos Avlonitis, Dr Marc Vendrell, Dr Tashfeen Walton, Dr 

Annamaria Lilienkampf and Dr Ana Perez. The polymyxin compounds were 

synthesised by Dr Sunay Chankeshwara and Dr Tashfeen Walton. The MMP 

compound was synthesised by Dr Sunay Chankeshwara and Dr Alicia Fernandez. The 

RGD compound was synthesised by Dr Marc Vendrell.  All compounds were 

characterised for confirmation of mass and purity in the Department of Chemistry and 

provided in dry powder form. 

2.3.2  Stock concentrations 

A top concentration of the dye component of each Smartprobe (NBD, FAM and 

BODIPY) was made using a 5 point balance (AB54-S Analytical Balance, Mettler 

Toledo, UK) and the molecular weight of each dye. Then standard curves were made 

by serial dilutions of the top concentration and absorbance reads at 488nm on a 

Synergy H1 Multi-Mode Spectrophotometer (BioTek, VT, US). All compounds were 

made up to stock concentrations (usually at 1mM), aliquoted and stored at -20˚C. 

Compounds were not re-frozen once thawed and final working concentrations used 

were typically in the µM range and are detailed in the results sections of each chapter.  

For each Smartprobe the powder was diluted in 50µL of PBS, briefly sonicated to 
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ensure full solubility and diluted 1:100 for absorbance reads. Spectral absorbance reads 

were undertaken in triplicate in a 96 well plate and the concentration of the stock was 

calculated as follows: absorbance read of Smartprobe minus the absorbance of PBS 

blank, correlated to concentration on standard curve, multiplied by the dilution factor 

and divided by the number of fluorophores per molecule.  

2.3.3 Spectral reads 

Spectral reads for fluorophore emission or absorbance were undertaken in 96 or 384 

well plates on a Synergy H1 Multi-Mode Spectrophotometer. For assays to indicate a 

hydrophobic environment, the diluent used was increasing concentrations of DMSO. 

2.3.4 Spectrophotometer assays 

384 well plates were prepared with increasing concentrations of recombinant elastase 

(+/- sivelestat 100µM) in elastase assay buffer (0.05M sodium acetate containing 0.1M 

NaCl). NeBac compound was added at 5µM to each well and the fluorescence read for 

60 minutes. Excitation was at 525nm and emission at 580nm to avoid 

excitation/detection of the NBD component of the compound.  

2.3.5 Chemical stability analysis 

Compounds were analysed for stability in PBS or bronchoalveolar lavage fluid 

(BALF) from patients with ARDS (see section 2.6.4). All compounds (except NBD-

UBIdend) were analysed by matrix-assisted laser desorption/ionization-time of flight 

(MALDI-TOF) in conjunction with Dr Sunay Chankeshwara of the Department of 

Chemistry, University of Edinburgh. For each analysis Smartprobe was added to saline 

or pooled BALF from patients with ARDS incubated for up to 30 minutes. A 0.2 µL 

ZipTip was used and prepared with 5µL MeCN (with 0.1% TFA as an additive), 

followed by a 20 µL H2O wash. The same ZipTip was loaded with the sample, washed 

and eluted into 5 µL of 80%. MeCN on a MALDI-TOF plate. The samples were 

analysed by Ultraflextreme MALDI-TOF mass spectrometer (Bruker, Bremen, 

Germany). NBD-UBIdend was analysed by Fourier transform mass spectrometry 

(FTMS), which is provided as a service by the Department of Chemistry, University 

of Edinburgh. 
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2.4 Bacterial Assays 

2.4.1 Bacterial strains 

Bacteria used in assays are listed in the table below:  

 Bacteria Strain Original Source and Details 

Gram-negative 
bacteria 

P. aeruginosa ATCC 47085 (PA01) 
ATCC 
Designation: PA01-LAC 

P. aeruginosa J3284 
Clinical Isolate* 
Isolate from VAP patient 
Non-mucoid variant 

A. baumannii J3433 
Clinical Isolate* 
Isolate from VAP patient 

S. maltophilia J3270 
Clinical Isolate* 
Details unavailable 

K. pneumoniae ATCC BAA1706 
ATCC  
Designation: AIS 2007023 
[6179] 

E. coli ATCC 25922 
ATCC 
Designation: FDA strain 
Seattle 1946 

H. influenzae Clinical Isolate 

Clinical Isolate* 
Untyped β-lactam negative 
strain from patient with 
bronchiectasis 

B. cenocepacia 
Strains J2315 and K-
56 

Clinical Isolates* 
Isogenic naturally occurring 
strains (see 4.2.6) 

Gram-positive 
bacteria 

Methicillin Resistant S. 
aureus (MRSA) 

ATCC BAA-1720 
ATCC 
Designation: MRSA252 

Methicillin Sensitive S. 
aureus (MSSA) 

ATCC 25923 
ATCC  
Designation: Seattle 1945 

S. pneumoniae NCTC 7466 

Health protection agency 
culture collection 
Original Strain reference: D 39 
Serovar Serotype 2 

GFP fluorescent S 
aureus 

RN6390-Gfp-EryR 
Nottingham University (Gift 
from Professor Phil Hill) 

*Gifts from Professor John Govan, University of Edinburgh. 

Bacteria were stored in a -80oC freezer on glycerol beads. A single bead was taken into 

10mls of Lysogeny broth (LB) and incubated at 37˚C in an orbital shaking incubator. 

The culture was streaked onto LB agar plates and incubated at 37˚C overnight to form 

the stock plates. These were stored at 4˚C and a new glycerol bacterial culture bead to 

form a stock plate was used every 4 weeks. For experimentation a single colony of 

bacteria was taken into 10ml of LB and incubated at 37˚C for 16 hours (overnight 

cultures-stationary phase), then the overnight culture was diluted 1:100 in fresh LB 

Table 2.1 Bacteria, strain reference and original sources of bacteria used in experiments. 
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media and monitored until mid-log was achieved (mid-log cultures). Cultures were 

centrifuged at 4000rpm for 5 minutes and bacterial pellet resuspended in fresh PBS. A 

further three washes were undertaken and the culture was reconstituted to 1 Optical 

Density (OD)595nm; for confocal assays this was diluted to 0.5 OD595nm, for flow 

assays this was diluted to 0.01 OD595nm  and was concentrated to 2 OD595nm  for ex vivo 

ovine lung assays.  OD readings were taken on a photometer (UV1101, biotech 

photometer, WPA, Cambridge, UK) with a PBS reference blank before each reading. 

For S. pneumoniae liquid culture growth was undertaken in Brain-heart infusion (BHI) 

media with 5% BSA, storage and growth was on blood-agar plates and all growth 

conditions were stationary and supplemented by 5% CO2. For H. influenzae storage 

was on chocolate agar plates at 4˚C.  

2.4.2 Bacterial counting  

Samples were vortexed briefly then diluted serially to 8-10th log10 dilution. 5 x 20µL 

drops were instilled on broth/blood agar plates and were incubated at 37oC for 16 hours 

(for S. pneumoniae supplemented with 5% CO2). Colonies were counted in the dilution 

where 3-30 colonies were present per 20µL drop (method adapted from (Bousfield et 

al., 1973)). Counts are expressed as colony forming units per millilitre (CFU/ml) [10 

x log10 dilution x total colonies per 100µL].  

2.4.3 Bacterial counterstain with PKH dyes 

Bacteria were counterstained with PKH67 or Cellvue Claret dyes (Sigma-Aldrich, St 

Louis, MO, USA) in accordance to the manufacturer’s instructions. Briefly, bacteria 

were washed in PBS thrice and a cell pellet made. This was re-suspended in 500µL of 

Diluent C, and added to 500µL of Diluent C containing 2µL of stock dye. Following 

3 minutes, BSA was added to terminate the reaction and bacteria were washed thrice 

to remove unbound dye and BSA. This was re-suspended as required for 

experimentation (see 2.4.1).  

2.4.4 Bacterial confocal assay 

Glass coverslips or 8 well confocal chambers were coated in fibronectin (for neutrophil 

experiments) or poly-d-lysine (for bacteria) at 37oC prior for 20 minutes and washed 

with PBS three times. Bacteria were counterstained with Syto 82 nucleic acid stain 
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1:1000 (Invitrogen, CA, USA) in a shaking heat block at 37˚C and 350rpm for 20 

minutes. They were co-incubated with compounds at required concentration (detailed 

in results sections) in a sealed POC mini chamber or 8-well confocal chamber. A laser-

scanning confocal imaging system (LSM510; Carl Zeiss, Jena, Germany), 

incorporating an upright Axioskop FS2 microscope (63× objective) was used for 

image acquisition and processing. Exposure to 488nm light was limited to 5% of the 

maximum laser power in order to minimize phototoxicity. In all cases, images were 

obtained without Kalman averaging and typically with a pixel dwell time of 3.2 µs 

with a pinhole diameter corresponding to 1 Airy unit. Pinhole diameters were adjusted 

to give optical Z-sections of equivalent depths, corresponding to 1 Airy unit for the 

longest excitation wavelength and images were acquired sequentially. ‘Green’ 

fluorescence (for FAM and NBD) was excited with a dedicated 488nm line and 

emitted light detected with meta detector (500-530nm). Syto nuclear dyes were excited 

with a dedicated 543nm line, and emitted light detected with meta detector (570-

610nm). PKH labelled bacteria/surfactant were excited with a dedicated 633nm line 

with emitted light detected with a meta detector (660-700nm). Fields of view were 

chosen blindly based on the counterstain and at least three fields of view were recorded 

for each condition. For avidity assays, following initial imaging, the fluid was 

aspirated and two gentle washes with PBS were performed. The chamber was re-

imaged on benchtop confocal. 

All bacterial imaging sessions required to make comparisons between compounds 

were undertaken using the same laser power, gain settings and offset for the 488nm 

line. On occasions the counterstain channel was adjusted to allow subsequent analyses 

of the images.  

2.4.5 Bacterial flow cytometry assay 

Bacteria were counterstained as above with Syto 82 nucleic acid stain, washed thrice 

in PBS and reconstituted to 0.02 OD595nm [2 x concentration final]. Smartprobe (50µL) 

added to 50µL of counterstained bacteria and incubated for 5 minutes at 37oC. Controls 

included counterstained bacterial in PBS, or equimolar linear construct compared to 

dendrimer for experiments in chapter 3. Samples were diluted to 500µL (addition 

400µL of PBS) immediately prior to analysis using BD FACSCalibur (Becton 
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Dickenson, San Jose, CA, USA) flow cytometer capturing 50,000 of counterstained 

gated events. Voltages remained constant throughout the experiment and data was 

collected on a logarithmic scale. Analysis was using FlowJo version 7.6.5 (TreeStar 

Inc., Ashland, OR) where the counterstain was gated to eliminate debris and artefact, 

followed by histogram analysis of the FL-1 (Smartprobe) channel. For quantification, 

the mean of the FL-1 channel (Smartprobe) was recorded and data presented as the 

mean fluorescence from independent experiments.   

2.4.6 Bacterial growth assays 

Bacteria were grown to mid-log phase, washed thrice in PBS, resuspended in 2 x 

concentration Mueller Hinton Broth (MHB) and diluted 1:10,000 (0.0001 OD595nm). A 

96 well plate was prepared with increasing concentrations of Smartprobe at 2 x final 

required concentration (or appropriate PBS controls) and bacteria in MHB were added 

to each well 1:1. Controls included PBS (no bacteria) with Smartprobe for subtraction 

of background and growth without Smartprobe addition for positive control. The plate 

was sealed with an optical plate sealer and absorbance measurement were taken every 

30 minutes at 600nm in Synergy H1 Multi-Mode Spectrophotometer (BioTek, VT, 

US) set at 37˚C for 16 hours.  

2.4.7 Bacterial killing assays 

Overnight bacteria were incubated increasing concentration of Smartprobe in PBS and 

incubated at 37oC for 4 hours. At four hours, each concentration was enumerated using 

the method described in 2.4.2. 

2.4.8 Agarose bacterial bead generation for FCFM imaging 

Bacteria were grown to mid-log phase in 400ml tryptic-soy broth, pelleted by 

centrifugation and resuspended in 2ml PBS. This was mixed with 18ml molten tryptic-

soy agar (50°C) and injected rapidly into vortexing mineral oil with 0.01% Span 80, 

pre-warmed to 50°C. This was then rapidly cooled to 4°C whilst continuing to vortex 

to allow the beads to set. Bacterial agar beads were pelleted by centrifugation (20 

minutes, 3000g) and washed in 0.5% sodium deoxycholate (SDC) in PBS (20 minutes, 

3000g), followed by 0.25% SDC (20 minutes, 3000g) in PBS, washed in PBS (10 

minutes, 3000g) and 3xPBS (5 minutes, 200g). Beads were resuspended at 50% v/v in 
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PBS for instillation. Control beads were synthesised as above but with omission of the 

bacteria.  

2.4.9 Electron microscopy of bacteria 

Bacterial samples for electron microscopy were prepared for imaging at The Electron 

Microscope facility of the School of Biological Sciences, University of Edinburgh by 

Mr Steven Mitchell. Bacteria were initially incubated with PBS as a control or NBD-

UBIdend, NBD-UBINle or NBD-PMX for 1 hour then fixed in 3% glutaraldehyde in 

sodium cacodylate buffer (0.1M) for 2 hours. These samples were transferred to the 

School of Biological sciences where they then washed in three 10 minute changes of 

sodium cacodylate, post-fixed in 1% osmium tetroxide in 0.1M sodium cacodylate for 

45 minutes, then washed in three 10 minute changes of 0.1M sodium cacodylate buffer.  

They were then dehydrated in 50%, 70%, 90% and 100% normal grade acetones for 

10 minutes each, then for a further two 10-minute changes in acetone and samples 

were then embedded in araldite resin.   1μm thick sections were cut, prior to preparing 

60nm ultrathin sections from appropriate areas using a Reichert OMU4 

ultramicrotome, followed by staining in uranyl acetate and lead citrate.  Samples were 

viewed on a transmission electron microscope (Philips CM120) and images were taken 

on a Gatan Orius CCD camera.  

2.5 Fungal Assays 

2.5.1 Fungal culture 

Aspergillus fumigatus were stored on potato glucose agar at 4˚C. A wet harvest of 

conidia was performed into 1ml of potato dextrose broth and conidia were counted on 

a haemocytometer. Conidia were plated in 8 well chambers in 200µL volume at 1 x 

106 conidia/ml and incubated for 16 hours at 37˚C until a confluent hyphae layer was 

formed. For suspension growth, 1ml of conidia (1 x 106 conidia/ml) were added to 9ml 

potato dextrose broth and grown overnight in a  shaking incubator at 37˚C.  

2.5.2 Fungal confocal imaging 

Conidia were prepared in an 8 well chamber as described in section 2.4.4. Fluid was 

gently aspirated and was washed x 3 in PBS. Fungi were counterstained with Syto82 

(1:1000) in the presence of IMDM for 20 minutes at 37˚C, washed again and 
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Smartprobe (or control) was added and the well at the final concentration and the 

chamber was imaged on benchtop confocal as described in 2.4.4. For human co-culture 

assays please see section 2.7.2.  

2.6 Cell culture and neutrophil isolation 

2.6.1 Cell line culture 

A549 (pulmonary adenocarcinoma cell line, ATCC, CCL185), MDA-MB-231 (breast 

adenocarcinoma cell line, from Professor Margaret Frame’s group) and MCF-7 (breast 

adenocarcinoma cell line, from Professor Margaret Frame’s group) cells were grown 

in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 2mM L-glutamine, 100 units/mL penicillin G and 100µg/mL 

streptomycin to 80% confluence in T75 flasks. Cells maintained at up to a confluence 

of 80%, were washed with pre-warmed media and dispersed with 2ml of Trypsin-

EDTA. Cells were monitored on an inverted microscope until the dispersion was 

confirmed and 8ml of complete DMEM added. Cells were then seeded onto glass 

coverslips or 8-well confocal imaging chambers for imaging (and grown to 

confluence) or sub-cultured with a ratio of 1:3 to 1:8 for continued growth. For flow 

cytometry assays, the cells were resuspended to 1 x 106 cells/ml for flow cytometry.  

Cells were grown at 37oC with 5% CO2 and media was replaced every 3 days.  

H69 and H345 (both pulmonary small cell lung carcinoma cell lines, from Professor 

Tariq Sethi’s group) cells were grown in suspension in Iscove's Modified Dulbecco's 

Media (IMDM) supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, 

100 units/mL penicillin G and 100µg/mL streptomycin. Cells were grown in 

suspension and resuspended to 1 x 106 cells/ml for flow assays. Sub-culture was 1:6 

to 1:8 and cells were grown at 37˚C with 5% CO2 

2.6.2 Neutrophil and monocyte isolation 

Neutrophils and monocytes were isolated as previously described (Haslett et al., 1985, 

Rossi et al., 1998). Healthy volunteers were consented and venous blood was collected 

into 50 ml falcon tubes primed with anticoagulant (4ml 3.8% Sodium Citrate per 40ml 

blood). Tubes were inverted gently to ensure mixing and centrifuged at 350g for 20 

minutes. The plasma layer was carefully aspirated and 6ml of 6% dextran (MW 
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500,000, 37˚C) was added to the remaining erythrocyte layer and the tube topped up 

to 50ml with sodium chloride. The tube was inverted and allowed to rest for 20 minutes 

to allow sedimentation. The top layer was gently aspirated and transferred to a fresh 

50ml BD Falcon tube, topped up to 50ml with 0.9% sodium chloride and centrifuged 

at 350g for 6 minutes (brake 9, acceleration 9) followed by re-suspension in 55% 

percoll stock (as detailed below). Percoll stock was made by addition of 3ml [10x] 

PBS to 27ml of percoll and the following stock were made: 81% (8.1ml of percoll 

stock made up to 10ml with PBS), 68% (6.8ml percoll stock made up to 10ml with 

PBS) and 55% (5.5ml of stock made up to 10ml with PBS). 3 ml of 68% stock was 

gently layered on top of 3ml 80% percoll in a 15 ml BD Falcon tube, followed by 

resuspension of the cell pellet in 3ml 55% percoll and layering on top of the 68%. The 

tube was centrifuged at 720g for 20 minutes (broke 0, acceleration 0) to form two 

bands at the gradient interfaces. The upper (monocyte predominant) layer and lower 

layer (neutrophil predominant) were aspirated to a fresh 50ml BD Falcon tube for each 

cell type, washed twice and enumerated using a haemocytometer.  Cytospin cell preps 

were made and stained to assess cell purity. 

2.6.3 Confocal Imaging with neutrophils and cell lines 

8 chamber confocal wells were coated with fibronectin (neutrophil imaging) or cells 

were grown to confluence (for cell lines) within the chambers. For neutrophil imaging 

cells were resuspended in phenol free DMEM and incubated at 37˚C at concentration 

of 100,000 cells per well, in the presence of 1:10,000 Syto 82 nucleic acid stain. Fluid 

and non-adhered cells were aspirated and two gentle washes were performed using 

DMEM. Into a well containing adherent neutrophils or cell lines, 100µL of 

counterstained bacterial suspension was added, followed immediately by 100µL of 2 

x concentration Smartprobe to each well at required concentration. Wells were 

incubated for 5 minutes at 37˚C and imaged on benchtop Confocal (as per 2.4.4). For 

the elastase dependent cleavage compounds the neutrophils were incubated with 

sivelestat 100µM throughout and monocytes were counterstained with Cellvue Claret 

(as 2.4.3). For sterile activation, calcium ionophore 5µM was used in place of bacterial 

activation.  
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2.6.4 Confocal Imaging with BALF cells and ARDS lavage 

8 chamber confocal wells were coated with poly-d-lysine (20 minutes) and washed x 

3 in PBS. Freshly isolated cells from human bronchoalveolar lavage (BALF) were 

enumerated and resuspended in phenol free DMEM and added to each well at 100,000 

cells per well, in the presence of 1:10,000 Syto 82 nucleic acid stain. The chamber was 

incubated at 37˚C for 20 minutes and fluid with non-adherent cells were aspirated and 

washed gently with DMEM. Prepared bacteria for confocal imaging were added, 

followed by Smartprobe and the chamber was imaged on benchtop confocal. For 

ARDS, stored BALF from patients with ARDS was donated by Dr Andrew Conway-

Morris and was retrieved as previously described (Conway Morris et al., 2010). 

Bacteria were resuspended in ARDS BALF and placed in a single well of an 8 chamber 

confocal well, and Smartprobe was diluted into ARDS BALF and added. The chamber 

was imaged on benchtop confocal. Some experiments were performed as above but 

with ovine lavage in place of ARDS lavage. 

2.6.5 Immunohistochemistry 

Cells were grown on poly-d-lysine coated coverslips until required confluence and 

fixed with 4% paraformaldehyde for 20 minutes at 4˚C. Following three washes, cells 

were permeabilised with 0.2% Triton X-100, quenched with ammonia chloride 

(50mM) for 5 minutes and blocked with 1% BSA. Coverslips were then incubated with 

the primary antibody at various concentrations (from 1:50 to 1:1000) overnight at 4˚C, 

washed, incubated with appropriate secondary (1:500 to 1:1000) and Alexa Fluor 633 

Phalloidin 5µL/250µL (A22284, Life Technologies, UK) or Alexa Fluor 488 

Phalloidin 5µL/250µL (A12379, Life Technologies, UK) for 1 hour and finally 

incubated with DAPI (D1306, Life Technologies, UK) at 436nM in the dark for 5 

minutes. A number of experimental conditions meant that some cells were not 

permeabilised and antibody concentrations varied, and are reported in the results 

section of corresponding chapters. Coverslips were washed and mounted onto slides 

using ProLong® gold antifade reagent (P10144, Life Technologies, UK) and imaged 

on Leica SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany). For 

DAPI nuclear staining, an UV laser at 405nm was used, for Alexa Fluor 488 (either 

secondary antibody or Phalloidin staining) a dedicated 488nm line was used and for 
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Alexa Fluor 633 (secondary antibody or Phalloidin) a 633nm laser was used. For 

Vimentin a secondary antibody using Alexa Fluor 555 was used and excited by a 

dedicated 543nm laser. Controls included the omission of primary, but incubation with 

secondary antibodies.   

2.6.6 Flow cytometry 

Cells lines (A549, MCF-7 and MDA-MB-231) were detached with trypsin-EDTA to 

form a suspension and suspension grown cells (H69 and H345) were counted to form 

a concentration of 1x106 cells/ml. Cells were incubated with primary fluorophore 

conjugated antibody (or isotype control) at various concentrations (from 1:50 to 1:500, 

reported in the results section of chapters) at 4˚C for 30 mins in the presence of serum 

and following an anti-human FC block. Cells were washed and resuspended for 

analysis on a flow cytometer (FACSCalibur) on FL-4 channel. In house Smartprobe 

(cRGD-diAC-FAM) was incubated with the cells at 37˚C for 20 minutes prior to 

analysis on FACSCalibur on FL-1 channel.  For competition experiments, A549 cells 

were incubated with unlabelled cRGD (at 50 times concentration) for 30 minutes prior 

to addition of cRGD-diAC-FAM. A total of 10,000 of gated events were recorded, 

with gating parameters set based on forward scatter and side scatter of the cells of 

interest. 

For whole blood flow cytometry, 1ml of whole blood was diluted 1:1 with PBS 

containing final concentration of 3.8% sodium citrate. 100µl of blood was mixed with 

100µl of PBS (unstained control), fluorescein or cRGD-diAC-FAM to give a final 

concentration of 10µM and incubated for 20 minutes at 37oC. To the 200µl volume 

800µl BD Pharm lyse buffer was added for 10 minutes. Cells were pelleted by 

centrifugation at 400g for 5 minutes, resuspended in PBS and analysed by flow 

cytometry on FACSCalibur. Cell populations were gated according to forward and 

side scatter, and fluorescence measured on FL-1 channel for FAM.  

2.7 Human Lung Assays 

2.7.1 Human lung tissue 

Human lung was obtained from the periphery (non-cancerous) region of patients 

undergoing resection for lung cancer or from patients undergoing open lung biopsy for 
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investigation of pulmonary fibrosis. Fresh tissue at resection was transferred and used 

fresh, snap frozen for later analysis and stored at -80oC or dissected as described in 

2.7.2. 

2.7.2 Bacterial and fungal imaging with lung tissue 

Fresh tissue was dissected into ~2mm3 sections and placed in a 96 well plate. Bacterial 

cultures were added (at 0.5OD595nm) with a Syto 82 counterstain and Smartprobe (or 

control) at required concentration. For fungal imaging, the fungal hyphae were 

recovered, washed thrice and then incubated with the lung tissue.  Following 

incubation at 37˚C for 20 minutes, the tissue (plus bacteria/fungi) was removed and 

placed on a glass slide. A 13mm coverslip was placed over the sample, edges sealed 

and sample was imaged on benchtop confocal. For FCFM imaging, larger dissections 

of lung were made (~5mm), no counterstain was used and the samples were imaged 

with a FCFM fiber in a 96 well plate.  

2.8 Image analysis of confocal data 

Image analysis was undertaken using Fiji (Schindelin et al., 2012) (Figure 2.1).  As all 

imaging has the presence of a counterstain to confirm the focal plane, the counterstain 

image (Syto 82 for bacteria or PKH channel for surfactant) was used to generate a 

region of interest (ROI) from which the Smartprobe fluorescence was measured. Each 

experiment had at least three fields of view assessed, and this was repeated on separate 

occasions with the results displayed as means in individual experiments (+/-SEM), 

unless otherwise stated. For co-culture experiments, fluorescence was quantified as 

above, however cells were excluded from the bacterial analysis and measured 

separately by manually drawing ROIs from the phase contrast image. Also co-culture 

experiment line plots across the Smartprobe channel and counterstain channel were 

drawn across bacterial and cell membranes and displayed as representative examples. 
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Figure 2.1 Image analysis algorithm for confocal data. Each image (A) was split into individual channels and the 
counterstain channel (B) was threasholded using MaxEntropy, with settings of 0-47. This area was converted to mask 
and a selection created (C). This selection was inverted and enlarged by 2 pixels to ensure the bacterial membrane 
was included (D). This selection was added to the ROI manager (E), and mean fluorescence was measured on the 
488 channel (F). 
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2.9 Ovine lung model for bacterial detection 

2.9.1 Ex vivo experimental procedure 

From a cohort of surplus stock ewes which were destined for cull, ewes were 

euthanized with an overdose of anaesthetic.  Death was confirmed and the trachea was 

identified and clamped in situ. The thoracic cavity was then accessed and the lungs 

were freed from surrounding tissues and organs and the heart/lung was removed en 

block.  The right pulmonary artery was identified, cannulated and perfused with 

1000ml 0.9% NaCl with free drainage from the left ventricle. The trachea was 

intubated with an 8.0 endotracheal tube immediately following clamp release. 

The lungs were placed in a neonatal incubator with an ambient temperature of 37˚C 

and humidity of 65% and ventilated using a Pressure Controlled Ventilator (Breas 

Vivo PV 403, Breas Medical, Sweden). Ventilator setting was adjusted to aid maximal 

parenchymal recruitment and aiming to achieve tidal volume ~1 litre (based on 70 kg 

ewe). Following 1 hour of optimal ventilation, bronchoscopy was undertaken and 

individual segments were identified and instilled with 2ml of bacteria or PBS control. 

Following instillation a separate sheath (APC catheter, ERBE, GA, USA) was 

introduced and Smartprobe instilled. Compounds were instilled in the following 

concentrations and volumes unless otherwise stated: NBD-UBINle 1ml of 10µM or 3ml 

of 6µM (for NBD-UBIdend control experiments), linear UBI derivatives and cyclic UBI 

at 1ml of 10µM, NBD-PMX at 1ml of 10µM and NBD-UBIdend at 3ml of 2µM. Then 

the FCFM fiber (AlveoflexTM with 488nm CellvizioTM, Mauna Kea Technologies, 

Paris, France) was passed down the working channel and the same segment was 

imaged and recorded (recorded at 12 frames per second for minimum of two minutes). 

For BALF, the bronchoscope was wedged and 20ml of 0.9% NaCl instilled and 

carefully withdrawn with lavage yields of 40-50%. Control segments were 

anatomically distinct and/or in the contralateral lung. The bronchoscope was 

decontaminated between each segment imaged. All control segments were imaged 

before the addition of bacteria to the lungs.  

For bacteria counterstained with Cellvue Claret dyes the 660nm FCFM system (660nm 

CellvizioTM, Mauna Kea Technologies, Paris, France) was used. 
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2.9.2 Conditioned pulmonary segments 

In a number of experiments each pulmonary segment was conditioned with lavage or 

buffer as follows: for low volume lavage the segment was lavaged with 150ml total of 

0.9% NaCl prior to bacterial inoculation, for large volume lavage the segment was 

lavaged with 500ml total of 0.9% NaCl prior to bacterial inoculation.  Protease 

Inhibitor Cocktail (8340, Sigma-Aldrich) was diluted 1:100 and instilled into a 

pulmonary segment prior to bacterial inoculation. Solutions were made of Trolox at 

214mM and HEPES at 214mM and were instilled into segments prior to bacterial 

instillation.  

2.9.3 Image analysis 

A bespoke image processing algorithm was developed by Dr Tom MacGillivary and 

Dr Calum Gray of the Clinical Research Imaging Centre (CRIC), University of 

Edinburgh with my input as to the signal to be detected for development of algorithm, 

validation of the algorithm, assessment of filters for performance and performance 

following manual redundant frame removal. Bacteria appear as bright spots in FCFM 

imaging, so two commonly used image processing algorithms, namely Laplacian of 

Gaussian (LoG) and Difference of Gaussian (DoG) filtering were used. The algorithm 

was developed in the Matlab software environment (MathWorks Inc., Natick, MA) 

and all digital videos were transferred offline in the manufacturer’s proprietary file 

format (.mkt) from CellvizioTM (Mauna Kea Technologies, Paris, France) to a PC 

workstation. Each video file was deconstructed into individual frames, with each frame 

being processed independently. For each frame irrelevant background content was 

suppressed by subdividing the image into multiple parts, calculating the average 

regional pixel signal intensity, and then suppressing all pixels within the region which 

were below an experimentally derived cut-off value of between 4 to 6 times the 

standard deviation. Each frame then underwent LoG and DoG filtering to enhance 

bright spots (combined filter applied); and the center of each bright spot was localised, 

and the size and coordinates of its location recorded. A further criterion defined the 

maximum spot size so as to discard clusters of unresolvable bright/enhanced regions 

which could not be attributed to the detection of bacteria.  
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For some videos (as indicated in the relevant results section of chapters), as not all 

frames contained relevant information, due to positioning of the instrument or 

movement, redundant frames were not included in the analysis. For inclusion, a target 

must have been present in a sequence of greater than 5 continuous frames.  Frames 

were excluded if any of the following were present; i) absence of background 

fluorescence, ii) motion blur present, iii) >50% of image obscured due to fluid bubbles 

and iv) large airway or bronchus imaging. 

Frames were considered positive if there were >80 dots per frame, following a 

sensitivity analysis assessing cut-offs of 70, 80, 90, 100 and 110 dots per frame. For 

experimental sets where the same conditions were assessed across multiple 

independent experiments the data is presented as proportion of frames with dots above 

this threshold.  For some experiments the dots per frame over all the video of that 

experiment are presented for comparison between segments.  

2.10 Toxicity studies for lead compounds 

2.10.1 Haemolysis assay 

Erythrocytes were isolated from freshly drawn, anticoagulated human blood and 

resuspended to 20 vol % in PBS. 100µl of erythrocyte suspension was added to 100µl 

of NBD-UBIdend or NBD-PMX at increasing final concentrations (from 0-100µM) in 

a 96 well plate. PBS was the negative control and 0.2% Triton X-100 was the positive 

control. The plate was incubated at 37°C for 1 hour, then diluted with 150µl of PBS 

and then centrifuged at 1,200g for 15 min. 100µl of the supernatant from each well 

was transferred to a fresh plate and absorbance read at 350nm in a Synergy H1 Multi-

Mode Spectrophotometer. Data is expressed as % of positive control.  

2.10.2 Single dose intratracheal rodent study 

The study was undertaken by Miss Emma Scholefield. Adult male CD-1 mice aged 8-

12 weeks were given a single dose of NBD-UBIdend or NBD-PMX (100µg) in 50µl 

PBS (equivalent to a concentration of 300µM and 1.57mM respectively) or PBS 

vehicle control via direct intratracheal administration. Animals were monitored for 

clinical signs, weighed regularly and then sacrificed at 48 hours or 14 days (n=3 per 

group per time point). Airway resistance was assessed via whole body 
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plethysmography. Following necroscopy, cellular infiltrate into the lung was assessed 

by harvesting bronchoalveolar lavage fluid (BALF) via 3 x 0.8ml PBS flushes of the 

lung and cytospin slides were prepared and stained with Diff-Quick (Thermo Fisher 

Scientific).  Cell types were quantified using a light microscope.  Lung, liver and 

kidney were taken for histopathological assessment, fixed and stained with 

haematoxylin and eosin.  

2.11 Ovine lung model for cancer Smartprobes 

2.11.1 Ex vivo experimental procedure 

Lungs were retrieved as described in section 2.9.1. On one occasion a lung with diffuse 

ovine pulmonary adenocarcinoma (OPA) was retrieved and ventilated as described. 

Following ventilation Smartprobes to detect MMP activity were instilled into each 

segment, which were pre-conditioned with MMP inhibitor (Marimastat 100µM) or 

vehicle control for 1 hour. Following this, images were obtained using FCFM imaging. 

As this model is sporadic in ovine cohorts and sheep do not show signs until the late 

stages, it was determined that this would not be a reliable source for compound 

assessment. Therefore, OPA tissue was homogenized using a drill homogenizer, 

followed by lysis in cell lysis buffer, then the solution was spun at 12,000rpm for 20 

minutes and the supernatant removed. The protein was quantified using a BCA total 

protein assay (see 2.11.6) and reconstituted to 1mg/ml. These samples were used, as 

described below, and zymography performed to confirm MMP activity. 

For experiments, a single ventilated ovine pulmonary segment had either 1ml 0.9% 

NaCl control, 1ml OPA supernatant or 1ml OPA supernatant and marimastat 100µM 

instilled. Following 1 hour the segments were bronchoscopically identified and MMP 

Smartprobe was instilled followed by FCFM imaging. For the marimastat segment, 

the probe was also instilled in buffer containing inhibitor. BALF was taken from each 

segment, and protein quantified for zymography to confirm active MMP activity.  

2.11.2 Image analysis of ovine cancer model 

All videos containing FCFM data were analysed with a ROI over the entire video 

frame. The mean fluorescence was quantified per frame, and the mean of all the frames 

was taken. Each experimental set was normalised to the ‘control’ segment (segment 
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with 1ml 0.9% NaCl instilled) and data presented as proportional increase (for OPA 

segments) and knock down (for OPA with marimastat segments).  Redundant frames 

(showing motion artefact, or absence of any fluorescence) were removed for analysis.  

2.11.3 OPA Immunohistochemistry 

Samples from the OPA lung were taken and fixed in neutral buffered formalin, 

embedded in wax, and were processed by the Shared University Research Facilities 

(SURF), Queen’s Medical Research Institute, University of Edinburgh. Here, as a 

service provision, samples were cut, deparrafinised, stained with primary or control 

antibody (HRP conjugate) and counterstained with hematoxylin.  

2.11.4 Zymography assay 

Samples (standardised for protein concentration, see 2.11.6), recombinant MMP-9 at 

2nM and recombinant pro-MMP-9 at 0.5nM were mixed 1:1 with Novex Tris-SDS 

sample buffer and 20µl were loaded into precast Novex 10% Zymogram (Gelatin) Gel.  

The gel was placed in an electrophoresis chamber and pre-chilled Novex diluted 

running buffer was added and the gel was electrophoresed at 150V for approximately 

90min at 4˚C.  Gels were then removed and incubated with Novex renaturing buffer 

for 90min at 4˚C. They were washed in distilled water, and incubated with Novex 

developing buffer for 30min at room temperature prior to overnight incubation at 37˚C. 

A negative control gel had marimastat 50µM added to the developing buffer. Gels 

were then rinsed with distilled water prior to staining with a colloidal blue staining kit 

and imaging using a transilluminator (UVItec BXT-20M, UVItec Ltd, Cambridge, 

UK). 

2.11.5 Spectrophotometer assays with MMP probes 

MMP substrates, thrombin, plasmin and factor Xa (all 30µM) were incubated with 

PBS or marimastat (200nM) on ice in a 96 well plate and MMP-FD compound added 

at 1µM. Plates were read with excitation at 485nm and detection at 528nm with reads 

every 5 minutes for up to 180 minutes in a Synergy H1 Multi-Mode Spectrophotometer 

at 37oC. For analyses with human lung tissue, homogenates were prepared of normal 

tissue and human tumour samples and protein quantified. The samples were 
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normalised for protein, incubated with MMP-FD 1µM and read on a Synergy H1 

Multi-Mode Spectrophotometer at 37oC.  

2.11.6 Protein quantification of samples 

Cell lines, human lung tissue, OPA supernatant and ovine BALF for MMP were 

normalised for protein across samples by total protein quantification using a Pierce 

BCA Total Protein Assay Kit (23227, Thermo Fisher Scientific, Massachusetts, USA). 

Instructions were followed as per the manufacturers’ instructions. Albumin standards 

provided by the manufacturer were used to create a standard curve. Samples were 

mixed with the BCA working reagent in a 96-well plate and incubated for 30 minutes 

at 37˚C. The plate was reacclimatised to room temperature and absorbance measured 

at 562nm using a BioTek Synergy HT Spectrophotometer. Protein levels were 

determined by subtraction of the blank standard followed by determination on the 

standard curve.  

2.12 Primary culture of human lung cancer 

2.12.1 Lung cancer sample retrieval 

Samples were obtained from patients undergoing curative lung cancer resection 

surgery. All samples were taken fresh from cardiothoracic theatres to the department 

of pathology. Here a sample of the normal lung surrounding the tumour was taken, as 

well as a sample of the tumour core (macroscopically visualized as coming from the 

tumour core and removed by a pathologist). Samples were transferred and processed 

immediately.  

2.12.2 Sample processing for growth in culture 

Samples were rinsed with fresh media, minced with scalpels as finely as possible, 

transferred to a 15 ml falcon tube and topped up with 5ml DMEM and subsequently 

centrifuged at 200g for 5 minutes. The media was discarded and the pellet resuspended 

in 5ml DMEM. Collagenase (1mg/ml final concentration, C5138, Sigma-Aldrich. St 

Louis, MO, USA) was added and incubated with sample for 1 hour in a shaking 

incubator at 37˚C. The sample was centrifuged at 200g for 5 minutes, resuspended in 

fresh DMEM twice. Following this, two approaches were taken to isolate viable cancer 

cells. First, the sample was passed through a 40µm Nylon Cell Strainer (27305, 
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Stemcell Technologies, UK), resuspended in appropriate media (as below) and plated 

in T25 flasks. The second approach retrieved the cellular layer by addition of 5ml PBS 

to the washed cells, and layering the sample over 10ml Lymphoprep (07801, Stemcell 

Technologies, UK),  and centrifugation at 800g for 20 minutes at room temperature. 

The cells were harvested at the fluid interface, washed in DMEM and resuspended in 

appropriate media (as below) and plated in T25 flasks. 

2.12.3 Cell imaging 

Cells were imaged for growth and adherence on an inverted white light Leica DM6000 

microscope, and images captured with a Retiga EXi Camera using Q Capture Pro 

software (Media Cybernetics Inc., MD, USA). For IncuCyte assays, the cells were 

seeded into T25 flasks, or flat bottom 96 well plates and imaged on an IncuCyte 

ZOOM Live Cell Imaging Platform (Essen Biosciences, MI, USA) housed in an 

incubator at 37oC with 5% CO2. Images were acquired every two hours over a period 

of two days.  Images were processed in Image J. For each field of view ROIs were 

drawn across the cell/cell aggregates to measure diameter and ROIs were drawn 

around the circumference to measure area occupied by cells/cell aggregates. For each 

sample the mean was taken from three fields of view, and the data is presented as the 

mean of three samples (where each had three fields of view assessed).   

2.12.4 Media assessed for growth 

All additives were purchased from Sigma-Aldrich. St Louis, MO, USA unless 

otherwise stated. Two media preparations were assessed for growth conditions: i) 

StemPro® Human Embryonic Stem Cell Culture Medium (A10007-01, Life 

Technologies, UK) with the following additives; Bovine Serum Albumin (BSA, 1.8%) 

(A9418), Fibroblast Growth Factor basic (8ng/ml) (PHG0261, Life Technologies, UK) 

and B-mercaptoEthanol (0.1mM) (2198523).  ii) Complete media containing DMEM 

F-12 (12634010, Life Technologies, UK), Selenium 5µg/l, Insulin 10mg/l, Transferrin 

5.5mg/l, Ethanolamine 2mg/l (SITE, s4920), Phosphorylethanolamine 10µM   

(P0535), Adenine (0.18mM) (A2786), Cholera Toxin (10ng/ml) (c8052), 

Hydrocortisone (100nM) (H6909), BSA (0.5%) (A9418), Hepes (15mM) (H4034), 

Tri-Iodo-Thyronine (1nm) (T2877), Endothelial Cell Growth Supplement (ECGS 

15µg/ml) (E2759), L-Glutamine 1% (G7513), Penicillin/Streptomycin 1% (P4458), 
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Amphotericin B 1% (A2942), Gentamycin 1% (G1397) and Sodium Pyruvate 0.1%  

(S8636).      

2.12.5 Surface assessment for growth 

T25 flasks were coated in Matrigel matrix (1:80) (356235, Corning, MA, USA) for 30 

minutes at 37oC and stored for up to 1 week at 4oC. Cells were plated on native plastic 

surface, or Matrigel coated cells.   

2.12.6 Cell passage and freezing 

Cells were maintained in appropriate media. For passage cells were incubated with 

0.5ml StemPro® Accutase® Cell Dissociation Reagent (A1110501, Life 

Technologies, UK) and monitored on an inverted microscope until dissociated. Then 

9.5ml DMEM is added and cells centrifuged at 12, 000 rpm for 5 minutes with 

resuspension in the appropriate growth media for continuing passage (at a dilution of 

1:2- 1:5), resuspended in freeze mix (5g BSA to 50ml DMEM with 10% DMSO) for 

storage in liquid nitrogen or plated onto glass coverslips coated in collagen.    

2.12.7 Immunocytochemistry 

Coverslips were coated in collagen (10µl Bovine Collagen Solution (5005, Advanced 

BioMatrix, CA, USA)) in 3ml 0.1M acetic acid) for 1 hour at 37˚C then washed twice 

in PBS. Cells were added and grown to 80% confluence and fixed with 4% 

paraformaldehyde or 20 minutes, permeablised with 0.2% Triton X-100 and blocked 

in 1% BSA in PBS with 0.1% Tween-20 for 1 hour. The remaining protocol was 

completed with primary and secondary antibodies as per 2.6.5.  

2.12.8  Pilot reverse phase protein array (RPPA) study 

A pilot RPPA study was undertaken by Kenny MacLeod, CRUK Centre, WGH, 

Edinburgh using methods previously described (Girotti et al., 2015). The protocol used 

neat tissue stored at -80oC from paired ‘normal’ lung and cancerous lung sections prior 

to the processing steps. Samples were cut on dry ice and placed in cell lysis buffer-1 

(Zeptosens-Bayer Technology Services, Germany) at room temperature for 30 

minutes, centrifuged at 130,000 rpm for 2 minutes and the supernatants collected. 

Protein concentration was calculated by the Bradford reaction (Bradford, 1976) and 

normalised to 2mg/ml for each sample. Each sample was diluted in series 4-fold with 
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spotting buffer CSBL-1 (Zeptosens-Bayer Technology Services, Germany) and 

printed onto Zeptosens protein microarray chips (ZeptoChipTM, Zeptosens-Bayer 

Technology Services, Germany) in 400 picoliter spots. Reference grids included BSA 

conjugated with Alexa Fluor 647. Each chip was washed in distilled water, dried and 

incubated with primary antibody for 2.5 hours (see Chapter 7), followed by secondary 

Alexa Fluor antibody detection reagent (Anti-rabbit A647 Fab). Chips were then 

washed in BSA solution and imaged using the ZeptoREADERTM instrument 

(Zeptosens-Bayer Technology Services, Germany). Each sub-array was imaged five 

times with increasing exposure times and images representing the longest exposure 

without saturation of fluorescent signal detection were automatically selected for 

analysis using the ZeptoViewTM 3.1 software. For each antibody (60 in total), a 

weighted linear fit through the 4-fold concentration series was used to calculate 

relative fluorescence intensity (RFI) value for each sample replicate. A normalisation 

method to account for the median fluorescence across each antibody with a sample, 

and for each the median fluorescence for each antibody across all samples was applied. 

Data is shown for values above background fluorescence, with relative fluorescence 

increase above background of each antibody for each sample.  

 

2.13 Clinical Data from Columbus Lung Institute 

2.13.1 Study cohort 

Data was provided through a collaboration with Dr David Wilson and Ms Jody 

Westerfield of the Columbus Lung Institute, Indiana, USA. All data described includes 

retrospective analysis of a prospectively collected cohort. The study was approved by 

the Western Institutional Review Board (Puyallip, WA, USA). All procedures were 

undertaken using standard bronchoscopy, with the aid of superDimensionTM 

Navigation System (Covidien Inc., MN, USA) and imaging with 488nm CellvizioTM 

(Mauna Kea Technologies, Paris, France) system.  

For each patient clinical data, including patient demographics and clinical risk factors 

for malignancy were recorded in a blinded fashion. Furthermore, CT scans of the index 

presentation were independently reviewed by myself on a picture archiving and 
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communication system (PACS) system (Carestream Vue PACS, 11.4, Rochester NY, 

USA) and the maximal lateral diameter of nodules on axial scanning were recorded, 

as well as the location of nodule, margin of nodule and density of nodule. Malignant 

lesions were confirmed by either one of i) biopsy, ii) brushing of area or iii) washings 

of area confirming the presence of malignant cells, or the growth of a nodule during 

an interval scan and subsequent confirmation of malignancy. A nodule was considered 

benign if there was i) no evidence of malignancy on histology/cytology and there was 

no interval growth (or resolution) on CT follow up for up to two years or ii) the 

pathology confirmed an alternative non-malignant diagnosis.   All pathology results 

were provided by the pathology department of the Columbus Lung Institute, Indiana, 

USA.  

2.13.2 Nodule calculators 

Two previously published models for determining the risk of malignancy on CT and 

clinical data were used (Swensen et al., 1997, McWilliams et al., 2013). The Swensen 

Model, also known as the Mayo Clinic Model, uses six features including three 

clinical; age, smoking status, history of extrathoracic malignant neoplasm (greater than 

5 years), and three radiological; nodule diameter, presence of speculation at nodule 

edge and location of nodule in upper lobe. The probability of malignancy is calculated 

as: 

MaligProbability = 100 * e(X) / ( 1 + e(X)), where  

X = (0.0391 * Age) + (0.7917 * Smoker) + (1.3388 * Cancer) + (0.1274 * 

NoduleDiameter) + (1.0407 * Spiculation) + (0.7838 * UpperLobe) - 6.8272.  

Each variable has the assignment of age in years, smoker as current or former=1 and 

never smoker=0, history of extra thoracic cancer=1, nodule diameter in mm, presence 

of spiculated nodule border=1 and if in the upper lobes=1.  

The McWilliams Model, also known as the Brock Model, used three clinical 

parameters of age, sex and a family history of lung cancer, as well as 6 radiological 

features including presence of emphysema, nodule size, nodule type (solid, part-solid 

or ground-glass), nodule in upper lung, nodule count and presence of spiculation. The 

probability of malignancy is calculated as:  



 

70 

Cancer probability = 100 * (e(Logodds) / (1 + e(Logodds))), where  

Logodds = (0.0287 * (Age - 62)) + Sex + FamilyHistoryLungCa + Emphysema - 

(5.3854 * ((Nodulesize/10)
-0.5

 - 1.58113883)) + Noduletype + NoduleUpperLung - 

(0.0824 * (Nodulecount - 4)) + Spiculation - 6.7892.  

Age in years, sex where female=0.6011 and male=0, family history of lung 

cancer=0.2961, emphysema=0.2953, nodule size in mm, nodule type of solid=0, part-

solid=0.377 and ground-glass=-0.1276, nodule in upper lobe=0.6581, number of 

nodules counted and spiculation presence=0.7729. 

Anonymised data was collected and stored in a spreadsheet (Microsoft Excel 2013, 

WA, USA) and analysed by GraphPad Prism version 5.01 for Windows, (GraphPad 

Software, San Diego California USA).  

2.13.3 Image processing and analysis 

Cellvizio images of nodules were reviewed and managed in two ways: 

Firstly images were reviewed and entire video sequences were annotated in a subset 

of the overall videos to indicate the primary texture of each frame per video (up to 

3000 frames per video). Classification was based in the predominant texture type and 

included i) Normal alveolar elastin structure, ii) compressed alveolar elastin structure 

(pattern intact but spacing between structures reduced), iii) disorganised elastin 

structure (recognizable features of alveolar elastin without an organised network), iv)  

disrupted elastin structure (elastin present but no recognizable normal features) v) 

bronchus, vi) cellular infiltrate and vii) blood vessel.  

Secondly, in all videos for nodules the video was reviewed and ‘on target’ frames were 

selected. This was where it was felt the nodule had been reached and those video 

frames were recorded. To validate inter-observer variability two reviewers (Dr K 

Dhaliwal and I) blindly reviewed the same sub-set of videos.  Following this, the 

remaining analysis of the videos, both entire characterised videos and ‘on target’ 

frames were analysed by a team in the EPSRC IRC (www.proteus.ac.uk). Details of 

the methods employed are given in chapter 5.  
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2.14 Statistical analysis 

All experiments were performed at least three times unless otherwise stated.  Data was 

assessed, where appropriate, for normality and mean fluorescence intensities are 

provided. For data where from independent experiments are compared the results are 

expressed as mean ± SEM and were means of independent replicates were not assessed 

the data is displayed as mean ± SD. Results are analysed by Student’s t-test for 

normally distributed data or Mann-Whitney U test or ANOVA and significance was 

determined as p<0.05 (GraphPad Prism version 5.01 for Windows, GraphPad 

Software, San Diego California USA) for all laboratory data. For the clinical data in 

chapter 5 the data is shown as mean ± SD, analysis is by Mann-Whitney U test or 

Fishers exact test.  
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Chapter 3: Fluorescently labelled Ubiquicidin analogues for 

the in situ detection of bacteria 

 

 

  



 

73 

Abstract 

Chapter 3 discusses the iterative development of a chemical Smartprobe to image 

bacteria within the distal lung by FCFM. The bacterial binding portion of the AMP 

Ubiquicidin (UBI), called UBI29-41, allows for bacterial specific labelling over 

mammalian cells when conjugated to an environmentally sensitive fluorophore called 

4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD). The initial construct, NBD-UBI, 

specifically labelled bacteria in vitro, however failed to label bacteria in situ in an 

ovine ex vivo model of bacterial infection. A number of chemical modifications to the 

structure were undertaken to improve stability, avidity and the ability to imaging in 

the presence of pulmonary surfactant, which ultimately yielded a multivalent, tri-

branched construct called NBD-UBIdend. 

NBD-UBIdend labelled a spectrum of VAP causing bacterial pathogens including 

Acinetobacter baumannii, Stenotrophomonas maltophilia, Klebsiella pneumoniae, 

Escherichia coli and Haemophilus influenzae, Methicillin Resistant Staphylococcus 

aureus (MRSA), Methicillin Sensitive Staphylococcus aureus (MSSA) and 

Streptococcus pneumoniae. NBD-UBIdend remained selective for bacteria over host 

mammalian cells and could be used with topical instillation into the lungs and when 

combined with FCFM, detected bacteria in the distal lung in both an ex vivo ovine 

model and explanted whole human cystic fibrosis lungs and had a clinically relevant 

limit of detection at 1 x 105 CFU/ml. Furthermore, it labelled the pathogenic 

respiratory fungus Aspergillus fumigatus and remained nontoxic at imaging 

concentrations.   
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3.1 Introduction 

 

The main differential of an unexplained pulmonary opacity on chest x-ray in the 

ventilated patient is VAP, characterised by the presence of bacteria in the distal 

alveolar region. Chapter 1 discusses the methods to diagnose VAP and these methods 

all have a delay to diagnosis and variable sensitivity and specificity. This therefore 

leaves a period of uncertainty where without treatment there may be deterioration in 

the clinical condition of the patient, and suboptimal treatment may contribute to 

antimicrobial resistance. Therefore, this work considers an OI strategy to determine 

whether there is bacteria present in the distal lung and relies on i) a chemical 

Smartprobe to allow bacterial detection and ii) a clinically compatible technology to 

give an optical readout. With this approach it would be feasible to develop a compound 

to detect all bacteria to answer the question in these patients “are there bacteria 

present that are causing the deterioration?” with the sequelae of targeted 

antimicrobial therapy only if bacteria are present. The considered approach would 

involve bronchoscopic navigation to an affected pulmonary segment based on chest x-

ray information, instillation of a Smartprobe through a catheter inserted down the 

working channel of the bronchoscope and to allow distal lung dispersal and imaging 

the same segment with a clinical FCFM system (Figure 3.1). The details of the 

clinically approved FCFM system are discussed in chapter 1.  

The Smartprobe component to perform targeted imaging for bacterial detection 

requires a chemical entity comprising of a ligand and reporter. For the ligand,  AMPs 

are attractive tools for imaging bacterial infections (Brogden, 2005, Hancock and Sahl, 

2006, Welling et al., 2002, Welling et al., 2000) as they preferentially bind to bacteria 

and fungi over mammalian cells through electrostatic mechanisms based on the 

negative charge of the lipid bilayer of bacterial membranes (Zasloff, 2002, Skarnes 

and Watson, 1957). Therefore, AMPs are largely cationic, amphipathic structures 

(Hancock and Sahl, 2006) and usually consist of under 50 amino acids sequences. 
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Once bound a number of mechanisms may be used by the AMP to induce membrane 

disruption including the ‘barrel-stave model’, where peptides form a bundle in the 

membrane to allow a pore (or barrel) to be formed and the hydrophobic peptide region 

faces the lipid core of the membrane, the ‘carpet model’ where the peptides orientate 

parallel to the membrane surface, covering the surface and eventually disruption 

occurs with the formation of micelles or the ‘toroidal-pore model’, where the peptide 

inserts into the membrane to form a pore but the lining of the pore is comprised of both 

the inserted peptide and phospholipid head groups of the membrane (Huang et al., 

2004, Oren and Shai, 1998).  Although these mechanisms allow disruption of the 

membrane, and a peptide membrane interaction is essential for imaging, the true 

mechanism of killing is likely to be a combination of the membrane disruption and  

other factors including direct targeting of cytosolic (Shai, 2002) or other intracellular 

targets (Brogden, 2005, Gennaro and Zanetti, 2000).  Therefore, the bacterial 

selectivity offered by AMPs makes them an ideal ligand for fluorescence imaging.  

Figure 3.1 Principle of Smartprobe/FCFM strategy. Schematic demonstrating navigation by bronchoscopy to an 
affected pulmonary segment (A) following guidance by location of opacities on the chest x-ray (B). The Smartprobe 
is then sprayed into the segment through a catheter (C) and the FCFM fiber is passed down the bronchoscope to the 
affected segment with Smartprobe for an optical image (D). 
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Ubiquicidin (UBI) is an innate AMP comprised of 59 amino acids and is found in the 

cytosolic fraction of murine macrophages (Hiemstra et al., 1999) as well as human 

tissues such as the gut mucosa (Tollin et al., 2003, Howell et al., 2003) and airway 

epithelium (Vos et al., 2005). Understanding of the role of UBI is incomplete (Wiesner 

and Vilcinskas, 2010), though it is implicated in innate immunity (Howell et al., 2003) 

through killing bacteria that enter the cell cytosol (Hiemstra et al., 1999) along with 

antimicrobial effects following cell rupture (Wiesner and Vilcinskas, 2010). In the 

study by Hiemstra et al, which was the first description of UBI, the peptide was found 

in the cytosolic but not the granule fraction of the cell suggesting it remains active 

against bacteria able to exit the phagolysosomal granule and replicate in the cell 

cytosol. Indeed they demonstrated UBI was active against such intracytosolic 

replicating bacteria such as L. monocytogenes but they also suggested, as other have 

done, for a role in host-defence following disintegration of the dead macrophage. UBI 

is also identical to the ribosomal protein S30, which is produced by the 

posttranslational processing of a polypeptide produced by the fau gene, which is 

expressed in multiple tissue types (Kas et al., 1992) suggesting a wider role for the 

peptide in host defences. As mentioned, the understanding of the mechanism of UBI 

killing remains incomplete but is likely to be a similar mechanism of other cationic 

AMPs as described earlier. Certain peptide fragments of UBI have defined effector 

functions; UBI31-38 mediates bacterial killing effects whilst UBI29-41 binds bacteria, but 

is less bactericidal (Welling et al., 2002, Wiesner and Vilcinskas, 2010). Furthermore, 

UBI29-41 demonstrates prokaryote specificity (Ferro-Flores et al., 2003) and has been 

used  in PET radionuclide imaging to detect infection (Akhtar et al., 2005, Ostovar et 

al., 2013, Sepúlveda-Méndez et al., 2010).  UBI29-41 is a thirteen amino acid segment 

of the overall 59 amino acid sequence (Thr-Gly-Arg-Ala-Lys-Arg-Arg-Met-Gln-Tyr-

Asn-Arg-Arg). As it contains 6 positively charged amino acids (5 arginine and one 

lysine residue), 3 amino acids with hydrophobic side chains (alanine, methionine and 

tyrosine) and 9 hydrophobic residues (5 arginine and one each of threonine, lysine, 

glutamine and asparagine) it retains both an overall cationic charge and has 

amphipathic properties. These properties and its α-helical structure (derived from Ala-

Lys-Arg-Arg-Met-Gln-Tyr) (Brouwer et al., 2006) enable bacterial specific targeting. 

Therefore, UBI29-41 is an attractive target to use as a ligand for bacterial imaging and 
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as it has already been using safely in human imaging studies suggests that no 

unexpected peptide derived toxicity effects would be encountered. 

The second vital component of the Smartprobe is the fluorescent reporter and in the 

context of the most widely used clinically approved FCFM system for pulmonary 

imaging, this must compatible with excitation at 488nm wavelength. The only 

clinically approved fluorophore at the 488nm wavelength is carboxyfluorescein 

(FAM) or other fluorescein derivatives, which have been used in conjunction with 

FCFM for disorders of the gastrointestinal tract (Wallace et al., 2010). However to 

develop the most optimal construct, careful consideration was also given by the 

Department of Chemistry to other fluorophores, including an auto-quenched 

fluorophore 4-chloro-7-nitrobenz-2-oxa-1,3-diazole (NBD) which is an 

environmentally sensitive reporter (Mukherjee et al., 1994), compatible with 

excitation at 488nm and peak emission at 550nm. The term ‘environmentally sensitive’ 

implies that NBD demonstrates an increase in fluorescence in the presence of a 

hydrophobic environment such as negatively charged lipid bilayers in the bacterial 

membrane (Lohner, 2009). 

Therefore, the hypothesis for this chapter is, a fluorescently labelled Ubiquicidin 

fragment will selectively label bacteria and can be detected by FCFM. The aims 

of this work include the biological assessment of synthesised fluorophore-UBI 

compounds both in vitro and in size relevant disease models to demonstrate in situ 

bacterial labelling in the distal lung.  
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3.2 Use of antimicrobial peptide ligand fragment of 

Ubiquicidin for bacterial identification 

3.2.1 NBD and FAM Ubiquicidin display emission spectra 

compatible with a clinical FCFM system.  

Two constructs were made using the 29-41 sequence of Ubiquicidin conjugated to 

carboxyfluorescein (FAM-UBI) and NBD (NBD-UBI). To be compatible with the 

clinical system their emission spectra must fall in the range of 505-700nm range. 

Therefore, these constructs were excited in solution on a spectrophotometer (Figure 

3.2A), confirming their compatibility. Furthermore, for NBD, to ensure it has 

environmental fluorescence amplification the same concentration as excited in PBS or 

DMSO (to indicate a hydrophobic environment), which confirmed fluorescence 

amplification in a hydrophobic environment (Figure 3.2B).  

 

Figure 3.2 Emission spectra for FAM-UBI and NBD-UBI. A) Emission spectra of FAM-UBI and NBD-UBI (both 
10µM) when excited at 450nm to display full emission spectra. B) Fluorescence amplification of NBD-UBI in increasing 
concentration of DMSO demonstrating fluorescence increase in increasing hydrophobic environments as indicated 
by DMSO.   

3.2.2 UBI and fluorophore choice to enhance signal-to-noise 

Next, both UBI29-41 conjugated to either FAM or NBD (FAM-UBI and NBD-UBI 

respectively) were assessed on benchtop confocal with P. aeruginosa (Figure 3.3).  

This demonstrated that always on fluorophores such as FAM do not allow sufficient 

signal-to-noise for imaging in the continued presence of the compound. This is of 

particular relevance in the lung environment where a wash step would not be possible. 

NBD-UBI however displays fluorescence amplification upon target engagement and 

therefore in the continued presence of the compound there is sufficient signal-to-noise.   
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Figure 3.3  NBD-UBI enables live benchtop confocal imaging of bacteria. NBD-UBI demonstrates higher signal-
to-noise for bacterial labelling over FAM-UBI when imaged on a benchtop confocal. Upper three panels showing FAM-
UBI (10 µM) on a benchtop confocal with P. aeruginosa; lower panel demonstrates NBD-UBI (10 µM) with P. 
aeruginosa. Panel insets show cross section of single bacterium with a plot profile (right of main panel) across the 
FAM/NBD image in green and the counterstain in red, demonstrating fluorescence of NBD-UBI but not FAM-UBI 
across the bacteria Scale bar = 5 µm.   

3.2.3 UBI ligand sequences confirm UBI29-41 has highest labelling 

efficiency but is unstable at 37oC 

To assess which UBI sequence would have the highest fluorescence on bacteria P. 

aeruginosa was incubated with different UBI fragments conjugated to NBD, including 

UBI29-41, UBI36-41, UBI31-38, UBI18-29 and UBI22-35. Labelled bacteria were assessed by 

flow cytometry and the quantification of the Smartprobe channel demonstrated all the 

ligands had a higher fluorescence over unstained bacteria, but this was greatest for 

UBI29-41 (Figure 3.4).   

 

Figure 3.4 UBI sequences demonstrating highest fluorescence for UBI29-41. UBI sequences with P. aeruginosa, 
analyses by Student’s t-test, n=3 for all conditions, bars represent mean (+/- SEM), ***=p<0.001, **=p<0.01, *=p<0.05. 
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However, chemical analysis of stored NBD-UBI demonstrated chemical degradation 

at 37oC, which was prevented by substitution of the methionine (Met) residue to 

norleucine (Nle), giving rise to NBD-UBINle (Figure 3.5).  The removal of a 

methionine residue in active biological environments is particularly relevant in the 

expected in vivo inflammatory oxidative environment within an infected pneumonic 

lung due to infiltrating host inflammatory cells such as neutrophils (Rosen et al., 2009). 

Therefore, all subsequent modifications incorporated Nle in place of Met to overcome 

this susceptibility.  

 

Figure 3.5 NBD-UBI is unstable at 37oC.  HPLC chromatograms demonstrating intact compounds at day 0 (A) but 
degradation product (red arrow) by day 3 (B), whereas NBD-UBINle remained stable at day 3 (Experiment performed 
by Dr Nicos Avlonitis). Structure of new compound NBD-UBINle shown below.  

3.3 NBD-UBINle selectivity and specificity 

To assess the bacterial labelling consequences of this single amino acid substitution, 

NBD-UBI and NBD-UBINle were imaged with both gram-positive (Methicillin-

sensitive Staphylococcus aureus (MSSA)) and gram-negative bacteria (Pseudomonas 

aeruginosa and Klebsiella pneumoniae) demonstrating there was no difference in 

labelling efficiency between the two compounds (Figure 3.6A). Furthermore, NBD-

UBINle labelled a panel of bacteria (Figure 3.6B) and of critical importance this 



 

81 

construct remains selective to bacterial membranes, as in co-culture with isolated 

peripheral blood neutrophils, there was no labelling of neutrophils but retained 

bacterial labelling (Figure 3.6C). This selectivity remains essential for intrapulmonary 

delivery where pneumonia is suspected as there would also be a significant 

inflammatory infiltrate. 

 

Figure 3.6 NBD-UBINle retains specificity and sensitivity for bacterial labelling. A) Methionine (NBD-UBI) and 
Norleucine (NBD-UBINle) variants label bacteria with the same fluorescence intensity. Panels show bacteria labelled 
with either NBD-UBI or NBD-UBINle with quantification of fluorescence (values normalised to NBD-UBI) (Bars 
represent mean (+/-SEM), n≥3, ns=not significant, scale bar =10µm). B) Quantification from confocal images of NBD-
UBINle (10µM) imaging a panel of bacteria (statistical analyses shown compared to unlabelled bacteria, n≥3 for each 
bacteria, ***= p<0.001). C) NBD-UBINle labels bacteria but not isolated human neutrophils (blue arrows). Dotted box 
enlarged in lower panel and line plot of fluorescence from green channel shown with yellow representing background, 
red indicating neutrophil area and blue representing single bacteria demonstrating labelling of bacteria but not 
neutrophils, scale bar =10µm. 
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3.4 Ex vivo ovine model for bacterial identification  

3.4.1 Ex vivo ovine model  

To rapidly assess ability of compounds to label bacteria in the distal lung a size relevant 

ex vivo model, using the same equipment as in clinical practice, was developed (Figure 

3.7). There are a number of advantages to using ovine lungs; firstly they are size 

relevant to humans and therefore can use the same equipment used in ICUs (such as 

ventilators, bronchoscopes and optical imaging systems). Secondly, ovine lungs have 

anatomically distinct segments that can be accessed by bronchoscopy. An important 

difference though is the reduced amounts of elastin autofluorescence at 488nm when 

compared to human lungs. All animals used were surplus stock animals that were 

destined for cull and the use of these animals was in keeping with the principles of 

Refinement, Reduction and Replacement (Smith, 2001).  

Although ultimately a panel of bacteria were assessed, initially a gram-positive (S. 

aureus) and a gram-negative (P. aeruginosa) bacteria were used to determine whether 

a compound had sufficient signal with FCFM to be utilised clinically and investigated 

further. S. aureus and P. aeruginosa are the two most commonly isolated bacterial 

species in VAP and can account for 20.4% and 24.4% of isolates respectively (Chastre 

and Fagon, 2002).   

 

Figure 3.7 Experimental set up of ex vivo ovine lung. Equipment used is identical to that used in clinical practice, 
and right shows segmental nature of ovine lungs.    
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3.4.2 Positive control with labelled bacteria and lavage counts 

To set up a positive control as to the appearance of bacteria in the distal lung when 

imaged with FCFM, S. aureus labelled with PHK67 dye or GFP-expressing S. aureus 

were instilled into discrete pulmonary segments and imaged with FCFM. PKH67 was 

used as this dye labels membranes without labelling of bystander cells.  The FCFM 

images demonstrated distinct punctate fluorescent dots, distributed throughout the 

field of view, which gave a characteristic twinkling appearance on videos (Figure 3.8). 

Next, to see if bacteria remained viable in the ovine model, different segments were 

instilled with S. aureus and lavage performed at 1, 3 and 5 hour time points, with viable 

bacteria present on lavage for up to 5 hours (Figure 3.8).    

 

Figure 3.8 GFP S. aureus and PKH stained S. aureus instilled into segments and imaged with FCFM give a 
characteristic appearance of small fluorescent dots. S. aureus (2OD595nm) instilled into segments and remain 
viable on lavage for up to 5 hours, n=3 for all time points, analysis by ANOVA, ns=not significant. 

3.4.3 Image analysis techniques to identify bacteria on a FCFM 

platform 

In collaboration with the CRIC, an image analysis algorithm to detect dots was 

developed. This algorithm analysed individual frames of the FCFM videos, adjusts for 

background fluorescence and detected the number of fluorescent dots in the field of 

view, using a combination of two commonly utilised filtering techniques (Laplacian 

of Gaussian and Difference of Gaussian) (Figure 3.9) As bacterial segments have a 
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larger number of dots per frame than control segments, a cut off of 80 dots per frame 

was used to provide optimal discrimination. 

 

Figure 3.9 Image processing algorithms to delineate 'positive' and 'negative' frames from FCFM data. A 
representative positive and negative frame is shown with raw data (A) for each frame. Without pre-processing spot-
detection is ineffective (B) as the same number of dots are detected in each frame. Following correction for 
background noise (C), high-pass filtering (D) and appropriate thresholding (E), the current algorithm detect minimal 
punctate signal in negative frames with a large number in positive frames (F). 

 

3.4.4 NBD-UBINle did not label bacteria in situ in the ovine lung 

To assess the ability of NBD-UBINle to label bacteria in situ experimental conditions 

were followed as described in Figure 3.7. As each experimental set contained a PBS 

vehicle control, this indicated the baseline noise expected to be seen per video. NBD-

UBINle was instilled into segments containing bacteria and the segment imaged with 

FCFM. From these images no such dot like images were seen, which was confirmed 

on the image analysis algorithm (Figure 3.10). A range of concentrations from 1µM to 

50µM were assessed, with the higher concentrations generating excess noise in the 

control segments (Figure 3.11). Furthermore, a range of bacterial concentrations were 

instilled but none showed a reproducible bacterial signal.  
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Figure 3.10 NBD-UBINle does not label bacteria in situ in the ovine lung. Representative images of control and S. 
aureus segments (2OD595nm) demonstrating no bacterial signal when 10µM NBD-UBINle instilled and imaged.  Analysis 
algorithm applied to videos for NBD-UBINle, again demonstrating no significant difference when videos objectively 
analysed despite a trend for higher proportion of frames with >80 dots per frame, n=6, bars represent mean (+/-SEM) 
with Student’s t-test, ns=not significant.  

 

Figure 3.11 Representative images of control and S. aureus segment with 50µM NBD-UBINle instilled. Instilling 
higher concentrations of NBD-UBINle results in significant noise in the control section, above which bacteria, even if 
labelled, would not be detected.  

The ovine pulmonary segment with bacteria instilled potentially had multiple factors 

which could have caused instability of the peptide fragment, including oxidative stress, 

pH changes and proteolysis. To reduce oxidative stress a soluble vitamin E (Trolox), 

was preconditioned into a pulmonary segment prior to bacterial delivery and NBD-

UBINle instillation. Similarly, to buffer pH in the segment, HEPES was instilled and to 

try and prevent or impede proteolytic degradation a segment was pre-incubated with a 
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broad spectrum protease inhibitor (Figure 3.12). In the segments pre conditioned with 

Trolox or HEPES there was an increase in the off target signal in the control segments 

with NBD-UBINle, with either no increase in the number of dots detected with bacteria 

and NBD-UBINle. For segments conditioned with protease inhibitor (Figure 3.12) there 

was still insufficient number of bacteria labelled across each field of view, as informed 

by the positive control.  Similarly, if a segment underwent lavage with 150ml 0.9% 

NaCl prior to bacterial instillation, there was a more characteristic bacterial signal seen 

in the segments with MSSA, but not control segments (Figure 3.12), demonstrating a 

partial rescue of a bacterial signal following lavage and suggesting there was a factor 

that could be washed out that allows bacterial labelling.  

 

Figure 3.12 Preconditioning of segments with Trolox or HEPES buffer results in increase in off target signal 
and both protease inhibitor and lavage of a segment prior to bacterial instillation only minimally rescues a 
bacterial signal. Graph on left demonstrates pulmonary segments pre-conditioned with either Trolox or HEPES and 
analysed on a per video basis shows increased noise in the control segments and no increase in bacterial signal. On 
right there are representative images of the two conditions with image analysis on a per video basis demonstrating 
an increase from control segments, but low mean numbers of dots detected. Data shown for single experiment but 
analyses includes between 1043-1697 frames per condition.   
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However, in clinical practice a lavage, or multiple lavages prior to compound 

instillation would not be feasible on safety or practicality grounds. Therefore the 

reason for the failure of the linear compound to label bacteria in situ was assessed and 

additional compounds based on the Ubiquicidin ligand were synthesised.  

3.5 In vitro optimisation of Ubiquicidin ligands 

3.5.1 Stability and imaging in bronchoalveolar lavage fluid for 

NBD-UBINle 

To assess the ability of NBD-UBINle to image in biologically relevant media, lavage 

from patients with ARDS was used and benchtop confocal experiments repeated 

(Figure 3.13). This revealed a significant reduction in the fluorescence signal on 

bacteria in the presence of ARDS BALF. Therefore, NBD-UBINle was incubated with 

PBS or ARDS BALF and was assessed by mass spectrometry (MALDI-TOF). This 

revealed in the presence of PBS the compound remained intact, however, in the 

presence of ARDS lavage there was susceptibility to degradation at the Arg-Arg bonds 

at position P1-P2 and P7-P8 (Figure 3.14A). This therefore revealed sites for potential 

chemical modification to impart stability (Figure 3.14B).  Following these experiments 

a library of compounds, as indicated in Table 3.1, were synthesised and assessed in 

these biological systems.  

 

Figure 3.13 Reduction of fluorescent intensity of P. aeruginosa labelled with NBD-UBINle in the presence of 
human ARDS BALF. Representative images of P. aeruginosa imaged with NBD-UBINle (10µM) on by confocal 
microscopy in the presence of phosphate buffered saline (PBS) or ARDS BALF. Quantification of fluorescence 
intensity demonstrating significantly reduced intensity when compared to PBS (Bars represent mean (+/-SEM), n=3 
for PBS and n=5 for ARDS, ***= p<0.001, scale bar =10µm)  
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Figure 3.14 MALDI-TOF of NBD-UBINle demonstrates degradation in ARDS lavage. A) Mass spectrometry of 
NBD-UBINle incubated with PBS in the upper panel and intact compound and ARDS in the lower panel demonstrating 
degradation. B) Sites identified of susceptibility and red arrows indicate areas targeted to impart stability in the 
compounds synthesised in Table 3.1.  
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Compound Modification Peptide Sequence 
Effect on Stability and 

Efficacy 

FAM-UBI UBI29-41 sequence labelled 
with Carboxyfluorescein at 
the N-terminus 

FAM-Ahx-Thr-Gly-Arg-Ala-
Lys-Arg-Arg-Met-Gln-Tyr-
Asn-Arg-Arg-NH2 

Insufficient signal-to-noise 

NBD-UBI Fluorophore change to NBD  NBD-Ahx-Thr-Gly-Arg-Ala-
Lys-Arg-Arg-Met-Gln-Tyr-
Asn-Arg-Arg-NH2 

Unstable at 37oC 

NBD-UBINle Norleucine substitution  of 
methionine to improve 
chemical stability 

NBD-Ahx-Thr-Gly-Arg-Ala-
Lys-Arg-Arg-Nle-Gln-Tyr-
Asn-Arg-Arg-NH2 

Unstable in ARDS lavage 

BOD-UBINle Switch to BODIPY 
fluorophore 

BOD-Ahx-Thr-Gly-Arg-Ala-
Lys-Arg-Arg-Nle-Gln-Tyr-
Asn-Arg-Arg-NH2 

Loss of prokaryotic cell 
selectivity 

NBD-UBINMA  N-Methylarginine (MeArg) 
insertion based on MALDI-
TOF analysis of cleavage 
peptides 

NBD-Ahx-Thr-Gly-Arg-Ala-
Lys-MeArg-MeArg-Nle-Gln-
Tyr-Asn-MeArg-MeArg-NH2 

Stable in ARDS lavage 
Poor Avidity 

NBD-UBINMA-Dcap D-amino acids (DVal and 
DPhe) incorporated at the 
C-terminus to limit 
proteolytic degradation  

NBD-Ahx-Thr-Gly-Arg-Ala-
Lys-Arg-MeArg-Nle-Gln-Tyr-
Asn-Arg-Arg-DPhe-DVal-
NH2 

Stable in ARDS lavage 
Poor Avidity 

NBD-UBIPEG-C&N PEG insertion at the N and 
C-termini 

MeO-PEG-Lys(NBD)-Thr-
Gly-Arg-Ala-Lys-Arg-Arg-
Nle-Gln-Tyr-Asn-Arg-Arg-
PEG-PEG-NH2 

Remains unstable in ARDS 
lavage 
Loss of labelling efficacy 

NBD-UBIPEG-C PEG introduction at the C-
terminus 

NBD-Ahx-Thr-Gly-Arg-Ala-
Lys-Arg-Arg-Nle-Gln-Tyr-
Asn-Arg-Arg-PEG-PEG-NH2 

Remains unstable in ARDS 
lavage at 30 minutes 
Loss of labelling efficacy 

NBD-UBIDAA The all D-Amino acid variant 
of UBI with the 
incorporation of Nle and 
PEG spacer at the amino 
terminus 

NBD-PEG-DThr-Gly-DArg-
DAla-DLys-DArg-DArg-
DNle-DGln-DTyr-DAsn-
DArg-DArg-OH  

Stable in ARDS lavage 
Loss of labelling efficacy 

NBD-UBIRI-DAA Retroinverse sequence of 
UBI (all D-amino acids) with 
the Met to Nle replacement 
and NBD attached to the C-
terminal amino acid. 
Peptide capped at the 
amino terminus with MeO-
PEG  

MeO-PEG-DArg-DArg-
DAsn-DTyr-DGln-DNle-
DArg-DArg-DLys-DAla-
DArg-Gly-DThr-Lys(NBD)-
OH  
 

Stable in ARDS lavage 
Loss of labelling efficacy 

NBD-UBICYC Head to side-chain of Lys at 
N-terminal cyclisation of 
UBI with Met to Nle 
substitution 

NBD-Ahx-cyclo[Lys-Thr-Gly-
Arg-Ala-Lys-Arg-Arg-Nle-
Gln-Tyr-Asn-Arg-Arg-Gly] 

Improved stability in ARDS 
lavage 
Improved bacterial labelling 

NBD-UBICYC-NMA Cyclic UBI with Met to Nle 
substitution and insertion of 
N-MeArg at the major 
cleavage site 

NBD-Ahx-cyclo[Lys-Thr-Gly-
Arg-Ala-Lys-Arg-Arg-Nle-
Gln-Tyr-Asn-Arg-MeArg-
Gly] 

Stable in ARDS lavage 
Loss of labelling efficacy seen 
with cyclisation (compared to 
UBI-10) 

Ahx: 6-aminohexanoic acid, PEG: 8-amino-3,6-dioxaoctanoic acid, MeOPEG: 8-Methoxy-3,6-dioxaoctanoic acid, 
FAM: 5(6)-carboxyfluorecein amide, NBD: 7-nitrobenz-2-oxa-1,3-diazole, MeArg: N-Methyl-Arginine, All D-amino 
acid denoted by prefix D.  

 

Table 3.1 Peptide sequences of compounds synthesised by the Department of Chemistry with description of 
modifications. Areas in red indicate modifications made.  
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3.5.2 BODIPY construct to increase signal-to-noise 

First, the possibility of insufficient signal-to-noise was considered and therefore a UBI 

conjugate with boron-dipyrromethene (BODIPY) was synthesised (BOD-UBINle). 

BODIPY is a fluorophore, compatible with 488nm wavelength excitation and displays 

a small Stokes shift, high quantum yield and good solubility (Loudet and Burgess, 

2007).  Furthermore, it displays environmental sensitivity and therefore was imaged 

on benchtop confocal with P. aeruginosa and human neutrophils and despite the 

presence of bacterial labelling there was also labelling of all neutrophils (Figure 3.15). 

A second experiment was performed using free BODIPY (no UBI ligand). This 

demonstrated labelling of the neutrophil, as seen with the BOD-UBINle construct, but 

no labelling of bacteria (Figure 3.15). Therefore, this revealed that the neutrophil 

labelling was directed by BODIPY, whereas the bacterial labelling was directed by the 

UBI ligand.   

 

Figure 3.15 BOD-UBINle displays fluorescence increase in hydrophobic environments and labels bacterial and 
neutrophils. Graph demonstrates fluorescence amplification of BOD-UBINle 10µM in DMSO compared to PBS. From 
figure, upper panels show BOD-UBINle with labelling of bacteria and neutrophils, lower panels show free BODIPY 
(without UBI ligand) with labelling of neutrophils but not of bacteria. Representative images, n=3, scale bar=20µm.  
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3.5.3 Modifications to impart stability and improve signal-to-

noise 

Compounds included a linear construct with the insertion of the stable N-methyl 

Arginine (NMA) (Hoppes et al., 2014) in place of Arginine at positions P1, P2, P7 and 

P8 (NBD-UBINMA) and NMA substitution of the Arginine at P7 with protection for P2 

and P3 with a insertion of D-amino acids (NBD-UBINMA-Dcap).  Two compounds were 

synthesised with the native 12 amino acid sequence but to protect against cleavage 

PEG linkers (McGregor, 2008, Na et al., 2005) were inserted at the C and N-termini 

(NBD-UBIPEG-C&N) or at the C-terminus (NBD-UBIPEG-C). Furthermore, as AMPs 

consisting of entirely D-amino acids are stable and compatible with the bacterial 

membrane with activity similar to the L-amino acid counterparts (Bessalle et al., 1990, 

Wade et al., 1990), two compounds were made containing all D-amino acids. NBD-

UBIDAA included the incorporation of equivalent chiral D-amino acid versions, and a 

second all D-amino acid version was made with the sequence retroinverted (NBD-

UBIRI-DAA). Finally, as cyclisation of peptides often impart stability, as well as 

increased avidity (Craik, 2006, Dathe et al., 2004, Oren and Shai, 2000) a cyclic 

version was made of the initial construct (NBD-UBICYC) as well as a cyclic construct 

with a NMA insertion (NBD-UBICYC-NMA).  

 

3.5.4 Assessment of structure function relationship with modified 

UBI sequences 

The compounds were first assessed on benchtop confocal to ensure they retained the 

ability to label bacteria (Figure 3.16). This demonstrated that compounds NBD-

UBINMA and NBD-UBINMA-Dcap with replacements with N-methyl-Arginine for 

arginine (with or without D-amino acid capping) did not reduce the compounds ability 

to label bacteria. However, capping with PEG or at one or both termini or constructs 

made entirely of D-amino acids resulted in a significant loss of labelling ability. 

Compounds NBD-UBINMA and NBD-UBINMA-Dcap were assessed by mass 

spectrometry in ARDS BALF and both demonstrated stability in BALF (Figure 

3.17A). NBD-UBINMA-Dcap was assessed by imaging and demonstrated no loss in 

labelling ability when imaged in the presence of ARDS lavage (Figure 3.17B), whereas 

NBD-UBINle had loss of labelling (Figure 3.13).  
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Figure 3.16 Benchtop confocal Images of UBI compounds with structural changes with quantified 
fluorescence. Panels show S. aureus incubated with UBI compounds with structural changes (all 10µM) with 
quantification of bacterial fluorescence normalised to NBD-UBINle. Bars represent mean (+/-SEM), n≥3, ns= not 
significant,***= p<0.001, *= p<0.05, scale bar =10µm.  
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Figure 3.17 N-methyl-Arginine constructs remain stable in ARDS BALF and can image in ARDS Lavage. A) 
Mass spectrometry of NBD-UBINMA and NBD-UBINMA-Dcap incubated with PBS and ARDS BALF demonstrating stability 
(grey arrows). B) No reduction of fluorescent intensity of P. aeruginosa labelled with NBD-UBINMA-Dcap in the presence 
of human ARDS BALF. Representative images of P. aeruginosa imaged with NBD-UBINMA-Dcap (10µM) in PBS or ARDS 
BALF. Quantification of fluorescence intensity demonstrating no reduction in intensity when compared to PBS (Bars 
represent mean (+/-SEM), n=4, ns=not significant). MALDI-TOF spectra performed with Dr Sunay Chankeshwara. 
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When assessing NBD-UBICYC (Figure 3.18) it was interesting to note that equimolar 

concentrations gave a higher fluorescence signal on benchtop confocal suggesting it 

was accessing a more hydrophobic region of the bacteria, which remained true for 

gram-positive (S. aureus) and gram-negative (K. pneumoniae) bacteria (Figure 3.18B). 

However, despite remaining stable in ARDS BALF at 5 minutes, there was 

degradation of the cyclic compound from 10 minutes (Figure 3.18A). Therefore a 

further compound to impart stability in this cyclic structure was synthesised (NBD-

UBICYC-NMA), and despite demonstrating stability in ARDS BALF, there was loss of 

the increased labelling on bacteria seen with NBD-UBICYC (Figure 3.19).  

 

 

Figure 3.18 Cyclisation improves stability for up to 10 minutes and has a higher avidity for bacteria. A) NBD-
UBICYC is stable in ARDS BALF for 5mins, however there is breakdown of the compound from 10 minutes (red arrows) 
(experiment performed by Dr Nicos Avlonitis). B) Representative images of NBD-UBINle 10µM and NBD-UBICYC 10µM 
with S. aureus. Quantification of data for the two compounds and of NBD-UBINle in white, and NBD-UBICYC as grey 
bars, with a higher fluorescence signal for NBD-UBICYC. Bars represent mean (+/-SEM), values normalised to NBD-
UBINle fluorescence, n=3, **<0.01, ***<0.001.  
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Figure 3.19 NBD-UBICYC-NMA remains stable in ARDS BALF for up to 30 minutes but has a reduction in labelling 
efficacy when compared to NBD-UBICYC.  Mass spectrometry demonstrates stability of NBD-UBICYC-NMA in ARDS 
BALF for up to 30 minutes (grey arrows) (experiment performed by Dr Nicos Avlonitis). However, benchtop confocal 
imaging reveals a reduction in fluorescence when compared to NBD-UBICYC, and at the same intensity as NBD-UBINle. 
Panels show S. aureus incubated with cyclic UBI compounds (all 10µM) with quantification of bacterial fluorescence 
normalised to NBD-UBINle. Bars represent mean (+/- SEM), n≥3, ns= not significant, **= p<0.01, scale bar =10µm.   

3.5.5 Avidity assessments for Ubiquicidin analogues 

For bacterial labelling to occur in situ in the lung, the bacteria that are labelled must 

remain labelled when there is rapid dissipation of the compound.  To assess this in the 

whole lung setting bacterial suspensions of NBD-UBINle and NBD-UBICYC with S. 

aureus were made and imaged with FCFM in eppendorf tubes. The same suspension 

was then instilled into a pulmonary segment and imaged with FCFM (Figure 3.20) 

which demonstrated there was loss of bacterial signal in the NBD-UBINle segment, but 

retention of a bacterial signal in the cyclic segment, though this was less well 

distributed than when calcein is used as a positive control. To investigate this further 

in a quantifiable manner, bacteria were imaged on benchtop confocal and then re-

imaged once a gentle wash step had been performed (Figure 3.21). This demonstrated 

reduction in fluorescence in all compounds, however the cyclic retained a greater 

proportion of the fluorescence than either of the linear compounds. This was then 

assessed alongside the stable linear compound (NBD-UBINMA) in further detail (Figure 

3.22). The data demonstrates that when compared to NBD-UBINle there is a greater 
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fluorescence intensity both in the continued presence of compound and retained 

fluorescence following a wash for NBD-UBICYC over both the linear constructs.  

 

Figure 3.20 NBD-UBINle fluorescence on bacteria is washed off once bacteria are labelled when no longer in 
continued presence of compound. Representative images of bacterial suspension imaged by FCFM in eppendorf 
tubes (left) and the same suspensions instilled into pulmonary segments and imaged by FCFM in the ovine lung (right 
images). Images demonstrate bacterial labelling is lost for NBD-UBINle but retained for NBD-UBICYC, though this is less 
than the positive control of calcein labelled bacteria, n=2 for calcein segments and n=3 for remainder.   

 

Figure 3.21 Benchtop confocal reveals avidity for compounds is reduced when a wash step is introduced, 
with the cyclic compound retaining the most fluorescence. Quantification of benchtop confocal images of three 
compound (all 10µM) imaged in the presence of compound, then re-imaged following a wash step (PW bars). All 
values corrected to the pre-wash condition for each compound to correct for fluorescence intensity differences. Bars 
represent mean (+/- SEM), n=3, *<0.05, **<0.01, PW= post wash.  
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Figure 3.22 Quantified fluorescence of benchtop confocal Images of the three compounds NBD-UBINle, NBD-
UBINMA-Dcap and NBD-UBICYC on three bacteria and fluorescence retention following PBS wash. Quantification of 
fluorescence intensity of S. aureus (A), K. pneumoniae (B) and P. aeruginosa (C) with the three compounds 
demonstrating only NBD-UBICYC retains a significantly higher fluorescence intensity following wash, suggesting a 
greater binding avidity. n=3 for each condition with 10µM compound, error bars represent SEM, ns=not significant, 
**= p<0.01, ***=p<0.001, statistical analyses when compared to NBD-UBINle. 

 

In summary, modifications to linear UBI can improve stability but these linear 

constructs are still susceptible to ‘wash off’ as the avidity for bacteria once bound is 

low, whereas this is improved with cyclisation. Therefore this cyclic construct was 

assessed in the ex vivo ovine lung model. 
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3.5.6 Assessment of cyclic and stable linear compounds in the ex 

vivo ovine model 

To assess the ability of the compounds to label bacteria in situ, they were assessed in 

the ovine lung. None of the stable linear compounds were able to label bacteria in situ 

in the ovine lung (Figure 3.23). Despite an increase in the number of dots per frame 

from control to bacterial segments, both conditions remain within the threshold in 

which the condition is regarded as noise and would not be a sufficient discriminator in 

the clinical setting.  

 

Figure 3.23 Stable linear compounds do not allow labelling of bacteria in situ in the ovine lung. Representative 
images of bacterial segment demonstrating no consistent bacterial signal and image analysis of individual segments 
with each of the compounds at 10µM. Bars represent mean (+/-SD) for each frame and number of dots detected, n=1-
2 per compound.  

The cyclic compound, however, also failed to label bacteria in situ in the ovine lung 

(Figure 3.24) across multiple independent experiments, though pre-labelled bacteria 

instilled into a pulmonary segment then imaged could be detected.   

The working hypothesis was that the cyclic would label in the ex vivo ovine lung, given 

it had a greater avidity for bacteria, imaged with a higher fluorescence signal compared 

to the linear construct and had improved stability in ARDS BALF for up to 10 minutes. 
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Despite these improved attributes, it remained unable to label bacteria in the ovine 

lung, and it remains unexplained as to the reason this failed to label. It may be that the 

continuing susceptibility to degradation and a degree of wash off was sufficiently 

enough to prevent in situ labelling.   

 

Figure 3.24 NBD-UBICYC does not label bacteria in situ in the ovine lung. Representative images of S. aureus 
segments (2OD595nm) demonstrating no bacterial signal when 10µM NBD-UBICYC instilled and imaged, whereas pre-
labelled bacteria can still be identified.  Analysis algorithm applied to videos for NBD-UBICYC, again demonstrating no 
significant difference when videos objectively analysed, n=3 for control, n=4 for MSSA segments and n=1 for pre-
labelled MSSA, bars represent mean (+/-SEM) with Student’s t-test.  

The chemistry team has experience in the synthesis of selfquenched multivalent 

dendrimer Smartprobes (Avlonitis et al., 2013) and hypothesised the native sequence 

of UBINle in a multivalent structure could impart stability and increase avidity (Bracci 

et al., 2003, Pini et al., 2005). Therefore a multivalent dendrimeric structure of NBD-

UBINle was constructed termed NBD-UBIdend. 
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3.6 Multivalent NBD-UBIdend construct 

3.6.1 UBI-NBDdend specifically labels bacteria and fungi with high 

signal-to-noise 

The structure of NBD-UBIdend is shown in Figure 3.25, furthermore as there are three 

arms with the potential of selfquenching given the tri branched scaffold the emission 

spectra was quantified on a spectrophotometer, which conformed there was no 

significant selfquenching of equimolar equivalents of the linear (NBD-UBINle) (Figure 

3.25).  

 

Figure 3.25 NBD-UBIdend displays fluorescence amplification in hydrophobic environments. Schematic 
demonstrates structure of NBD-UBIdend (multivalent dendrimer). NBD-UBIdend demonstrates fluorescence amplification 
in DMSO mimicking a hydrophobic environment, and similar increase for molar equivalents of NBD-UBIdend over NBD-
UBINle suggesting absence of significant selfquenching, representative plot, n=3.  

Next, to ensure this retained the ability to label bacteria, NBD-UBIdend was assessed 

on confocal, which demonstrated a concentration dependent fluorescence increase 

(Figure 3.26A), furthermore the compound labelled a panel of clinically relevant 

pathogens (Figure 3.26B) including both gram-positive and gram-negative species: 

Pseudomonas aeruginosa (laboratory strain and clinical isolate), Acinetobacter 
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baumannii, Stenotrophomonas maltophilia, Klebsiella pneumoniae, Escherichia coli 

and Haemophilus influenzae, Methicillin Resistant Staphylococcus aureus (MRSA), 

Methicillin Sensitive Staphylococcus aureus (MSSA) and Streptococcus pneumoniae. 

This panel encompasses >70% of VAP causing organisms (Chastre and Fagon, 2002). 

Another point of interest was the fluorescence of NBD-UBIdend for molar equivalents 

of the linear was higher on MSSA (Figure 3.26C). To quantify further, a flow 

cytometry method was adopted. Here bacteria were incubated with molar equivalents 

of either NBD-UBINle or NBD-UBIdend and then assessed by flow cytometry which 

revealed a 2-10 times increase in fluorescence on NBD-UBIdend than NBD-UBINle 

(Figure 3.27).  

 

 

Figure 3.26 NBD-UBIdend labels a diverse panel of clinically relevant pathogens in a concentration dependent 
manner. A) Fluorescence quantification of P. aeruginosa imaged on benchtop confocal in the continued presence of 
increasing concentrations of NBD-UBIdend, demonstrating a concentration dependent fluorescent signal. Images show 
representative images at denoted concentration of NBD-UBIdend, scale bar represents 5μm. Each point on graph 
represents the mean (+/- SEM) of three independent experiments where at least three fields of view were quantified 
with a single site non-linear fit of data. B) Representative confocal images of a panel of clinically relevant pathogens 
imaged in the continued presence of NBD-UBIdend (5μM) with excellent signal-to-noise, scale bar represents 5μm. P. 
aeruginosa data includes both laboratory strain (PA01) and clinical isolate from a patient with VAP (J3284) C) 
Quantification of fluorescent intensity of bacterial imaging on benchtop confocal. Data shows the mean (+/- SEM) of 
three independent experiments where at least three independent fields of view were assessed. Statistical analysis 
demonstrates a significantly higher fluorescence for NBD-UBIdend when compared to equimolar monomer equivalent 
(15μM) for S. aureus (MSSA) using a Student’s t-test, **= p<0.01.  
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Figure 3.27 NBD-UBIdend labels bacteria with a higher fluorescence intensity than NBD-UBINle. Representative 
flow histograms for bacteria when incubated with NBD-UBINle (grey histograms) at 15μM or NBD-UBIdend 5μM (dotted 
line) demonstrating a greater fluorescence intensity for equimolar dye concentrations of the dendrimeric form.  h) 
Quantification of flow cytometry data for monomeric form (white bars, normalised) and dendrimeric forms (grey bars) 
demonstrating between a 2-10 fold increase in fluorescence for equimolar dye equivalents. Bars represent means (+/- 
SEM) from three independent experiments, analysis is by Student’s t-test, **=p<0.01, ***=p<0.001. 

 

Although the ability of NBD-UBIdend to label bacteria was evident the specificity for 

bacteria over mammalian cells, especially inflammatory cells was assessed in co-

culture experiments. This demonstrated NBD-UBIdend was specific for bacteria over 

freshly isolated primary human neutrophils, monocytes, lymphocytes and human 

alveolar macrophages (Figure 3.28A-D). Furthermore, to assess the ability to label in 

the presence of elastin autofluorescence of the human lung and to ensure the compound 

does not label any host lung cells small fragments of lung tissue were incubated with 

NBD-UBIdend and bacteria and imaged on confocal (Figure 3.28E). Again, this 

demonstrated selectivity for bacteria over epithelial cells and fluorescence above 

background autofluorescence. Therefore, this new construct demonstrated the ability 

to label bacteria, with specificity and can image bacteria above background 

autofluorescent structures.  
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Figure 3.28 NBD-UBIdend demonstrates selectivity for bacteria and over human cells. A-C) Co-culture of (A) 
freshly isolated human neutrophils, (B) freshly isolated human mononuclear cells and (C) human alveolar 
macrophages retrieved from bronchoalveolar lavage with P. aeruginosa imaged with NBD-UBIdend 5µM. Plot profiles 
quantify fluorescence across yellow dashed line in the NBD channel and counterstain (Syto-82) channel 
demonstrating bacterial labelling but no labelling of human cells. Each panel shows representative images of at least 
three independent experiments for each cell type, scale bars represent 10µm. D) Quantification of benchtop confocal 
data demonstrating significantly lower fluorescence on neutrophils, mononuclear cells and BALF macrophages 
compared to bacteria. Bars show mean fluorescence (+/- SEM) from three independent experiments, where at least 
three fields of view were assessed. Analysis by Student’s t-test, *=p<0.05, **= p<0.01. E) 3-d reconstruction of  
benchtop confocal imaging of human alveolar tissue, incubated with P. aeruginosa and labelled with NBD-UBIdend 
5µM. White arrows indicate specific labelling of bacteria, whereas lung epithelial cells are not labelled (blue arrows). 
Yellow arrows indicate elastin autofluorescence present in human lung. Images are representative of three 
independent experiments. Scale bars represent 10µm.  
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3.6.2 NBD-UBIdend detects bacteria in situ in the ovine lung  

 

NBD-UBIdend was assessed in the ovine lung model, as described in Figure 3.7. Here, 

vehicle control/NBD-UBIdend segments did not show a bacterial signal whereas 

bacterial/NBD-UBIdend exhibited the characteristic pattern of fluorescently labelled 

bacteria (Figure 3.29A). When analysed by the image analysis algorithm (Figure 3.9), 

and following removal of redundant frames, there was a significantly higher proportion 

of frames with >80 dots per frame in all the bacteria segments (Figure 3.29B). Receiver 

operator characteristics to distinguish a control from any bacterial segment 

demonstrated an area under the curve (95% confidence interval) of 0.9259 (0.8169 to 

1.035), p=0.0001280 (Figure 3.29C) and an optimal sensitivity of 93.33% with 

specificity of 88.89%.  To assess the limits of detection of this approach, serial 

dilutions of P. aeruginosa were instilled into segments and the segment imaged 

following NBD-UBIdend. This demonstrated that 3 log10 dilutions could be detected 

(Figure 3.29B and D). All segments were lavaged and bacterial counts confirmed the 

limit of detection as 1.3x 105 CFU/ml for P. aeruginosa.   

To ensure the signal seen was of bacterial origin, and not a consequence of a 

pulmonary segment instilled with bacteria, P. aeruginosa embedded agar beads were 

made ranging in size from 30-200µm and instilled into pulmonary ovine lung 

segments, followed by NBD-UBIdend administered endobronchially. Control bead 

(same size beads without bacteria in the synthetic step) segments displayed no punctate 

signal in the beads but the P. aeruginosa embedded agar beads segment displayed the 

punctate bacteria signal, clearly seen within the overall bead structure (Figure 3.30). 

Finally, to confirm the beads were present in the distal lung, sections of the lung were 

taken following the experiment and assessed by microscopy (Figure 3.30).  

In summary, NBD-UBIdend labelled a broad panel of bacteria with a higher 

fluorescence intensity than the linear construct, remains specific for bacterial labelling 

over inflammatory and epithelial cells and can label bacteria in situ in an ex vivo ovine 

model when imaged with FCFM.  
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Figure 3.29 NBD-UBIdend labels bacteria in situ in an ex vivo ovine model of pneumonia A) Representative 
images of FCFM imaging where control segments (PBS vehicle control) do not show characteristic punctate bacterial 
signal, whereas S. aureus, K. pneumoniae, E. coli and P. aeruginosa with NBD-UBIdend (2μM) demonstrate in situ 
bacterial labelling when the Smartprobe is applied topically in the distal alveolar space. B) Image analysis algorithm 
of entire datasets following the removal of redundant frames. Bars represents the combined mean (+/-SEM) of the 
percentage of frames with over 80 detected dots per frame over the imaging sequence for individual experiments. A 
significantly higher number of detected dots per frame for the bacterial segments (S. aureus n=8, E. coli n=6, K. 
pneumoniae n=8, P. aeruginosa n=8) when compared to control segment (n=9) for NBD-UBIdend, *=p<0.05, **=p<0.01, 
***=p<0.001 Student’s t-test. C) Performance characteristics to distinguish control segments (PBS instilled, n=9) or 
bacterial segments (comprising of S. aureus, E. coli, K. pneumoniae or P. aeruginosa, n=30) with NBD-UBIdend 
demonstrating an area under the curve (95% confidence interval) of 0.9259 (0.8169 to 1.035), p=0.0001280. D) BALF 
from ovine segments demonstrating clinically relevant bacterial yields, n=4 for all segments except dilution of P. 
aeruginosa (PA) where n=3. Bars represent mean (+/- SEM). 
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Figure 3.30 P. aeruginosa beads can be detected in ovine segment with NBD-UBIdend and give a characteristic 
fluorescence pattern.  Images show P. aeruginosa beads imaged in suspension on a fluorescence microscope (top 
left), scale bar 100µm. Control beads (no bacteria embedded) or P. aeruginosa beads instilled into a pulmonary 
segment and NBD-UBIdend instilled and imaged demonstrating punctate labelling of P. aeruginosa  but not control 
beads (lower panels). Histological sections of P. aeruginosa segment of ovine lung with beads in the distal alveolar 
region (top right), scale bar 50µm.    

3.6.3 NBD-UBIdend demonstrates high avidity, stability and 

improved signal in pulmonary surfactant 

NBD-UBIdend (5μM) was assessed for avidity to bacteria and was compared to 15μM 

of the analogous linear moiety (NBD-UBINle) on confocal imaging with the 

incorporation of a wash step. NBD-UBIdend retained a higher proportion of the 

fluorescence post wash than the linear compound, suggesting greater avidity (Figure 

3.31A). In section 3.5.1, the linear compound demonstrated complete degradation in 

the presence of ARDS BALF and this was assessed with NBD-UBIdend. However, 

given the mass of the compound this was not possible with MALDI-TOF, so another 

mass spectrometry technique called Fourier transform mass spectrometry (FTMS) was 

used. This demonstrated that some of the compound remained intact in ARDS lavage 

(Figure 3.31B).  A further consideration for pulmonary imaging is the presence of 

pulmonary surfactant, which contains phospholipids and other hydrophobic 

components. As these compounds will increase their fluorescence in hydrophobic 

environments, the ability to image bacteria in the presence of synthetic surfactant was 

assessed following the synthesis of fluorescently labelled multilamellar surfactant 
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vesicles (MLVs). NBD-UBIdend was able to image bacteria in the presence of MLVs 

whereas the NBD-UBINle often partitioned into the vesicles (Figure 3.31C). 

Furthermore, the ratio of surfactant to bacterial labelling was significantly higher for 

the dendrimeric construct.  

 

Figure 3.31 NBD-UBIdend has greater avidity, improved stability and improved signal-to-noise in pulmonary 
surfactant than the equimolar monomeric equivalent. A) Quantification of retained fluorescence avidity for three 
bacteria following a wash and re-imaging on benchtop confocal. Each bacteria and compound are normalised to their 
pre-wash fluorescence intensity, where bacteria were incubated with NBD-UBINle at 15μM and NBD-UBIdend at 5μM. 
Data demonstrates a significantly higher retained fluorescence for the dendrimeric form over equimolar monomeric 
equivalent. Bars represent means (+/- SEM) of independent experiments where at least three fields of view were 
assessed, analyses are by Student’s t-test, *=p<0.05, **=p<0.01, ***=p<0.001.  B) Stability of NBD-UBIdend in ARDS 
BALF when assessed by FTMS demonstrates intact compound when incubated with ARDS BALF.  C) Representative 
images of P. aeruginosa imaged in the presence of synthetic multilamellar surfactant vesicles. Green panels show 
either NBD-UBINle 10μM or NBD-UBIdend 3.3μM with red panels showing Syto 82 counterstain, purple panels and 
phase contrast images demonstrating MLVs. With NBD-UBI there was greater labelling of the MLVs when compared 
to NBD-UBIdend. Fluorescence quantification of P. aeruginosa imaged with NBD-UBI 10μM or NBD-UBIdend 3.3μM in 
the presence of fluorescently labelled MLVs. Data represents the mean fluorescence of NBD channel on bacteria 
when compared to surfactant and a significantly higher bacteria:surfactant fluorescence intensity for NBD-UBIdend than 
NBD-UBI. Bars represent means (+/- SEM) of three independent experiments where at least three fields of view were 
assessed, analyses are by a Student’s t-test, **=p<0.01.  
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To assess any potential functional effect the dendrimeric construct was having on the 

bacterial membrane to allow a higher fluorescence signal, E. coli was incubated with 

high concentrations of NBD-UBIdend, or NBD-UBINle and a growth assay was 

undertaken (Figure 3.32). This demonstrated that at high concentrations there was 

complete inhibition of growth for the dendrimeric construct, whereas this was not seen 

with molar equivalents of the monomeric compound. Furthermore, a kill assay 

demonstrated the dendrimer induced a concentration dependent killing effect on E. 

coli which was not seen with higher concentrations of the monomer. Finally, high 

resolution structural imaging with transmission electron microscopy (sample prepared 

for imaging by Mr Steven Mitchell, University of Edinburgh) demonstrated bacterial 

membrane disruption with NBD-UBIdend.  

 

Figure 3.32 Equimolar equivalents demonstrate NBD-UBIdend is bactericidal at higher concentrations of 
monomeric counterpart on E. coli. A) Growth assay of NBD-UBIdend (33μM) and NBD-UBINle (100μM) in Mueller 
Hinton broth demonstrating inhibition of growth for dendrimer, whereas continued growth for linear compound, n=3, 
representative growth assay performed in duplicate. B) Demonstrates a concentration dependent killing effect of NBD-
UBIdend in PBS whereas there is continued bacterial survival in higher concentrations of NBD-UBINle (incubation for 4 
hours). Red arrow indicated imaging concentration of NBD-UBIdend where no antimicrobial killing effect is seen. C) 
Electron microscopy images on right demonstrate E. coli incubated with NBD-UBINle (100μM) or NBD-UBIdend (33μM) 
where there is a more indistinct membrane in the dendrimeric incubated bacteria than the monomer incubated 
bacteria, representative images, n=1.  

However, this effect on bacterial growth was species specific; for S. aureus and P. 

aeruginosa there was minimal inhibition of growth at high concentrations (>50μM) 
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whereas for K. pneumoniae and E. coli there was inhibition above 12.5 μM (Figure 

3.33).  

 

Figure 3.33 Growth curves for bacteria and increasing concentrations of NBD-UBIdend. For S. aureus and P. 
aeruginosa there was only minimal inhibition of full growth when compared to PBS for high concentrations (50μM and 
100μM) whereas for K. pneumoniae and E. coli there was inhibition above 12.5μM. Representative plots of three 
independent experiments performed in duplicate. Lines represent the mean optical density at each time point with 
SD.  

 

Finally, as this compound is being considered for clinical translation, it was assessed 

for toxicological effects (Figure 3.34). The compound displayed no membrane toxicity 

(by haemolysis assay) and in a single dose intratracheal instillation in rodent lungs 

(performed by Miss Emma Scholefield).  This demonstrated no inflammatory cells in 

BALF and no changes to microscopic architecture.  
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Figure 3.34 NBD-UBIdend demonstrates no cell membrane toxicity, no recruitment of inflammatory cells from 
murine BALF following intratracheal instillation and no changes to microscopic architecture. A) No red cell 
haemolysis seen for on concentrations up to 100µM, n=3, bars represent mean (+/-SEM) of three independent 
procedures performed in duplicate. Positive control was 0.2% Triton-X and values corrected to represent 100% 
haemolysis for Triton-X. Statistical Analysis by ANOVA, ns=not significant. b) BALF at 48 hours following intratracheal 
instillation of NBD-UBIdend (vs vehicle PBS control) demonstrates no increase in cells and no significant increase in 
neutrophil counts, bars represent mean (+/-SD), n=3. C) No changes to airways resistance measured by PenH values, 
bars represent mean (+/-SD), n=3. d) Representative histology of animals at 48 hours (x100) demonstrating no 
changes to microscopic architecture in lung, liver or kidney tissue. Experiments in B, C and D performed by Miss 
Emma Scholefield. 

In summary, NBD-UBIdend labelled panel of clinically relevant bacteria, did not label 

host inflammatory cells and was non-toxic to red cell membranes. Most importantly it 

labelled bacteria in situ in a large ex vivo animal model of infection.  Four key attributes 

of the dendrimeric construct over monomeric included improved stability, higher 

avidity for target, higher signal-to-noise and imaging in the presence of pulmonary 

surfactant.  
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3.7 Fungal imaging 

In animal models of fungal infection, radiolabelled-UBI has been shown to label 

Aspergillus fumigatus (Lupetti et al., 2005), and therefore the ability of NBD-UBIdend 

to label the pathogenic respiratory fungus A. fumigatus was assessed. Here, benchtop 

confocal confirmed the ability to label the membrane of germinating hyphae (Figure 

3.35) and this was also assessed in fragments of human tissue, where again labelling 

was confirmed. Finally, as the size and pattern of germinating fungal hyphae is 

considerably different to that of bacteria, it was assessed with NBD-UBIdend and FCFM 

in eppendorf tubes, which confirmed a recognisable, consistent pattern of fungal 

hyphal labelling that is clearly distinct from bacteria.  

 

Figure 3.35 A. fumigatus imaged with on benchtop confocal and FCFM demonstrating labelling of germinated 
hyphae. A) Representative confocal image of membrane labelling of germinating A. fumigatus in the continued 
presence of NBD-UBIdend 5µM. Image on left represents the NBD fluorescence and image on right is merge with phase 
contrast. B) Representative still image of video of A. fumigatus imaged with NBD-UBIdend with FCFM demonstrating 
the characteristic hyphal labelling, which is distinct from bacterial signal seen predominantly to the significant size 
difference of bacteria to A. fumigatus. C) Human alveolar tissue, incubated with A. fumigatus and labelled with NBD-
UBIdend 10µM. White arrows indicate specific labelling of germinating fungal hyphae, whereas lung epithelial cells are 
not labelled (blue arrows). Yellow arrows indicate elastin autofluorescence present in human lung. Images are 
representative of three independent experiments. Scale bars represent 10µm.  
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3.8 Ex vivo human model of bacterial infection to assess NBD-

UBIdend 

3.8.1  Ex vivo human model of infection 

The ovine model provided evidence of the potential of this approach to work in a size 

relevant setting, however, it remained the case that all bacteria that were assessed were 

instilled into segments. Therefore to give more credence to these finding a model with 

established bacterial presence was pursued, such as explanted cystic fibrosis (CF) 

lungs. CF is a multisystem genetic disorder characterised by excessive airways 

inflammation, bacterial colonisation and ultimately respiratory decline (Davidson and 

Porteous, 1998). Patients often receive transplant at the latter stages of the disease and 

therefore we established a collaboration with the Institute of Transplantation at 

Newcastle University. In these experiments we were notified if a CF patient was 

undergoing a transplant and we were able to perform FCFM following NBD-UBIdend 

instillation in freshly explanted infected lungs.  

3.8.2 FCFM with NBD-UBIdend in whole explanted Cystic 

Fibrosis lungs 

The CF lungs were extremely damaged with large amounts of mucopurulent secretions 

(Figure 3.36A). Three lungs were assessed, CF1 was colonised with P. aeruginosa, 

CF2 was colonised with M. abscessus and CF3 was colonised with P. aeruginosa and 

A. xylosoxidans. Discrete segments were instilled with NBD-UBIdend or equimolar 

monomeric NBD-UBINle (as control).  NBD-UBINle was used as the control as we had 

demonstrated this did not label bacteria in the lung and served as a ligand and 

fluorophore control using equimolar concentrations. In these experiments the 

characteristic bacterial signal was seen in segments instilled with NBD-UBIdend and 

not in those instilled with NBD-UBINle (Figure 3.36B-C) and was confirmed by the 

objective image analysis algorithm. BALF was retrieved from all three dendrimer 

segments and two of the control segments and confirmed growth of bacteria which 

were enumerated (Figure 3.36D). Furthermore, a peri-explant BALF was sent to the 

department of microbiology, Freemans Hospital Newcastle, as part of routine care, and 

confirmed the growth of P. aeruginosa, M. abscessus and P. aeruginosa for CF1, CF2 

and CF3 respectively.  
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Figure 3.36 NBD-UBIdend labels colonised bacteria in situ in whole explant Cystic Fibrosis (CF) human lungs. 
a) Experimental procedure of CF lungs with bronchoscopy, Smartprobe instillation, FCFM imaging and 
bronchoalveolar lavage retrieval. b) Representative frames of segment instilled with NBD-UBI (6µM) with minimal 
punctate signal (upper) and segment instilled with NBD-UBIdend (2µM) demonstrating the characteristic punctate signal 
associated with bacterial labelling. c) Analysis of FCFM videos with image analysis algorithm showing a significantly 
higher proportion of frames containing > 80 dots per frame. Bars represents the combined mean (+/-SEM) of the 
percentage of frames with over 80 detected dots per frame over the imaging sequence for individual segments, 
**p<0.01, n=3 CF patient explants. d) Lavage counts from BALF retrieval for control, n=3 from two CF lungs and NBD-
UBIdend, n=4 from three CF lungs. Bars represent mean (+/-SD) of counts. 
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3.8.3 Summary 

The work described in this chapter demonstrates the characterisation of UBI ligands 

and optimisation for in vivo in situ pulmonary imaging. Following biological 

characterisation one compound, NBD-UBIdend, demonstrated the ability to label 

bacteria in the distal lung in both an ex vivo ovine model, and explanted CF lungs. This 

compound demonstrated suitability to move forward to human trials as an immediate 

diagnostic test for bacterial presence in the distal lung.   
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3.9 Discussion 

The results described in this chapter describe the modification of a UBI fragment for 

bacterial detection in situ. The lead Smartprobe for bacterial detection (NBD-UBIdend) 

has been synthesised using three NBD fluorophores conjugated to a slightly modified 

bacterial recognition peptide sequence (UBI29-41) on a tri-branched scaffold. Important 

and salient aspects of this Smartprobe include both the fluorophore and the peptide 

sequence.  

Firstly the fluorophore; for clinical translation we were limited by the need to use a 

fluorophore excited by 488nm wavelength as this was compatible with the most widely 

used clinical FCFM system. However, as fiber based imaging technologies advance 

(Lee et al., 2010, Papadopoulos et al., 2013) we are likely to see a greater number of 

fluorophores that can be used in vivo and with spectral distinction this will enable 

multiplexing.  Currently, however, efforts were focused on clinically available systems 

to accelerate the translational pathway and so efforts focused on the 488nm FCFM 

system. Consequently, three such fluorophores were assessed; FAM, and its closely 

related derivatives such as FITC, is the most commonly used fluorescence reporter as 

it has clinical approval for use in human or their derivatives have been used safely in 

human trials (Wallace et al., 2010, van Dam et al., 2011). However, one of the 

consequences of a fluorophore that is ‘always on’ means there is low signal-to-noise. 

This is particularly important in this context, as when administering the Smartprobe in 

the lung topically, a wash step cannot be performed. Therefore the FAM compound 

had insufficient signal-to-noise. Common strategies to overcome this include 

manipulating the signal-to-noise by reducing the resting state fluorescence of the 

compound through the use of a dark quencher. However, these strategies require 

separation of the fluorophore/quencher pairing and are largely only applicable in 

peptide Smartprobes where there is enzymatic cleavage of the peptide. In this case, we 

utilised a bacterial recognition moiety and there was no cleavage of a peptide, therefore 

a quencher strategy was not an appropriate approach. Thus two fluorophores were 

assessed that allow fluorescence amplification within the bacterial membrane 

environment, thereby making the smart element of the compound the fluorophore. 

BODIPY compounds are traditionally thought to be unaffected by solvent polarity 
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(Urano et al., 2009, Karolin et al., 1994, Ulrich et al., 2008) however, with chemical 

modification to the structure they can be made responsive to various environmental 

changes such as pH (Sunahara et al., 2007, Urano et al., 2009, Vázquez-Romero et al., 

2013) and hydrophobicity (Sunahara et al., 2007, Tokoro et al., 2010). I demonstrated 

that our BODIPY derivative increased in fluorescence in a DMSO solvent, which 

mimics a hydrophobic environment, and imaging revealed a large fluorescence 

increase on the bacterial cell membrane and in the mammalian cell cytosol. The lack 

of specificity, however, is driven by the fluorophore lipophilic properties (Niu et al., 

2009) and ultimately meant that the compound could not be used as a bacterial specific 

compound and highlighted the importance of fluorophore selection. NBD is a 

fluorophore known to increase fluorescence in hydrophobic environments, through 

changes in its dipole moment and has been used extensively to study membrane 

characteristics (Prieto et al., 1994, Lakshmi et al., 2004, Zhou et al., 2013). The 

experimental data generated in this chapter supports its suitability as an imaging 

reporter; it has high signal-to-noise upon target engagement, has sufficient fluorescent 

intensity to be detected by FCFM, is non-toxic when conjugated to Ubiquicidin 

moieties and does not produce excessive off-target signal (non-bacterial) through its’ 

own fluorophore properties (as seen with BODIPY).  

The second crucial component for this Smartprobe was the ligand; UBI29-41 has been 

used in radionuclide imaging to detect sites of infection. For critically ill patients, 

radionuclide imaging would not be possible given the risks of transport to and from a 

scanner (Beckmann et al., 2004), and the timing of radiolabelled tracer (Zhuang and 

Alavi, 2002).  The studies by Akhtar et al (Akhtar et al., 2005),  Vallejo et al (Vallejo 

et al., 2008) and Saeed et al (Saeed et al., 2013) report the use of 99m-technicium (99m-

Tc) labelled UBI29-41 for the diagnoses of orthopedic/prosthesis infections, 

mediastinitis post cardiac surgery and in diabetic foot infection respectively. These 

studies often had small numbers and required the addition of a further scan (such as a 

bone scan for the study by Saeed et al) but report a sensitivities of 83-100% and 

specificities of 80-100%. This is confirmed in a pooled analysis of 10 99m-Tc UBI 

studies which reveal an overall sensitivity of 94.5% (95% CI 91.2-96.8%), specificity 

of 92.7% (80-100) and overall accuracy of 93.7% (91.2-95.7%). However, despite 

these promising small scale studies there is yet to be a larger study or general adoption 
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in clinical practice. The studies do however add credence to the use of UBI29-41 as an 

infection imaging ligand but a number of distinct differences between radionuclide 

scanning and the approach we have adopted must be recognised; first none of the 

reports have specifically discussed pulmonary imaging and we have demonstrated that 

the linear ligand would not be stable in the inflamed lung (section 3.5.1) (Akram et al., 

2015). Secondly, these compounds are administered systemically and accumulate at 

the site of infection, rather than our approach of the need for rapid binding to bacteria 

when administered topically and third we require conjugation to a fluorophore that can 

be excited at 488nm wavelength, and therefore may change the characteristics/function 

of the compound from radionuclide imaging. 

The results from this chapter demonstrated that the native sequence of UBI29-41 is not 

suitable for pulmonary imaging as there was rapid breakdown of this linear construct, 

there was low avidity for bacteria once bound, and there was partitioning into 

pulmonary surfactant when this was conjugated to NBD. To overcome stability a 

number of compounds were synthesised that imparted stability, but avidity was still 

low. Furthermore, these studies demonstrated that for bacterial labelling, chiral forms 

of the amino acid were not comparable with the native L-amino acid forms, which may 

be interacting with the alpha helical structure of the linear compound (Hong et al., 

1999). Furthermore, adding PEG to either termini only impeded degradation rather 

than preventing degradation, but this significantly impacted on labelling ability 

suggesting the termini need to be free for the compound to have the form necessary 

for bacterial labelling. Single or multiple stable amino acids changes did improve 

stability but as they did not improve avidity it is unsurprising they too did not label 

bacteria in situ. Methods employed to improve both stability and avidity yielded a 

cyclic structure, which despite some improved stability, ultimately could not label 

bacteria in situ in the ovine model. Cyclisation is a common strategy to overcome 

potential protease degradation (Howell et al., 2014), and the cyclic compound had 

impeded degradation in ARDS BALF for 10 minutes, which remains within the 5 

minutes window to administer compounds and image in the lung. Furthermore, this 

compound demonstrated increased avidity to the bacteria, evidenced by increase 

fluorescence in the continued presence of probe, increased fluorescence following PBS 

wash and it had the ability to detect pre-labelled bacteria in the pulmonary segments. 
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It was therefore surprising, and currently remains unclear, as to why this compound 

remained unable to label bacteria in situ in the ovine model.  The improved attributes 

of the cyclic compound were lost when synthesising a structurally stable construct, 

with a single stable amino acid insertion. Therefore, it hypothesised by our colleagues 

in the Department of Chemistry that a native amino acid sequence (with Met to Nle 

switch) on a multivalent scaffold (Liu et al., 2006, Liu et al., 2010, Pieters et al., 2009) 

could allow both improved stability and avidity.  

NBD-UBIdend, a structurally stable, high avidity compound and was synthesised by 

attaching the linear moieties to a multivalent scaffold, which enabled bacterial 

labelling in situ.  The labelling of bacteria was concentration dependent and variable 

in intensity on different bacterial species, with the lowest fluorescence for E. coli. 

Akhtar et al (Akhtar et al., 2004) in a rabbit model of myositis demonstrated that 99m-

Tc UBI29-41 labelled E. coli with less avidity than S. aureus myositis supporting our 

findings that the avidity for E.coli is less than other bacteria. Despite this lower 

fluorescence on E. coli, ovine pulmonary segments instilled with E. coli were still 

detected by NBD-UBIdend and FCFM imaging. This was due to the higher avidity, and 

therefore fluorescence signal, seen with dendrimeric constructs (Choi et al., 2013). 

Furthermore, multivalency allowed the retention of specificity (Liu et al., 2007) and 

NBD-UBIdend remained selective against bacteria when incubated with both peripheral 

blood isolated inflammatory cells, and alveolar resident inflammatory cells and could 

image the bacteria in the presence of lung tissue without labelling epithelial cells. Of 

critical importance are the LOD of bacteria using this method; on one hand, a test that 

is extremely sensitive that it would detect non-significant number of bacteria, or 

microbiota, would be ineffective given its high sensitivity as would be positive in most 

cases leading to over diagnosis. Conversely, a test that would only detect the largest 

burdens of infection would also be ineffective given its poor sensitivity and under-

diagnosis. This method can detect bacteria at 1 x 105 CFU/ml on retrievable lavage for 

P. aeruginosa, which is at the upper level of the threshold which represents 

contamination for diagnosis of VAP by BAL (ATS/IDSA, 2005, Croce et al., 2006).   

Finally, cationic dendrimeric structures have the potential for increased cytotoxicity 

(Duncan and Izzo, 2005, Polcyn et al., 2013), however, NBD-UBIdend demonstrated 
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no membrane toxicity up to 100µM. Furthermore, intratracheal rodent studies 

demonstrated no inflammatory cell recruitment or histological evidence of toxicity.  

The dendrimeric construct demonstrated effects on bacterial growth when compared 

to the linear construct, with inhibition of growth and bactericidal effects on E. coli. 

The mechanism of action of UBI29-41 on bacterial cell walls has not been extensively 

studied, but given it has an α-helical structure and cationic amphipathic nature, the 

interaction with the membrane is potentially due to pore forming mechanisms through 

the toroidal model (Yang et al., 2001). These effects seem to be enhanced with the 

dendrimeric construct over molar equivalents of the linear.  

An unintended but welcome finding was the ability of the dendrimeric construct to 

label the pathogenic respiratory fungi Aspergillus fumigatus. As discussed in Chapter 

1, fungal infections in the critically ill patient remains difficult to diagnose unless there 

is a high clinical suspicion, and therefore the combined ability of this compound to 

detect A. fumigatus is of added utility. The FCFM imaging pattern seen with A. 

fumigatus (Figure 3.35) fungi is clearly discrete from the bacterial signal (Figure 3.29) 

predominantly due to the size differences of the pathogens. Fluorescent bacteria were 

imaged as small fluorescent dots, whereas fungal hyphae were larger linear structures, 

generally of uniform size. 

3.9.1 Conclusion and limitations of work described in this 

chapter  

Whilst this work describes an imaging method to detect bacteria in vivo in situ there 

are a number of limitations that must be acknowledged. Firstly, as we are limited by 

what technology is commercially available, we only have laser emission at a single 

wavelength, and therefore images are compounded by background autofluorescence 

in human lungs. Ideally a spectrally distinct Smartprobe (such as far-red or near-

infrared) would have been used to maximize the signal-to-noise by reducing artefact 

and off target signal. Secondly, the use of FCFM in the lung restricts the field of view 

at any given time to 600µm, thereby we could miss a segment with a high bacterial 

burden by imaging an adjacent segment. This is, however, minimised by regional 

exploration with multiple passes and guided by areas of opacification on chest x-ray. 

Thirdly, the limit of detection when assessed with P. aeruginosa  is at the upper limit 
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of cut off for conventional BAL (1 x 105 CFU/ml) and whilst the threshold remains 

contentious and no consensus is universally agreed (Miller et al., 2003, Croce et al., 

2004), there is the possibility this diagnostic test has a lower sensitivity in clinical 

practice. Fourthly, we are constrained as to the model systems we can use to assess 

these compounds. The ideal model system remains the critically ill human developing 

ARDS with suspected pneumonia, and therefore we have assessed this compound in 

methods analogous to clinical testing (size relevant models, same equipment used, and 

delivery endobronchially). It remains the case though that in the ovine model we have 

instilled the bacteria into segments therefore they may not be in the same configuration 

or state as in a VAP, and in the CF lungs this may be more reflective of a colonised 

patient than an acute bacterial proliferation. Nonetheless, these model systems have 

given the confidence to move this Smartprobe forward for clinical development, and 

have prevented promising in vitro compounds from progressing further due to lack of 

labelling in the ovine lung.  These models systems also assessed potential limitations 

of the presence of mucopurulent secretions and dispersion of the Smartprobe within a 

pulmonary segment. Endobronchial secretions often require aspiration (as is done in a 

bronchoscopy procedure) to maintain the visual field and dispersion of the Smartprobe 

to the distal lung was demonstrated to be sufficient in both models for FCFM imaging.  

Finally, the objective image analysis employed detects fluorescent dots on a frame by 

frame basis. Currently, off target dots (i.e. fluorescent dots not caused by fluorescent 

bacteria) will also be counted and we have set a threshold of 80 dots per frame as a cut 

off. Therefore, improvements in the analysis algorithm to account for consecutive 

frame analysis, particle tracking and alternative thresholding techniques may help to 

improve the accuracy by reducing the number of dots arbitrarily detected in the control 

frames, reducing the threshold and therefore increase the sensitivity. Improving the 

image analysis will also help to address the first and third points of the limitations 

discussed.  

Despite these limitations NBD-UBIdend remains a chemical Smartprobe capable of 

labelling all bacteria we have tested (encompassing >70% of VAP causing organisms) 

and can label bacteria both in an ex vivo ovine model and explanted CF lungs. 

Therefore, this compound is being assessed further for first-in-human studies.  



 

121 

 

 

 

 

 

 

 

 

 

 

Chapter 4:  Fluorescently labelled polymyxin analogues to 

determine gram-status of bacteria in situ.  
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Abstract 

Chapter 4 reports the development and evaluation of a further Smartprobe to be used 

with pulmonary FCFM imaging for the delineation of gram-status of bacteria in situ. 

Here, the AMP polymyxin (PMX) has been modified and conjugated to the 

environmentally sensitive reporter NBD and is assessed both in vitro and in size 

relevant ex vivo models. The biological characterisation is analogous to the 

experiments described in chapter 3. NBD-PMX labelled gram-negative, but not gram-

positive bacteria, in a concentration dependent manner and was assessed against a 

panel of VAP causing bacteria.  

NBD-PMX retained selectivity for gram-negative bacteria over mammalian cells, 

remained resistant to proteolytic degradation in ARDS BALF, imaged with sufficient 

signal-to-noise in the presence of pulmonary surfactant and retained a high avidity for 

gram-negative bacteria. Furthermore, this construct labelled gram-negative bacteria 

through interactions with lipopolysaccharide on the outer membrane of gram-negative 

bacteria and imaged bacteria in the presence of human lung tissue autofluorescence ex 

vivo. In an ex vivo ovine model of bacterial infection, NBD-PMX labelled gram-

negative, but not gram-positive bacteria, and had a clinically relevant limit of detection 

of 1 x 105 CFU/ml. Finally, a compound using the NBD-PMX construct which 

simultaneously images activated neutrophils was demonstrated in vitro as proof of 

concept for multiplexing.  
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4.1 Introduction 

Chapter 3 described a Smartprobe/FCFM strategy to determine the presence or 

absence of bacteria in the distal lung, potentially allowing clinicians in the future to 

make real time decisions as to the presence/absence of microbes in the lung, and 

therefore commencement or discontinuation of antimicrobial therapy. This chapter 

focuses on an approach to determine gram-status in situ, and introduces a compound 

that has the potential to multiplex the detection of gram-negative bacteria in the 

presence of neutrophil elastase.  

Current antibiotic prescribing guidelines in the ICU include the early administration 

of broad spectrum antibiotic therapy (ATS/IDSA, 2005), and the choice is determined 

by the local pathogen incidence rate and resistance patterns as well as the previous 

antibiotic therapy the patient has received. However, the need for antibiotic 

stewardship in the face of antimicrobial resistance is well recognised (Kollef, 2001, 

Luyt et al., 2014). In fact, with the increasing antimicrobial resistance patterns taking 

us to the reality of bacteria which are resistant to almost all known antibiotics 

(Kumarasamy et al., 2010, Yong et al., 2009), together with the absence of new 

therapeutic agents (Talbot et al., 2006), the need for rationing of antibiotics has never 

been greater.  Therefore, the ideal strategy in the clinical space would be the specific 

and accurate identification of bacterial species, and targeted narrow spectrum 

antimicrobial therapy, which minimises the growing problem of antimicrobial 

resistance (Kollef and Fraser, 2001) but his remains, currently, a long term goal. A 

potential advance towards this goal would be the utilisation of a Smartprobe/FCFM 

strategy to determine gram-status, and thereby offer a degree of targeted therapy.  

Therefore, in the deteriorating critically ill patient with unexplained pulmonary 

opacities the question the work aimed to answer in Chapter 3 was “are there bacteria 

present that are causing the deterioration?” But to advance on this, the next 

question to be asked is “what is the gram-status of bacteria that are present?” This 

could help to stratify therapy by administering appropriate antibiotics, thereby 

minimising unnecessary broad spectrum agents.  

Bacteria can broadly be divided into two groups based on their cell wall characteristics 

determined by the Gram stain test; gram-positive and gram-negative (Figure 4.1), 



 

124 

although gram-indeterminate and gram-variable organisms exist (Beveridge, 2001, 

Beveridge, 1990). Gram-positive bacteria, generally, have a thick peptidoglycan layer, 

teichoic and liopteichoic acids, single cytoplasmic lipid bilayer membrane, thin 

periplasmic space, and include the Staphylococcus spp and Streptococcus spp. By 

contrast, gram-negative bacteria have a thin peptidoglycan layer, inner and outer 

membrane bilayer with outer layer containing lipopolysaccharide, larger periplasmic 

space and include many pulmonary pathogens including Escherichia coli, 

Pseudomonas spp, Klebsiella spp, Haemophilus spp, Moraxella spp and Legionella 

spp.  Furthermore, many of the highly resistant hospital-acquired pulmonary infections 

are due to gram-negative bacteria, such as Acinetobacter baumannii (Perez et al., 

2007).  

 

Figure 4.1 Schematics of membranes of a) gram-positive and b) gram-negative bacterial membrane. 
Reproduced, with permission, from (Cabeen and Jacobs-Wagner, 2005).  

Understanding the gram-status of the offending microbe can affect the treatment 

strategy given to patients (Rotstein et al., 2008).  Broadly speaking gram-positive 

pulmonary infections can be treated by antimicrobials such as linezolid or vancomycin 

(Wunderink et al., 1992) or antimicrobials from the macrolide-lincosamide-

streptogramin (MLS) families of antimicrobials (Fagon et al., 2000), with commonly 

used examples including the macrolide clarithromycin and the lincosamide 

clindamycin. For gram-negative pulmonary infections, optimal antibiotic cover 
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includes the use of cephalosporins such as ceftriaxone, broad-spectrum penicillins 

such as piperacillin/tazobactam, fluoroquinolones including ciprofloxacin and 

levofloxacin, aminoglycosides including gentamicin and carbapenems such as 

imipenem and meropenem although these classes will also have activity against some 

gram-positive microbes. For suspected VAP empirical therapy is a combination of 

broad spectrum therapy to adequately cover both gram-positive and gram-negative 

microbes, depending on local microbial epidemiology, resistance patterns and the 

patients prior antibiotic therapy (Rello and Diaz, 2003), with a view to changing to 

narrower spectrum of therapy once an offending organism has been isolated (Chastre 

and Fagon, 2002, ATS/IDSA, 2005, Rotstein et al., 2008).  

Therefore, defining characteristics such as the gram-status of the offending microbe 

immediately can rationalise the antimicrobials given, and offer targeted therapy in 

accordance with local microbial data. To achieve this with FCFM detection a 

fluorophore conjugated to polymyxin (PMX) was developed. Polymyxins are non-

ribosomally synthesised, cationic, amphipathic, cyclic AMPs, which are a naturally 

occurring antibiotics formed by the bacterium Paenibacillus polymyxa (formerly 

Bacillus polymyxa) (Storm et al., 1977, Shaheen et al.). Multiple forms exist but only 

two closely related forms (polymyxin B and polymyxin E), which are only separated 

by the single amino acid substitution of D-Leu to D-Phe (Landman et al., 2008), have 

been used as antimicrobial agents; polymyxin B has been used in topical applications 

(Gales et al., 2001), and a prodrug of polymyxin E (termed colistin) has been used for 

systemic administration and in nebulised form (Li et al., 2006).  The cyclic structure 

of polymyxin binds to the lipopolysaccharide on the outer membrane of gram-negative 

bacteria (Pristovsek and Kidric, 1999, Velkov et al., 2010), whilst a long hydrophobic 

tail generates a disruptive physicochemical effect, leading to permeability changes in 

the outer membrane (Newton, 1956, Dixon and Chopra, 1986). The affected 

membrane is thought to develop transient ‘cracks’ which permit passage of a variety 

of molecules, including hydrophobic compounds and small proteins, and, more 

importantly, promotes the uptake of the perturbing peptide itself and leads to cell death 

(Hancock, 1997, Morrison and Jacobs, 1976).  However, it is known that polymyxin 

can cause bacterial death without lysis and more recent reports suggest a hydroxyl 

radical death pathway as a mechanism (Sampson et al., 2012).  Nonetheless, they have 
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a predominant mode of action against gram-negative bacteria (Hancock, 2001) and as 

mentioned, in clinical practice systemically administered polymyxins have been used 

as antimicrobial agents in the ICU and for respiratory infections due to gram-negative 

bacteria such as P. aeruginosa. They had fallen out of favour given their significant 

nephrotoxic (Price and Graham, 1970) and neurotoxic effects (Koch-Weser et al., 

1970) but have recently re-emerged to treat highly resistant ICU pathogens (A. 

baumannii and multi drug-resistant P. aeruginosa) in the absence of viable alternative 

therapies (Florescu et al., 2012, Tumbarello et al., 2013, Falagas et al., 2005). Much 

of the literature focuses on polymyxin as a therapeutic agent, although a reports by 

Benincasa et al and Billings et al (Benincasa et al., 2009, Billings et al., 2013) report 

membrane labelling of bacteria with a commercially available BODIPY labelled 

polymyxin B construct. Therefore, a modified polymyxin B compound conjugated to 

the environmental reporter NBD was synthesised and assessed if this could determine 

gram-status in situ.  

The hypotheses for this chapter is a fluorescently labelled polymyxin construct can 

delineate between gram-negative and gram-positive bacteria and can detect 

gram-negative bacteria in situ by FCFM. The aim of the work was the biological 

assessment of PMX-NBD both in vitro and ex vivo in size relevant models. Finally, to 

develop the concept of multiplexing, as discussed in chapter 1, a second construct 

incorporating NBD-PMX into an elastase sensing sequence with a second fluorophore 

was synthesised and tested in vitro as proof of concept. 
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4.2   Fluorescently labelled polymyxin to determine gram-

status in vitro 

4.2.1 Modification of PMX moiety and fluorophore conjugation 

Polymyxin B was modified by Professor Mark Bradley’s group, Department of 

Chemistry, University of Edinburgh. From the primary structure, the hydrophobic tail 

and two amino acid residues were removed and replaced with a PEG linker attached 

to the fluorophore NBD to give NBD-PMX (Figure 4.2A). The cyclic component 

(bacterial binding portion) was not altered. This was then assessed on a 

spectrophotometer, which confirmed increasing fluorescence in DMSO, suggesting 

environmental reporting (Figure 4.2B). Finally, the compound was assessed with the 

gram-negative bacteria P. aeruginosa to determine bacterial labelling capability. On 

confocal microscopy, NBD-PMX labelled P. aeruginosa in a concentration dependent 

manner, with good signal-to-noise (Figure 4.2C).  

4.2.2 NBD-PMX as a gram-selective bacterial reporter 

To assess the gram-selectivity of the compound a panel of potential VAP causing 

bacteria were assessed on benchtop confocal. These included gram-positive bacteria 

MSSA, MRSA and S. pneumoniae. Gram-negative bacteria included P. aeruginosa 

(both a laboratory strain (PA01) and a clinical isolate (J3284)), K. pneumoniae, E. coli, 

H. influenzae, A. baumannii and S. maltophilia. Confocal analysis demonstrated 

labelling of all the gram-negative bacteria with variable intensity (Figure 4.3). 

Furthermore, it also confirmed that gram-positive bacteria had minimal fluorescence 

intensity.  

To confirm this finding and to compare the fluorescence intensity to unstained 

bacteria, the bacteria were counterstained and assessed on flow cytometry. Here 

unlabelled bacteria or bacteria labelled with NBD-PMX were quantified. Once again, 

for gram-negative bacteria there was a significant fluorescence increase for unstained 

bacteria, but for gram-positive bacteria there was no significant difference when 

compared to unstained (Figure 4.4).  
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Figure 4.2  NBD-PMX labels bacteria in a concentration dependent manner, with fluorescence amplification 
in hydrophobic environments. A) Structure of NBD-PMX; B) Fluorescence increase in increasing concentrations of 
DMSO (all 5µm), n=3, representative spectra; C) Fluorescence quantification of P. aeruginosa imaged on benchtop 
confocal in the continued presence of increasing concentrations of NBD-PMX, demonstrating a concentration 
dependent fluorescent signal. Images show representative images at denoted concentration of NBD-PMX, scale bar 
represents 5μm. Each point on graph represents the mean (+/- SEM) of three independent experiments where at least 
three fields of view were quantified with a single site non-linear fit of data. 

 



 

129 

 

Figure 4.3 NBD-PMX labels gram-negative but not gram-positive bacteria. Bacterial panel with NBD-PMX 1µM 
(green) and counterstain with syto-82 (red). Gram-positive bacteria (bounded by red box) display minimal/no labelling 
compared with gram-negative bacteria. Graph on right is quantification of bacterial panel with NBD-PMX 1µM with 
gram-positive bacteria in white bars and gram-negative in black bars, showing high intensity selective labelling of 
gram-negative bacteria compared with gram-positive. All gram-negatives showed a statistically significant increase 
over all gram-positives, bars show mean fluorescence (+/- SEM) from three independent experiments, where at least 
three fields of view were assessed. n=3, analysis by Student’s t-test, *=p<0.05, **= p<0.01, ***=p<0.001. 
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Figure 4.4  NBD-PMX labels gram-negative bacteria with a higher fluorescence intensity than gram-positive, 
when compared to unstained bacteria. Representative flow histograms for bacteria when unstained bacteria (grey 
histograms) or NBD-PMX at 5μM (dotted line) demonstrating a greater fluorescence intensity increase on gram-
negative than gram-positive bacteria. Lower graph shows quantification of flow cytometry data for unstained bacteria 
(white bars, normalised) and NBD-PMX (grey bars) demonstrating a significant increase in fluorescence for gram-
negative bacteria, but no significant increase for gram-positive bacteria. Bars represent means (+/- SEM), n=3-5 per 
bacteria, analysis is by Student’s t-test, ns-not significant, *=p<0.05, **=p<0.01. 

4.2.3 Bacterial selectivity over mammalian cells 

To ensure this construct remained selective for bacteria over mammalian cells, co-

culture experiments were performed with isolated peripheral blood neutrophils and 

A549 cell lines.  Here, NBD-PMX was co-cultured with P. aeruginosa and imaged in 
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the continued presence of compound, demonstrating bacterial specific labelling 

(Figure 4.5).  

 

Figure 4.5  NBD-PMX demonstrates bacterial specificity over mammalian cells. A) co-culture of NBD-PMX 1µM 
and P. aeruginosa (green), counterstained with Syto-82 and merge showing human neutrophils in upper panels (red 
arrow) and A549 cells in lower panels (red arrow) demonstrating no labelling of mammalian cells. n=3, representative 
images. B. 3D reconstruction of z-stack of NBD-PMX 1µM and P. aeruginosa with A549 cells with a cytoplasmic 
counterstain, demonstrating no labelling of mammalian cells but labelling of bacteria. Panel on left merge of green 
and counterstain channel. n=3, representative image.  

4.2.4 Stability in ARDS lavage, avidity to bacteria and imaging in 

the presence of surfactant 

Chapter 3 demonstrated that a compound for pulmonary imaging should be stable 

against proteolytic degradation, have high avidity for bacteria and be able to image in 

the presence of surfactant. These were assessed for NBD-PMX; NBD-PMX was 

incubated in BALF from patients with ARDS, and demonstrated stability by mass 
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spectrometry for up to 30 minutes (Figure 4.6A). As the confocal assay required a 

large volume of ARDS BALF for imaging, and there was limited sample available, 

NBD-PMX was assessed in ovine lavage where there was no reduction in fluorescence 

intensity (Figure 4.6B).  

 

Figure 4.6 NBD-PMX is stable in ARDS BALF and can image in the presence of ovine lavage. A) Mass 
spectrometry of NBD-PMX incubated with PBS in the upper panels and ARDS BALF in the lower panels demonstrating 
stability. B) No reduction of fluorescent intensity of P. aeruginosa labelled with NBD-PMX in the presence of ovine 
lavage. Representative images of P. aeruginosa imaged with NBD-PMX (1µM) on by confocal microscopy in the 
presence of phosphate buffered saline (PBS) or ovine lavage. Quantification of fluorescence intensity demonstrating 
no reduced intensity when compared to PBS. Bars represent mean (+/-SEM), n=3, analysis is by Student’s t-test, 
ns=not significant. 
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To evaluate avidity bacteria labelled with NBD-PMX were re-imaged on confocal 

microscopy following a PBS wash. This demonstrated that, with the exception of E. 

coli, there was no reduction of fluorescence intensity for bacteria following a wash 

step and re-imaging (Figure 4.7). For gram-positive bacteria there was already a very 

low level of fluorescence and following a wash there was either no change or a further 

reduction in intensity.  

 

Figure 4.7 Quantification of confocal fluorescence following a wash step for gram-negative and gram-positive 
bacteria. Data shows quantified fluorescence of confocal microscopy fluorescence in the continued presence of 
compound (grey bars) or flowing a wash step (white bars). All gram-negative bacteria with the exception of E. coli 
demonstrate no significant reduction in intensity. For gram-positive bacteria there is already a low level of fluorescence 
intensity, which does not change or is reduced further with a wash step. Bars represent mean (+/-SEM), n=3, analysis 
by Student’s t-test, ns=not significant, PW= post-wash, *=p<0.05. 

To assess the fluorescence in the presence of pulmonary surfactant, multilamellar 

surfactant vesicles (MLV) were synthesised and a co-culture of P. aeruginosa and 

MLVs was undertaken. With NBD-PMX there was a concentration dependent increase 

in MLV labelling, with significant fluorescence on MLVs at 10µM and 50 µM (Figure 

4.8). At each concentration, however, the ratio remained >1, i.e. the bacteria remained 

brighter that the vesicles. However, in the context of pulmonary imaging these higher 

concentrations would generate significant off-target noise.   
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Figure 4.8 NBD-PMX has improved signal-to-noise at lower concentrations in the presence of pulmonary 
surfactant. NBD-PMX displays increasing surfactant labelling at higher concentrations. Lower graph displays 
quantification of bacterial fluorescence to surfactant fluorescence as a ratio. At all concentrations the fluorescence of 
bacteria remain higher than surfactant.  Bars represent mean (+/-SEM), n=3, analysis by one way ANOVA, 
***=p<0.001. 

Therefore, NBD-PMX remained stable in ARDS lavage, had good avidity assessed by 

retained fluorescence and was able to image in the presence of surfactant at lower 

concentrations.  

4.2.5 NBD-PMX growth inhibition and kill assays 

Although the PMX moiety has been modified to remove the membrane perturbing 

hydrophobic tail, the ability of the compound to inhibit bacterial growth and to kill 

bacteria was assessed. In a growth inhibition assay the compound was incubated with 

bacteria at varying concentrations (Figure 4.9). There was a concentration dependent 

inhibition of growth for gram-negative bacteria, but not the gram-positive bacteria 

(Figure 4.9).   
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Figure 4.9 Growth curves for bacteria and increasing concentrations of NBD-PMX.  S. aureus demonstrates no 
inhibition of growth when compared to PBS for all concentrations whereas for gram-negative bacteria including P. 
aeruginosa, K. pneumoniae and E. coli demonstrate growth inhibition at low concentrations in Mueller Hinton broth. 
Representative plots of three independent experiments performed in duplicate. Lines represent the mean optical 
density at 600nm at each time point with SD.  

 

To assess the bactericidal capacity of NBD-PMX the bacteria were incubated with 

NBD-PMX at increasing concentrations for 4 hours and then viable bacteria 

enumerated (Figure 4.10). This demonstrated a concentration dependent killing for the 

gram-negative bacteria but not for MSSA. Furthermore, electron microscopy images 

of E. coli incubated with NBD-PMX or PBS demonstrated multiple membrane 

projections and blebs, suggesting membrane disruption. Although the hydrophobic tail 

of the original polymyxin B had been removed, this finding is consistent with previous 

reports of imaging bacteria with polymyxin B by electron microscopy (Koike et al., 

1969).  
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Figure 4.10 NBD-PMX is bactericidal for gram-negative but not gram-positive bacteria. Electron microscopy 
images above demonstrate E. coli incubated with NBD-PMX or PBS (Control) and protrusions and blebs form the 
E.coli membrane surface can be seen with NBD-PMX but not the control, dotted box is enlargement of membrane 
surface, representative images with multiple fields of view assessed, n=1. Graph demonstrates a concentration 
dependent killing effect of NBD-PMX for E. coli, K. pneumoniae and P. aeruginosa but not for MSSA. Data shown 
represents n=3 for P. aeruginosa and n=2 for remaining bacteria. Each point represents the mean growth (+/-SD), 
10µM = 12.7µg/ml.  

 

4.2.6 NBD-PMX with bacterial growth phase and mutant strains 

of LPS 

The growth phase of bacteria in a VAP when signs and symptoms develop are 

unknown, but in pulmonary conditions where there is a persistent presence of bacteria 

they are often present in the lung in a variety of growth states, exemplified by the 

growth of P. aeruginosa in the cystic fibrosis lung in biofilms (Lam et al., 1980, 

Worlitzsch et al., 2002). Therefore, to assess the ability of NBD-PMX to label bacteria 

in various growth phases, bacteria were used in stationary phase (overnight cultures) 

or sub-cultured to mid-log phase and imaged on confocal with NBD-PMX (Figure 

4.11). This demonstrated there was an increase in fluorescence in the mid-log state for 

P. aeruginosa and K. pneumoniae, but not E.coli or MSSA.  
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Figure 4.11 Assessment of imaging parameters for the growth phase of bacteria. Quantification of confocal data 
for the fluorescence intensity on the growth phase of each bacteria. Both P. aeruginosa and K. pneumoniae 
demonstrate an increase in fluorescence in mid-log phase, whereas E. coli and MSSA demonstrate no difference. 
Bars represent mean (+/- SEM), analysis by Student’s t-test, each analysis compares stationary to mid-log 
fluorescence within bacterial species, n=3, *=p<0.05, **=p<0.01, ns= not significant.  

 

Next, to assess whether binding was possible for PMX resistant organisms and if this 

is LPS mediated, two isogenic, naturally occurring PMX resistant mutant isomers of 

B. cenocepacia were assessed. Strain J2315 is a clinical isolate, first isolated in 

Edinburgh in 1989 (Govan et al., 1993) causing endemic infection amongst cystic 

fibrosis patients and contains a depleted rough LPS, due to loss of ability to make LPS 

O-antigen (Holden et al., 2009). Strain K-56 is an isogenic (to J2315) Canadian isolate 

and contains smooth LPS and is highly resistant to polymyxin B through mutations in 

lipid A component (Mahenthiralingam et al., 2000, Loutet et al., 2011). These 

confirmed that NBD-PMX can label both rough LPS of J2315, and smooth LPS of P. 

aeruginosa but not the K-56 strain, which also contains smooth LPS but a mutated 

lipid A component (Figure 4.12).  
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Figure 4.12 Binding with polymyxin resistant strains of B. cenocepacia is reduced compared to P. aeruginosa. 
Representative images (left) and quantification of fluorescence (right) of two isomeric forms of B. cenocepacia, with 
either depleted rough LPS (J2315) or smooth LPS but a mutated lipid A component (K-56) LPS, and compared to P. 
aeruginosa. Data demonstrates there is a significant reduction in fluorescence with both strains compared to P. 
aeruginosa and a lower fluorescence intensity with K-56 variant when compared to the J2315, bars represent mean 
(+/- SEM), n=4, *=p<0.05. 

4.2.7 Structure-function evaluation of NBD-PMX 

To investigate structure-function of NBD-PMX, the chemistry team attached different 

linkers to the PMX cyclic structure, and produced compounds with increasing linker 

length. The index compound consisted of a PEG linker, with three further compounds 

made with a six carbon 6-aminohexanoic acid (Ahx), eight carbon 8-aminooctanoic 

acid (Aoc) and twelve carbon 12-aminododecanoic acid (Ado) linked to the cyclic 

structure and NBD. This demonstrated against P. aeruginosa there was no significant 

differences in fluorescence across the different constructs (Figure 4.13). However, 

with MSSA there was increased labelling with both the Aoc and Ado, with the latter 

at the same intensity as P. aeruginosa, indicating the longer linker lengths lead to loss 

of gram-selectivity on confocal analyses.  



 

139 

A final construct was made with five PEG-NBD arms arising from different parts of 

the cyclic ring. This demonstrated loss of fluorescence across all bacteria, revealing 

the cyclic structure is required for bacterial binding (Figure 4.14).  

 

Figure 4.13 Progressive lengthening of linker leads to loss of gram-selectivity. NBD-PMX constructs with PEG, 
Ahx, Aoc and Ado linkers (all 1µM) demonstrating relatively similar fluorescence intensities for P. aeruginosa but 
increasing fluorescence for MSSA with representative merge images (with Syto-82 counterstain) in upper panels 
(scale bar 5µm). Lower graph shows quantification of data and demonstrates no significant fluorescence for P. 
aeruginosa with the different constructs, but a progressively increased fluorescence signal with MSSA. All data 
normalised and analyses compared to NBD-PMX with PEG on P. aeruginosa.  Bars represent mean (+/- SEM), n=3, 
ns=not significant, *=p<0.05, **=p<0.01. 
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Figure 4.14 Cyclic ring of PMX is required for bacterial binding. Compound comprising of 5 NBD-PEG linkers 
attached to the cyclic ring ((5NBD)-PMX) and imaged on confocal at 1µM, with quantification of fluorescence. For E. 
coli and K. pneumoniae there was no bacterial labelling with (5NBD)-PMX and a significant reduction when compared 
to molar equivalents of the PMX moiety. Bars represent mean (+/-SEM), n=3, ***=p<0.001, ns=not significant.   

 

4.2.8 NBD-PMX on human lung tissue ex vivo 

To assess the ability of the compound to label gram-negative bacteria in the presence 

of human elastin autofluorescence, small sections of human lung were incubated with 

P. aeruginosa alone or P. aeruginosa and NBD-PMX and imaged on both benchtop 

confocal and with FCFM fiber ex vivo (Figure 4.15). This confirmed the ability of the 

compound to label bacteria and detection in the presence of human lung tissue. 

Furthermore, the benchtop confocal analysis also demonstrated NBD-PMX does not 

label epithelial cells.  
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Figure 4.15 NBD-PMX can label bacteria in the presence of human lung tissue. Upper panels are representative 
images of lung tissue alone (left) or lung tissue incubated with P. aeruginosa and NBD-PMX 5µM (right) demonstrating 
labelling of the bacterial cells. Images also show counterstained epithelial cells and autofluorescent elastin structures. 
Lower panels show FCFM images of P. aeruginosa on lung tissue (left) with no discrete bacterial signal, and P. 
aeruginosa with NBD-PMX 5µM (right) demonstrating fluorescently labelled bacteria with background elastin 
autofluorescence. All are representative images of at least three experiments.  

 

4.3  Ex vivo ovine model for gram-specific bacterial detection 

4.3.1 Confirmation of bacterial signal in ovine lung 

First, bacteria were labelled with NBD-PMX and imaged in eppendorf tubes, and the 

same suspension then instilled into the ovine lung and then imaged with the FCFM 

fiber (Figure 4.16A). This confirmed a punctate bacterial fluorescence signal which 

has been discussed in chapter 3. To confirm this was bacterial labelling agarose beads 

embedded with P. aeruginosa (or control beads without bacteria) were instilled into 

discrete segment then NBD-UBI instilled followed by FCFM imaging (Figure 4.16B), 

which again revealed the same punctate signal.  
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Figure 4.16  Bacterial fluorescence signal in the ovine lung with NBD-PMX. A) P. aeruginosa was labelled with 
NBD-PMX 10µM and imaged in suspension in eppendorf tubes (left). The same suspension was instilled into the 
ovine lung (right) giving a characteristic fluorescently labelled bacterial signal throughout the field of view, 
representative images, n=3. B) Agarose beads embedded with P. aeruginosa or control beads were instilled into 
discrete segments, followed by instillation of NBD-PMX 10µM and imaging with FCFM. Beads alone or beads with 
NBD-PMX gave little punctate fluorescence signal, but beads with bacteria embedded with NBD-PMX gave the 
characteristic punctate signal organised within beads, n=1, analysis of frames from individual experiment, bars 
represent mean (+/-SD), analysis by Mann-Whitney U test, ***=p<0.001.  
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4.3.2 PKH labelled bacterial segments with NBD-PMX 

Next, to ensure the gram-selectivity of the compound, bacteria were labelled with a 

PKH Cellvue claret membrane label (Exmax 650nm, Emmax 680nm), which can be 

imaged by the 660nm Cellvizio FCFM system. Importantly, as it is spectrally distinct, 

it is not excited by the 488nm system (Figure 4.17) and therefore bacteria can be 

labelled with this dye to confirm distribution within a segment.   

 

Therefore, Cellvue claret labelled MSSA (gram-positive) and K. pneumoniae (gram-

negative) were instilled into segments of the ovine lung and, 1 hour later, the same 

segments were instilled with NBD-PMX and imaged with FCFM using the 488nm 

system, demonstrating a bacterial signal in the K. pneumoniae segment but not the 

MSSA (Figure 4.18). To confirm bacteria were present the same segments were 

imaged with the 660nm Cellvizio system which confirmed the presence of bacteria in 

both segments.  

 

Figure 4.17 Spectra of NBD and Cellvue claret when excited by A) 488nm only showing NBD signal, and B) 
660nm only showing Cellvue claret signal.   



 

144 

 

Figure 4.18 NBD-PMX labelled K. pneumoniae in situ but not MSSA. Bacterial presence was confirmed by 
counterstain on spectrally distinct wavelength and FCFM system. Upper panels show representative images from 
videos of MSSA and K. pneumoniae segments imaged on 488nm system following instillation of NBD-PMX 5µM, 
demonstrating a dot like pattern with K. pneumoniae but not MSSA. Imaging with 660nm system for the same 
segments confirmed the presence of bacteria in both segments. Image analysis confirmed the absence of a bacterial 
signal in MSSA segment instilled with NBD-PMX, but confirmed the presence of bacterial signal with imaging for the 
counterstain. The K. pneumoniae segment confirmed the presence of bacteria on both imaging systems. n=1, analysis 
of frames from individual experimental video, bars represent mean (+/-SD), analysis by Mann-Whitney U test, 
***=p<0.001  

 

4.3.3 Bacterial segments with gram-negative bacteria and gram-

positive bacteria for in situ labelling  

Ovine segments were instilled with either gram-positive bacteria (MSSA, MRSA or S. 

pneumoniae) or gram-negative bacteria (P. aeruginosa, K. pneumoniae and E. coli) 

prior to instillation with NBD-PMX, as described in Figure 3.7. Segments with gram-

negative bacteria gave a punctate signal of fluorescently labelled bacteria, whereas 

gram-positive (or PBS control) segments did not (Figure 4.19). All segments had 

lavage taken for bacterial quantification which revealed no differences in bacterial 

yields between the bacterial segments.  
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Figure 4.19 NBD-PMX (10µM) labels gram-negative, but not gram-positive bacteria in situ in the ovine lung. 
Images on left show representative FCFM images of no bacterial signal in the control or gram-positive bacteria 
segments, but a bacterial fluorescent signal in the gram-negative segments (for quantification see Figure 4.20). 
Lavage was enumerated for bacterial counts and control segments (n=4) demonstrated growth of 10 CFU/ml in one 
of four samples, and no growth in reminder. Bacterial segments revealed no significant differences in bacterial counts, 
n=4 for all bacteria except S. pneumoniae where n=3, analysis by one way ANOVA, ns=not significant.  

For objective analysis, the videos were analysed on a frame by frame basis by the 

image analysis algorithm (as described in Figure 3.9) and a cut-off of 80 dots per frame 

used to denote a positive frame. The image analysis revealed a significantly higher 

proportion of frames with >80 dots per frame in the gram-negative videos over control, 

whereas there was no difference for the gram-positive segments (Figure 4.20). When 

comparing the control segments to gram-negative bacterial segments there was an 

accuracy of detection to give an area under the curve (AUC) of 1.0 95% Confidence 

Intervals (95% CI) (1.0-1.0), p=0.0002592 with sensitivity of 100%, 95% CI (76.84% 

to 100%) and specificity of 100%, 95% CI (59.04% to 100%) (Figure 4.21). For 

delineating gram-negative from gram-positive segments the AUC is 0.9945, 95% CI 

(0.9768-1.012), p<0.001 and sensitivity of 100%, 95% CI (75.29% to 100%) and 

specificity of 92.86%, 95% CI (66.13% to 99.82%). Finally, when comparing the 

control segments to the gram-positive segments, the AUC was 0.5336, 95%CI 

(0.2346-0.7874), p=0.9368 (Figure 4.22).  
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Figure 4.20 Image analysis of bacterial segments with NBD-PMX 10µM. Image analysis of control segments 
(n=7), MSSA (n=5), MRSA (n=4), S. pneumoniae (n=4), P. aeruginosa (n=4), K. pneumoniae (n=5) and E.coli 
segments (n=5) demonstrating a significantly higher proportion of frames with >80 dots per frame for the gram-
negative but not the gram-positive segments.  

 

Figure 4.21 Receiver operator characteristics of image analysis videos. A) ROC curve for control (n=7) compared 
to gram-negative (n=14) bacterial segments, with an area under the curve of 1.0 (95% Confidence intervals (95%CI) 
1.0-1.0), p=0.0002592. B) ROC curve for gram-negative segments (n=14) compared to gram-positive segments 
(n=13), with an AUC of 0.9945 (95%CI 0.9768-1.012), p<0.001. 
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Figure 4.22 Receiver operator characteristics to distinguish control (n=7) from gram-positive segments 
(n=13). The AUC was 0.5336, 95%CI (0.2346-0.7874), p=0.9368.  

4.3.4 Limit of detection for NBD-PMX with FCFM in the ovine 

lung 

To assess the LOD for NBD-PMX, serial log10 dilutions of 20 OD595nm E. coli were 

instilled into discrete ovine pulmonary segments, with NBD-PMX instilled and then 

imaged with FCFM (Figure 4.23). This revealed that the limit of detection with the 

image analysis algorithm was 1 x 105 CFU/ml retrievable E. coli bacteria on lavage.  

 

Figure 4.23 Limit of detection for E. coli in pulmonary segments with NBD-PMX. A) Image analysis algorithm 
can detect bacteria at 0.2 OD595nm in a pulmonary segment where NBD-PMX 10µM has been instilled topically and 
imaged with FCFM, n=3 for all conditions, bars represent mean (+/-SEM), analysis by ANOVA with Bonferroni's 
Multiple Comparison Test (p<0.001), data in graph shown where groups compared to control, ns=not significant, 
*=p<0.05, ***=p<0.001. B) Lavage and enumeration of bacterial yields from pulmonary segments, demonstrating this 
limit of detection corresponds to 1 x 105 CFU/ml retrievable on lavage for E. coli. Grey bars represent counts that 
could be detected by image analysis, white bar indicated counts that could not be detected by image analysis, n=3.  
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4.3.5 Toxicity profile of NBD-PMX 

The compound was assessed for membrane toxicity, which demonstrated no red cell 

haemolysis up to 100µM (Figure 4.24A). Subsequently, it was administered to rodents 

in a single dose intratracheal study and demonstrated no recruitment of inflammatory 

cells and no changes to microscopic architecture (Figure 4.24B). 

 

Figure 4.24 NBD-PMX demonstrates no cell membrane toxicity, no recruitment of inflammatory cells from 
murine BALF following intratracheal instillation and no changes to microscopic architecture. A) No red cell 
hemolysis demonstrated up to 100µM, n=3, bars represent mean (+/-SEM) of three independent procedures 
performed in duplicate. Positive control was 0.2% Triton-X and values corrected to represent 100% hemolysis for 
Triton-X. Statistical analysis by ANOVA, ns=not significant. b) BALF at 48 hours following intratracheal instillation of 
NBD-PMX (vs vehicle PBS control) demonstrates no increase in cells and no significant increase in neutrophil counts, 
bars represent mean (+/-SD), n=3. C) No changes to airways resistance measured by PenH values, bars represent 
mean (+/-SD), n=3. d) Representative histology of animals at 48 hours (x100) demonstrating no changes to 
microscopic architecture in lung, liver or kidney tissue. Experiments in B, C & D performed by Miss Emma Scholefield.  

Therefore, NBD-PMX can label bacteria in situ in an ovine lung, is gram-negative 

selective, is non-toxic and has a clinically relevant LOD. It is being developed for first-

in-human studies.  
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4.4  Multiplexed fluorescent reporters to determine elastase 

activity and bacterial detection 

4.4.1 Elastase sensing using AAPV 

To develop a compound as a proof of concept for a multiplexing approach (i.e. imaging 

multiple processes simultaneously) a compound was synthesised using the NBD-PMX 

compound to label bacteria, but attached to a elastase substrate sequence (Ala-Ala-

Pro-Val) (Nakajima et al., 1979).  The construct, termed NeBac consists of a 

tetramethlyrhodamine (Tamra) fluorophore, linked to the Ala-Ala-Pro-Val sequence 

and NBD-PMX (Tamra-AAPV-NBD-PMX). It was hypothesised that upon cleavage 

of the AAPV sequence, that the Tamra-AA sequence would label activated neutrophils 

and PV-NBD-PMX would label gram-negative bacteria (Figure 4.25).  

 

First, to ensure the sequence was cleaved by elastase, the compound was incubated 

with increasing concentrations of recombinant elastase (+/- inhibitor) and fluorescence 

was measured over time. This demonstrated a concentration dependent fluorescence 

increase, which was inhibited by sivelestat (Figure 4.26).  

Figure 4.25  Structure and schematic of compound and hypothesised effect following elastase cleavage.  
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Figure 4.26  NeBac (5µM) is cleaved by elastase in a concentration dependent manner. A) Time course with 
increasing concentrations of recombinant elastase +/- sivelestat (100µM) demonstrating a concentration dependent 
cleavage and inhibition with elastase, n=3, buffer fluorescence subtracted from all time points, representative plot 
shown, excitation at 525nm and detection at 580nm. B) Significant decrease with sivelestat for each concentration, 
confirming this is elastase specific. Values normalised to buffer, analyses by ANOVA for increasing concentrations of 
elastase, ***=p<0.001.  

4.4.2 Proof of concept in vitro for dual elastase and bacterial 

sensing 

Quiescent neutrophils were incubated with NeBac and demonstrated no NBD or 

Tamra fluorescence. In the presence of bacteria activating neutrophils, there was 

labelling of both bacteria and neutrophils and addition of an elastase inhibitor 

prevented the bacterial but not neutrophil signal (Figure 4.27).  

 

Figure 4.27  NeBac labels bacteria in an elastase dependent manner and neutrophils in an elastase 
independent manner. Upper panel shows quiescent unactivated neutrophils and no NBD or Tamra labelling. Middle 
panels show P. aeruginosa, counterstained with Cellvue Claret, causing neutrophil activation and subsequent labelling 
of the bacteria by NBD (through PV-NBD-PMX) and a Tamra signal in the neutrophils. Lower panel has sivelestat 
added and demonstrates the bacterial labelling with NBD is elastase dependent, whereas the Tamra signal in 
activated neutrophils is elastase independent. Representative images, n=3, scale bar 10µm.  
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To investigate whether findings remained true for sterile inflammation, neutrophils 

were stimulated with calcium ionophore  (Kokot et al., 1986) which demonstrated the 

same punctate intracellular Tamra signal. Furthermore, to assess specificity, NeBac 

was incubated with A549, demonstrating no labelling and with human peripheral 

monocytes stimulated with P. aeruginosa, which again demonstrated no bacterial or 

monocyte labelling (Figure 4.28). The method of labelling is summarised in Figure 

4.29 and rather than labelling neutrophils through an elastase dependent mechanism, 

this compound labels neutrophils through an elastase independent mechanism. The 

mechanism of neutrophil specific labelling has not been assessed but the potential 

cause is the fluorogenic change with the changing pH conditions of the neutrophil 

phagocytic vacuole (Segal, 2005), which is rich in elastase (Pham, 2006) following 

phagocytic uptake into the vacuole by the activated neutrophil. 

 

 

Figure 4.28 NeBac remains selective for neutrophil labelling and can label neutrophils activated by ionophore. 
Upper panel shows sterile activation of neutrophils with Calcium Ionophore 5µM and Tamra labelling of activated 
neutrophils. Middle panel shows no labelling of A549 cells and lower panel shows bacterial stimulation of human 
monocytes, with no labelling of bacteria or monocytes. Representative images of three independent experiments for 
each condition. 
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This construct provides proof of concept that a single tracer can be used to assess two 

interdependent processes simultaneously. This compound still needs careful 

fluorophore optimisation to become more spectrally distinct and to enable use with 

clinically approved imaging systems, as well as assessment in size relevant disease 

models. However, the work here provides initial evidence that such approaches are 

feasible.  

Figure 4.29 Method of neutrophil and bacterial labelling with NeBac.  
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4.5  Discussion 

The results of this chapter confirmed that it was possible to determine the gram-status 

of bacteria in situ, using a fluorescently labelled PMX moiety and imaging with FCFM 

in an ex vivo model. If such a construct is used sequentially with the NBD-UBIdend 

construct discussed in chapter 3, then this can provide a potential bedside diagnostic 

algorithm that can not only inform clinicians of the presence of bacteria in the lungs 

of a deteriorating patient with pulmonary opacities, but can also give the gram-

specificity of the organism thereby offering more targeted therapy. Furthermore, this 

technology has the potential to do this in real-time, offering significant advantages 

over current methods, especially bronchoalveolar lavage.  

The work described here demonstrates some critical insights into the function of the 

NBD-PMX construct; firstly, and unsurprisingly, the intact and unobstructed cyclic 

ring is critical for interaction with the bacterial membrane and binding. The construct 

containing 5 NBD-PEG linkers attached throughout the cyclic ring ((5NBD)-PMX) 

demonstrated complete loss of labelling on all bacteria, including gram-negative 

bacteria. The cyclic ring of polymyxin is composed of six amino acids, 5 in their L-

configuration as well as a D-Phe in position 6 (Velkov et al., 2013). Modifications to 

make NBD-PMX included the removal of the membrane perturbing hydrophobic tail 

containing fatty acid chains and two amino acid residues, but there is retention of the 

positively charged diaminobutyric-acid (DAB) residues on the cyclic ring, giving the 

compound its overall cationic charge (Peterson et al., 1985).  It’s amphipathic nature 

is maintained by the hydrophobic residues which remain in position 6 and 7 (D-phe 

and Leu respectively) (Velkov et al., 2010) despite removal of the fatty acid chains for 

a relatively hydrophilic PEG spacer. It is the retention of these positive charges that 

allow the binding of the PMX moiety to anionic lipid A component of 

lipopolysaccharide (Schindler and Osborn, 1979, Velkov et al., 2013). This finding for 

the requirement of free DAB residues for bacterial binding are supported by Soon et 

al (Soon et al., 2011), who report that when two or more of the five free DAB binding 

sites are derivatized with dansly-chloride, the compound lost antimicrobial activity, 

but this was retained with a single dansyl substitution at the first Lys residue. Our 

(5NBD)-PMX construct replaced the free DAB residues and there was loss of labelling 
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due the loss of electrostatic interactions, which is first mode of interaction with the 

membrane (Nikaido, 2003).  

Secondly, the data demonstrated the linker used affects the gram-selectivity of the 

compound. For P. aeruginosa all the spacers (PEG, 6-aminohexanoic acid (Ahx), eight 

carbon 8-aminooctanoic acid (Aoc) and twelve carbon 12-aminododecanoic acid 

(Ado)) all gave a similar fluorescence readouts, but for S. aureus, there was no 

labelling with PEG or Ahx, then increasing labelling with Aoc and Ado. Although 

from the primary structure two amino acids and the fatty acid residues have been 

removed, this has been replaced with the NBD fluorophore attached to the spacers 

described above. The PEG will have the opposing effect and maintain hydrophilic 

potency whereas, the 6, 8 and 12 carbon derivatives of the spacers all result in 

increasing lipophilicity the compound, and thereby increasing the avidity to the 

membrane lipid bilayer (Velkov et al., 2010). The lack of fluorescence increase for 

gram-negative in Figure 4.13 suggest the hydrophilic PEG spacer provides adequate 

access to the membrane bilayer, thereby reaching optimal fluorescence. For S. aureus, 

however, this increased hydrophobicity coupled with the increased physical length of 

the spacer may allow access to the lipid bilayer, across the peptodiglycan layer, to give 

a fluorescence readout. The spacer length has been shown to improve the access of 

AMPs to the target membrane (Bagheri et al., 2009, Costa et al., 2011). As the purpose 

was to synthesise a gram-selective compound, the findings of loss of gram-selectivity 

strengthened the case to utilise the construct with a PEG spacer.  

Thirdly, the use of mutant strains of bacteria intrinsically resistant to polymyxin have 

demonstrated that binding to the bacterial membrane is LPS mediated. LPS can have 

multiple forms on bacterial surfaces (Figure 4.30), and has multiple components; 

closest to the membrane is the lipid A, containing disaccharides and fatty acids which 

anchor the LPS to the membrane surface. Then a core, comprising of inner and outer 

core, containing oligosaccharide components attached to lipid A as well as other 

components such as phosphates and amino acids, and then the outer component 

comprising the O-side chains, made of polymerized polysaccharides units (Caroff and 

Karibian, 2003). The heterogeneity of LPS across and within bacterial species can arise 
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from changes to any of the three components of LPS (Erridge et al., 2002), though 

within species the core is relatively conserved.  

 
Figure 4.30 Schematic structure of LPS variant. Schematic representations of the enterobacterial Gram-negative 
cell envelope (left), a lipopolysaccharide structure (right), R, SR, and S indicate the structures of Rough-type, Semi-
Rough type (with only one O-chain subunit) and Smooth-type lipopolysaccharides, respectively. Reproduced, with 
permission,  from (Caroff and Karibian, 2003) 

To understand the binding target on LPS of NBD-PMX, mutant bacteria from the 

Burkholderia species were used; B. cenocepacia is a gram-negative bacteria that 

displays a highly resistant phenotype to AMPs, including polymyxin, due to multi-

tiered modifications in their LPS component, including for some strains changes to 

lipid A (De Soyza et al., 2008, Ortega et al., 2007). To assess the binding of NBD-

PMX to LPS isomers, two ET12 lineage isomers of B. cenocepacia were used; J2315 

is a clinical isolate from the UK (Govan et al., 1993) and contains a defective O-antigen 

production and therefore has a attenuated rough LPS phenotype (Ortega et al., 2005, 

Holden et al., 2009) and strain K-56, which was first isolated in a Canadian patient and 

has been shown to possess smooth LPS (Loutet et al., 2011, Mahenthiralingam et al., 

2000) but is highly resistant to polymyxin B due to loss of lipid A core 
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oligosaccharides (Loutet et al., 2006).  We demonstrated the binding of NBD-PMX 

was less than P. aeruginosa for both strains, but with the rough LPS phenotype there 

was still fluorescence labelling. This was lost completely with a smooth LPS 

phenotype which is known to have lipid A mutations, and taken with the ability of 

NBD-PMX to label P. aeruginosa (PA01) which has smooth LPS (Kropinski et al., 

1979, Goldberg et al., 1993, Bantroch et al., 1994), this confirmed the predominant 

binding of NBD-PMX is mediated by the lipid A core.   

As mentioned in the introduction the bactericidal effects of PMX, although not 

universally agreed (Sampson et al., 2012), are thought to be due to a two-step process 

(Nikaido, 2003, Vaara, 1992); firstly perturbation of the membrane mediated by the 

fatty acid tail, then the self-promoted uptake pathway, where the amphipathic nature 

of the compound is critical to allow the passage of molecules, osmotic imbalance and 

ultimately bacterial cell death (Velkov et al., 2013, Hancock, 1997). It is known that 

PMX moieties without the fatty acid chain, called PMBN, can still cause membrane 

permeabilisation of the bacteria but without bacterial death (Rosenthal and Storm, 

1977) and higher concentrations of the PMBN are required for bactericidal activity 

(Duwe et al., 1986). In the study by Duwe et al, PMBN had MIC50 values against E. 

coli of 32 µg/ml, K. pneumoniae of 128µg/ml and P. aeruginosa of 4µg/ml, which is 

lower than the full polymyxin B, where MIC50 for E. coli is <0.5 µg/ml, K. pneumoniae 

is <0.5µg/ml and P. aeruginosa is 1µg/ml (Gales et al., 2011).   PMBN also has a 

lower avidity for bacteria, thought to be due to lower amphipathic components when 

compared to the intact polymyxin B and its binding avidity is thought to be primarily 

driven by electrostatic charge (Thomas and Surolia, 1999).  Despite NBD-PMX 

lacking the fatty acid chains, we have demonstrated there is still permeabilisation 

effects on the bacterial membrane by electron microscopy, as seen with PMBN, and 

NBD-PMX is bactericidal on gram-negative bacteria at low micromolar 

concentrations (Figure 4.10). This bactericidal effect by NBD-PMX  may be driven by 

the presence of the PEG-NBD complex in place of the fatty acid chain, or the 

compound still retains its amphipathic nature through the amino acids at position 6 and 

7 of the ring structure (Tsubery et al., 2002), as presence of these amino acids has been 

shown to be essential for the antibacterial activity (Pristovsek and Kidric, 1999, 

Kanazawa et al., 2009).  
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NBD-PMX labelled bacteria in situ in a large animal model, with gram-selectivity and 

using a clinically approved FCFM system. Therefore there is potential for translation 

to clinical settings. Together with the compound discussed in chapter 3, NBD-UBIdend  

there is the possibility to use these compounds sequentially to determine i) the presence 

of bacteria and ii) the gram-specificity of the bacteria. Furthermore, the results are 

reliably interpreted by an automated image analysis algorithm, which performs a 

frame-by-frame analysis. This negates the need for a trained and expert human eye to 

interpret the results and thereby has wider clinical traction. The impact of such tools 

in the ICU have been discussed to permit the rapid stratification of patients for targeted 

antibiotic prescribing.  

Finally, the NeBac data provides proof of concept regarding the ability to 

simultaneously image both activated neutrophils, alongside bacteria, in the distal lung. 

The ability to multiplex remains one of the goals of any optical molecular imaging 

technology (Gao et al., 2004) and would be advantageous to fully resolve biological 

processes underway in the human body in real-time in order to perform a true ‘optical 

biopsy.’ This approach would negate the need for surrogate biomarkers, extracting 

cells or tissue or the inference of what disease process is active. Therefore to 

understand the interplay between the inflammatory insults (often bacteria) and the 

ensuing inflammatory response, predominantly driven by neutrophil recruitment 

would be a significant advance in this already large area of research (Lee and Downey, 

2001, Brown et al., 2006, Kawabata et al., 2002). If the ability to simultaneously image 

both processes in humans is realised, alongside serial imaging, then this has the 

potential to become a powerful tool in the understanding the pathogenesis of ARDS in 

humans and stratification of patients into groups that may benefit from specific 

therapy, such as clinically approved sivelestat (Iwata et al., 2010), to inhibit neutrophil 

elastase.  Currently the NeBac compound, with spectral distinction, can label activated 

neutrophils in vitro, and detect gram-negative bacteria when free neutrophil elastase is 

present. There are a number of very significant limitations to this in terms of 

clinical/biological translation; for example, such an investigation would be of limited 

use in a neutropenic patient, in a patient with dysfunctional neutrophil activity or if the 

elastase is buffered in vivo. Therefore, a number of factors need to be optimised 

including consideration of which targets to image, ensuring the fluorophore choice is 
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compatible with clinical systems, as well as assessment in size relevant models, which 

could be achieved with further adaptations of the current ex vivo model. 

4.5.1 Conclusion and limitations of work described in this 

chapter  

The limitations of NBD-PMX/FCFM imaging in the lung remain the same as those 

discussed in chapter 3, namely lack of spectral distinction from elastin 

autofluorescence, the limited FOV to 600µm, the LOD of the Smartprobe/FCFM 

approach and image analysis. However, there remains two additional areas for 

discussion; firstly, the impact of the compound to image PMX resistant bacteria has 

not been fully assessed amongst pneumonia causing organisms. PMX resistance within 

bacteria causing ICU infections is rare, even amongst multi-drug resistance strains 

(Garnacho-Montero et al., 2003, Levin et al., 1999, Manikal et al., 2000), but may be 

an emerging concern in the future with increasing colistin use as a last-line therapy 

(Urban et al., 2001). Thus the utility of NBD-PMX to label and image pneumonia 

causing PMX resistant organisms in the ICU, out with the Burkholderia species (an 

extremely rare cause of ICU pneumonia (Chastre and Fagon, 2002)), remains to be 

proven. Secondly, nosocomial infections in the lungs within ICU may be caused by 

multiple bacterial species. Such polymicrobial infections have been reported in 13% 

of nosocomial pneumonia (Bryan and Reynolds, 1984), however some authors have 

reported up to 52% of cases have polymicrobial growth (Combes et al., 2002). In the 

study by Combes et al, 34 of the 124 patients (27%) with VAP has the growth of both 

a gram-positive and a gram-negative organism, whilst the remainder grew multiple 

microbes with the same gram-status. It therefore remains a distinct possibility that in 

a proportion of patients in whom there is a true polymicrobial component this method 

would undertreat these patients. However, this would, in the initial instance be 

assessed in clinical trials with the combined culture of the distal alveolar space by 

BAL, and future strategies could include the use of a spectrally distinct gram-positive 

specific Smartprobe in place of the all bacteria detection probe.  

Notwithstanding these limitations, this chapter provides preclinical evidence of the 

utility of a gram-negative detection Smartprobe used in conjunction with FCFM to 

detect bacteria in an ex vivo large animal model with excellent discrimination of gram-

negative from gram-positive and control segments.  
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Chapter 5: Label-free FCFM in a clinical cohort of suspected 

lung cancer 
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Abstract 

Chapter 5 evaluated the ability of FCFM, without the addition of contrast agents or 

Smartprobes, to distinguish benign from malignant pulmonary nodules in a cohort of 

patients undergoing investigation for potential lung cancer. This clinical cohort had 

FCFM performed as part of a diagnostic pathway for an indeterminate pulmonary 

nodule. From 122 patients with nodules, 88 (72%) had a benign cause and 34 (28%) 

had a malignant cause and therefore a diagnosis of lung cancer. The clinical 

characteristics of the cohort demonstrated that a nodule due a malignant cause was 

more likely to be larger in size, in older patients and located in the upper lobes of the 

lungs. Furthermore, the clinical and radiological characteristics of the patients were 

assessed in risk calculators to determine the probability of malignancy for each nodule.   

FCFM imaging videos from the same patients were assessed; first in a subset, each 

frame was manually annotated and different features on manual identification were 

plotted in differential feature spaces. Next entire videos were assessed and the on target 

frames (frames only where the nodule was reached) extracted. In these on target frames 

there were no distinguishing features to discriminate a benign from malignant nodule. 

This remained true for an experienced operator assessing the frames, or if the frames 

were analysed in an automated fashion, including training and validation classifiers. 

Therefore, this chapter concluded that no label free methods were developed to 

determine if a nodule is benign or malignant.  
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5.1  Introduction 

Pulmonary nodules are common findings on computed tomography (CT) scans and 

cause both clinical and diagnostic uncertainty. With the increased use of CT scans in 

clinical practice (Mettler Jr et al., 2000, Brenner and Hall, 2007), and the targeted 

screening of high risk individuals for lung cancer (Aberle et al., 2011, Horeweg et al., 

2014, Henschke et al., 1999) the detection of nodules will increase and management 

may extend to 4 years of observation  (Callister et al., 2015), causing significant 

uncertainty for the patient over a period of years. Recently published guidance from 

the British Thoracic Society (Callister et al., 2015), following a comprehensive review 

of the literature, recommends an initial approach where the risk of malignancy is 

assigned based on clinical and CT features, with further imaging with PET-CT if this 

risk is greater than 10% chance of malignancy. This then adjusts the risk of malignancy 

based on the PET-CT findings which leads to the consideration of a CT surveillance 

phase (if under 10%), intervention to treat the lesion by excision or non-surgical means 

(if >70%) or a consideration for a tissue diagnosis or CT surveillance if risk is 10-70%.   

The uncertainty regarding the unknown aetiology of the nodule is linked directly to 

the potential to cause harm in a patient. A patient with a benign nodule on CT scan 

may have harm from unnecessary procedures such as biopsy, unnecessary treatment 

in the form of radiotherapy or surgery as part of ‘curative’ attempt.  Further sources of 

harm for the patient with the benign nodule come from the uncertainty of the diagnosis 

and the potential this may be cancer (Wiener et al., 2015) or the harm from not treating 

other causes, such as infectious causes  (Im et al., 1993, Leef and Klein, 2002). 

Conversely, a patient with a nodule that is malignant may come to harm if this is not 

treated by resection or radiotherapy, as the diagnosis of Stage I lung cancer (which 

would be the staging of a pulmonary nodule) is associated with a 58-73% 5-year 

survival, whereas a delayed presentation with Stage IIIB or IV is associated with a 9-

13% survival at 5 years (Detterbeck et al., 2009). Furthermore, screening studies often 

find a high incidence of benign nodules, but the largest screening trial, the National 

Lung Screening Trial (NSLT) found screening high risk populations results in a 

reduction from lung cancer mortality (Aberle et al., 2011), which if replicated in other 



 

162 

studies may accelerate the implementation of national lung cancer screening 

programmes.   

Therefore, any minimally invasive method of obtaining a definitive diagnosis at the 

point of presentation has the potential to minimise many years of CT surveillance, and 

prevent (where unnecessary) or expedite (where necessary) surgical treatments and 

thus reduce harm in both groups. With increasing technology available at 

bronchoscopy, including endobronchial ultrasound (Herth et al., 2006) and 

navigational technology (Gildea et al., 2006) almost all of the lung parenchyma can be 

accessible by endobronchial means. Therefore it remains possible to pass an FCFM 

fiber to a nodule wherever it is located within the lung but the role of FCFM in the 

management of patients with nodules has not been fully defined. Sorokina and 

colleagues (Sorokina et al., 2014) performed an ex vivo study of lung cancer specimens 

with topical fluorophores and found there was a correlation between FCFM images 

and light microscopy features of lung carcinoma. Furthermore, Fuchs et al (Fuchs et 

al., 2013) have assessed this in vivo, with central airways lesions, with the topical 

administration of acriflavine (a nuclear stain) demonstrated good correlation with 

histological features on biopsy and could distinguish malignant and 

inflammatory/benign lesions.  Furthermore, Luc Thiberville and colleagues have 

published extensively in the field of pulmonary FCFM imaging including the first 

reports of its use (Thiberville et al., 2009b, Thiberville et al., 2007b, Thiberville et al., 

2007a). They have also been including the use of computer-aided analysis for the 

classification of images from healthy individuals versus pathological conditions (Désir 

et al., 2012a, Hébert et al., 2012, Petitjean et al., 2009) and have demonstrated 

promising results to classify, in an automated manner, pathological from normal 

structures during in vivo FCFM. However, there have been no published reports, with 

the exception of conference abstracts, of FCFM for the diagnosis of benign from 

malignant nodules in vivo.  As both of these cohorts will have disruption of the normal 

lung architecture, a critical question remains, can autofluorescent patterns on 

FCFM discriminate benign from malignant nodules? If this were possible it could 

have significant impact on the management of patients with a solitary pulmonary 

nodule, as a minimally invasive investigation (bronchoscopy plus FCFM) would be 

available that could, at the point of presentation, inform the patient of whether the 
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abnormality is benign or malignant, and therefore avoid the need of more invasive 

investigations or unnecessary surveillance follow up.  

The hypotheses for the work in this chapter are that using a label free method, FCFM 

could access peripheral solitary nodules and the pattern of fluorescence could 

inform whether the nodule is benign or malignant. The aims were to clinically 

characterise a cohort of patients who underwent FCFM imaging as part of an 

investigation plan for pulmonary nodules, extract relevant FCFM data and use both 

expert operator assessment and computer automated analysis to determine whether 

there are features to suggest a benign from malignant nodule.  
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5.2  Clinical cohort of patients with pulmonary nodules 

 

5.2.1 Clinical cohort characteristics 

In collaboration with the Columbus Lung Institute, Indiana, USA, a retrospective 

analysis of a prospectively collected cohort of patients undergoing FCFM as part of 

the investigation for a pulmonary nodule was undertaken. All radiology was 

independently reviewed and a total of 193 patients were included in the initial cohort 

(Figure 5.1). Following review of the computed tomography scans, pathology results 

and clinical details, 38 patients were excluded as they had abnormalities >30mm and 

therefore could not be classified as a nodule, a further 27 had no discrete nodule by 

definition and in 6 there was no available radiology. Therefore the nodule cohort 

consisted of 122 patients, of which 88 (72%) had a benign lesion, and 34 (28%) had a 

malignant lesion. As the demographics included a population susceptible to 

histoplasmosis, granulomas were considered benign but data is also shown separately 

for the clinical characterisation of granuloma.  

Of the nodule cohort (Figure 5.2) with malignant nodules all but 4 of the cases were 

based on pathological confirmation, and the remaining 4 had a nodule that grew in an 

interval scan which was subsequently pathologically confirmed. The most common 

type of malignancy was pulmonary adenocarcinoma (50%) and squamous cell 

carcinoma (24%). There was no difference between gender (malignant cohort 41.2% 

female, benign cohort 55.7% female, p=0.1633, fishers exact test), however, nodules 

were more likely to be in the upper lobe if malignant (malignant cohort 76.5% in upper 

lobe, benign cohort 55.7% in upper lobe, p=0.0394, fishers exact test). Patients with a 

malignant nodule were more likely to be older (Figure 5.3), have a larger nodule 

(Figure 5.3) but there were no differences with the type of nodule discovered (Figure 

5.4), the number of nodules per patient (Figure 5.5) or smoking status (Figure 5.5).  
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Figure 5.1 Characteristics of overall cohort. Classification of patients into overall diagnoses according to clinical, 
CT and pathology data, with overall diagnosis category.  

 

 

 

Figure 5.2 Characteristics of the nodule cohort. Classification of patients into benign or malignant on the basis of 
pathology or surveillance data. 
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Figure 5.3 Patients with malignant nodules have larger nodules and are older. Graphs show the size of nodule 
(left) and age of patients (right) when comparing benign from malignant nodules. Data demonstrates that patients with 
malignant nodules were more likely to be older, and have a larger nodule. Plots on right within each graph show the 
benign category broken down into benign where granuloma excluded compared to granulomas showing no 
differences. Each point represents patients nodule size, or age, and bars represent standard deviation, analyses by 
Mann-Whitney U test, ***=p<0.001, ns=not significant.  

 

 

Figure 5.4 No differences in types of nodules between the two groups. Graphs show the type of nodule on CT 
scan when comparing benign from malignant nodules. Data demonstrates that there were no differences in the type 
of nodule discovered between the two groups. Plots on right within the graph show the benign category broken down 
into benign where granuloma excluded compared to granulomas showing no differences. Analyses by Mann-Whitney 
U test, ns=not significant. 
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Figure 5.5 No differences in smoking status and number of nodules between the two groups. Graphs show the 
number of nodules (left) and smoking status in pack years (right) when comparing benign from malignant nodules. 
Data demonstrates that there were no differences in smoking status or number of nodules between the two groups. 
Plots on right within each graph show the benign category broken down into benign where granuloma excluded 
compared to granulomas showing no differences. Each point represents individual patients, and bars represent 
standard deviation, analyses by Mann-Whitney U test, ns=not significant. 

 

5.2.2 Risk calculator assessment in clinical cohort 

To assess these parameters in clinical risk calculators, the individual risk of each 

patients nodules(s) were assessed in both the Mayo clinic model (Figure 5.6) or the 

Brock model (Figure 5.7). Both these models demonstrated there was a significantly 

higher risk of malignancy ascribed to the malignant nodules compared to the benign 

nodules, with no differences in the benign group between granulomas and the 

remaining benign diagnoses. The receiver operator characteristics were calculated for 

each model and have an area under the curve (AUC) of 0.8673 and 0.8396 for the 

Mayo clinic model and Brock model respectively.   
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Figure 5.6 Mayo clinic model applied to nodule cohort. Data demonstrates the percentage risk attributed to each 
patients nodule(s) according to the Mayo clinic model. Graph on left demonstrates the risk of malignancy per patients, 
with the mean and standard deviation, demonstrating a higher percentage risk amongst those with malignant nodules. 
Plots on right show the groups with granuloma excluded when compared to the granuloma group for benign nodules. 
Dotted line represents 10% risk, below which surveillance is recommended.  Graph on right shows receiver operator 
characteristics for the model. Analyses by Mann-Whitney U test, ***=p<0.001, ns=not significant.  

 

Figure 5.7 Brock model applied to nodule cohort. Data demonstrates the percentage risk attributed to each 
patients nodule(s) according to the Brock model. Graph on left demonstrates the risk of malignancy per patients, with 
the mean and standard deviation, demonstrating a higher percentage risk amongst those with malignant nodules. 
Plots on right show the groups with granuloma excluded when compared to the granuloma group for benign nodules. 
Dotted line represents 10% risk, below which surveillance is recommended. Graph on right shows receiver operator 
characteristics for the model. Analyses by Mann-Whitney U test, ***=p<0.001, ns=not significant. 
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Although the calculators perform with good receiver operator characteristics, if we 

utilised current guidelines then only 19% and 23% (below 10% risk) of the Mayo 

Clinic model and Brock Model respectively would move straight to surveillance, with 

consideration of further investigations such as PET for further stratification before 

attempting a tissue diagnosis or curative treatment for the remainder. Therefore, the 

potential for FCFM imaging of the nodule as an initial test to alter the baseline risk 

ascribed to each nodule was assessed.  

 

5.3  FCFM imaging in pulmonary nodules 

5.3.1 Feature identification in a subset of FCFM imaging videos 

First, in a random subset of 15 FCFM imaging videos, including 9 benign videos (3 of 

which were granulomas) and 6 malignant nodule videos, the videos were manually 

analysed on a frame-by-frame basis and each frame was ascribed a feature 

corresponding to the predominant feature pattern. The classification included i) normal 

elastin structure, ii) condensed elastin, iii) disrupted elastin structure, iv) disorganised 

elastin structure, v) cellular predominance and vi) blood vessels (Figure 5.8). Normal 

elastin represented a normal pattern of alveolar architecture, with thin elastin strands 

spaced out within the field of view (FOV). Condensed elastin represented normal 

elastin fibres and organisation but in a more compacted manner in the FOV. Disrupted 

elastin represented recognisable elastin structures without organisation and 

disorganised elastin represented abnormal elastin structure with abnormal 

organisation. Furthermore, by consensus amongst two experienced operators, a 

decision was made as to when the video was ‘on target’ and only these frames were 

analysed.  
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To assess whether these features could help to distinguish between different nodule 

types for this sub-set of videos the proportion of each feature for the given final 

diagnosis was plotted (Figure 5.9) demonstrating a higher proportion of disorganised 

elastin in malignant nodules, and predominance of cellular textures for granuloma 

videos.  

 

Figure 5.9 Feature types according to final diagnosis in sub-set of manually identified videos. Graph shows 
the proportion of frames with each feature type, organised according to the final nodule diagnosis. Analysis performed 
by Dr Paul McCool, Heriot Watt University, Edinburgh.  

Figure 5.8 Representative images of manually detected autofluorescence textures.  
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Next, for this subset, these features were plotted into feature spaces, using the 

supervised method of canonical variate analysis (CVA) (Campbell, 1984) in order to 

maximise between class variance and minimise inter-class variance (Tae-Kyun et al., 

2007). This demonstrated clustering of features across the sub-set of videos (Figure 

5.10), with some overlap between condensed and disrupted elastin features.  

   

Figure 5.10 Canonical variate analysis of the sub-set of videos demonstrating clustering of the feature types. 
Each point on the feature space represents a single frame plotted using the three most predominant CVA features. 
There is clustering of the feature types, with some overlap between disrupted and condensed elastin. Analysis 
performed by Dr Paul McCool, Heriot Watt University, Edinburgh.  

Therefore, for this sub-set of videos there were features manually identified on a 

frame-by-frame basis that corresponded to the final pathological diagnosis of the 

nodule. Furthermore, there appeared, through some supervised learning that these 

could be plotted with spatial distinction into various feature spaces. This work was in 

a sub-set of videos and therefore the entire dataset was analysed by both experienced 

human interpretation and in an automated manner as described below.  

5.3.2 Experienced operator assessment of all FCFM videos to 

determine benign from malignant nodules 

From the overall cohort, a total of 6 videos were excluded as they were in the incorrect 

file format for analysis, 6 were excluded as the files were corrupt, 9 were excluded as 

the nodule was not reached and 9 for other reasons. This resulted in 92 videos available 

for analysis in the nodule cohort, of which 66 videos were in the benign group 

(including 11 videos for granuloma) and 26 videos for the malignant nodule group. 

These 92 videos had a total of 70,395 potential frames for assessment. Once only on 

target frames were considered, the total number of frames were 17,319 frames, with 

12,807 in the benign category (in 66 videos) and 4,512 in the malignant category (in 
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26 videos). To assess interobserver variability for deciding a frame was ‘on target’ two 

observers reviewed the same sub-set of videos, containing a total of 3851 frames. From 

here there was agreement of a frame being classified from both observers as either ‘on 

target’ or ‘off target’ of 3561 of 3851 frames (92% correctly classified), Chi-squared 

p<0.0001. Using a kappa coefficient (unweighted Cohen’s kappa), the observed kappa 

agreement is 0.8482 (standard error 0.0086), 95% confidence interval 0.8314-0.865 

(Cohen, 1960). A kappa categorisation of 0.81-0.99 is classified as ‘almost perfect 

agreement’ (Viera and Garrett, 2005).  

For each on target video set, the medoid frame from a proportion of video are shown 

(Figure 5.11) to present a representative sample. These images demonstrate both the 

benign and malignant classification of nodules do not appear to have striking 

differences in the autofluorescence patterns, however to confirm this the images were 

reviewed in a blinded fashion.  For manual identification all the on target frames were 

grouped per video and reviewed by a blinded experienced operator who decided if 

each set of on target frames were from a benign or malignant nodule. The results show 

that experienced human interpretation cannot determine benign from malignant 

nodules by FCFM imaging (Table 5.1), with a sensitivity of 0.4286 (95%CI: 0.2182-

0.6598), specificity of 0.6719 (0.5431-0.7841), positive predictive value of 0.3000 

(0.1473-0.4940) and negative predictive value of 0.7818 (0.6499-0.8819).  
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Figure 5.11 Representative medoid images from benign and malignant videos. Images represent the medoid 
frame for each classification in 36 videos. Medoid classification provided by Dr Sohan Seth, University of Edinburgh.  

 

 Malignant 
Nodule 

Benign 
Nodule 

 

Classification as Malignant 9 21 30 

Classification as Benign 12 43 55 

 21 64 85* 

*Analysis undertaken in 21 malignant videos and 64 benign as unable to classify 
7 videos due to insufficient contrast or insufficient frames to make a decision.  

p=0.4380, fishers exact test.  

 

 

Table 5.1 Experienced operator assessment of FCFM on target videos. 
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5.3.3 Automated analysis of all FCFM videos 

In conjunction with the image analysis team of the EPSRC IRC (Department of 

Informatics, University of Edinburgh, and the Engineering and Physical Sciences, 

Heriot-Watt University, Edinburgh) the 17,319 on target frames in the dataset were 

analysed in an automated manner.  

First the frames were plotted in a feature space using supervised CVA and 

unsupervised principal component analysis (PCA) (Wold et al., 1987) to see if the 

initial results would hold true when applied to all the videos.  These demonstrated no 

clear separation of benign from malignant videos, when analysed on a frame by frame 

basis (Figure 5.12) into feature spaces. 

 

Figure 5.12 Analysis of all on target frames by PCA and CVA. Both PCA and CVA do not allow clustering of frames 
into distinct population when assessed by either CVA or PCA. Analysis performed by Dr Paul McCool, Heriot Watt 
University, Edinburgh.  
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Next, consideration was given to a supervised classifier of the dataset so the data 

assigned to 4 training/validation sets. Each set contained all the frames for analysis, 

and was comprised of 70% of frames for training and 30% of frames for validation. 

The assignment of frames from each video were either ascribed to a training or 

validation cohort for each set to prevent overfitting (i.e. to ensure adjacent frames from 

the same individual were not used to train and then validate) and were assigned in a 

random manner. Features were extracted using local binary patterns (Désir et al., 

2012a, Ojala et al., 2000) or scattering features (Bruna and Mallat, 2010) and were  

trained and validated in the cross validation sets using a number of classifiers including 

discriminate analysis (Baudat and Anouar, 2000), K nearest neighbour classifier 

(André et al., 2011) and classification tree (Rokach and Maimon, 2005). Furthermore, 

data is shown with dimensionality reduction (using the three principle features from 

PCA) and no dimensionality reduction (no PCA) for the features extracted.  

The summary of these methods for accuracy of benign or malignant frames are 

described in Table 5.2, which demonstrated there was no improvement of video 

classification beyond chance (as classification of all frames as benign would result in 

~70% accuracy). Furthermore, there was not improvement of the performance with 

dimensionality reduction using the 3 principle features from PCA.  

 

Table 5.2 Summary of accuracy of three classifiers feature extraction methods to diagnose benign from 
malignant nodules. Data summary and analysis performed by Dr Paul McCool, Heriot Watt University, Edinburgh.  

Discriminant Analysis 

  Local Binary Pattern Scatter Test 

No PCA PCA# No PCA PCA# 

Training set 1 Accuracy 46.00% 57.23% 48.17% 33.68% 

  % benign 76.381 

% malignant 23.619 

Training set 2 Accuracy 63.85% 37.66% 60.44% 49.49% 

  % benign 76.0859 

% malignant 23.9141 

Training set 3 Accuracy 58.92% 50.23% 54.05% 39.61% 

  % benign 72.9116 

% malignant 27.0884 

Training set 4 Accuracy 58.30% 61.83% 60.57% 58.58% 

  % benign 71.2072 

% malignant 28.7928 
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K nearest neighbour classifier 

  Local Binary Pattern Scatter Test 

No PCA PCA# No PCA PCA# 

Training set 1 Accuracy 65.62% 52.37% 61.11% 57.81% 

  % benign 76.381 

% malignant 23.619 

Training set 2 Accuracy 58.12% 58.37% 65.64% 59.78% 

  % benign 76.0859 

% malignant 23.9141 

Training set 3 Accuracy 52.26% 41.97% 53.26% 54.89% 

  % benign 72.9116 

% malignant 27.0884 

Training set 4 Accuracy 51.94% 41.07% 66.97% 62.33% 

  % benign 71.2072 

% malignant 28.7928 

Classification tree 

  Local Binary Pattern Scatter Test 

No PCA PCA# No PCA PCA# 

Training set 1 Accuracy 62.31% 58.78% 55.55% 60.29% 

  % benign 76.381 

% malignant 23.619 

Training set 2 Accuracy 70.36% 64.68% 57.83% 62.43% 

  % benign 76.0859 

% malignant 23.9141 

Training set 3 Accuracy 57.72% 50.81% 61.12% 56.19%  

  % benign 72.9116 

% malignant 27.0884 

Training set 4 Accuracy 57.06% 50.06% 64.71% 57.94% 

  % benign 71.2072 

% malignant 28.7928 

# 3 dimensions retained 

 

Therefore, in this dataset there was no manual human or automated (including both 

supervised and unsupervised learning) methods developed to determine benign from 

malignant nodules in this cohort.  

5.3.4 Assessment of imaging parameters with risk calculators 

Next, to assess the impact of the manual identification or automated analysis of the 

FCFM videos to determine malignancy on the risk calculator, these were entered into 

a multiple regression analysis with the clinical features comprising the risk calculator 
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parameters. Unsurprisingly, the AUC to determine malignancy was not improved 

when either manual or automated classification when compared to the initial risk 

calculators.  (Figure 5.13).  

 

Figure 5.13 Receiver operator curves of risk calculators, with the addition of the FCFM data. This demonstrates 
no improvement in the performance of the risk assignment with the addition of FCFM data when analysed by human 
eye or image analysis algorithms. Performed by Dr Sohan Seth, University of Edinburgh.   
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5.4  Discussion 

The results of this chapter demonstrate that the use of FCFM, without topical dye or 

Smartprobes application, do not accurately distinguish benign from malignant lesions 

in the lung when assessed in a large clinical cohort. This remains true for both an 

experienced operator interpreting the images manually and for automated image 

analysis techniques including both supervised and unsupervised analysis.  

During the development of a nodule pathologically there is replacement of the normal 

pulmonary architecture with either inflammatory cells, fungal or bacterial growth, 

aberrant fibrosis, congenital malformations, vascular malformations or malignant cells 

(Erasmus et al., 2000, Tan et al., 2003). These processes all result in ‘abnormal’ tissue 

being present where there should be normal lung parenchyma, and therefore, as the 

488nm imaging system will only image the autofluorescent structures such as elastin 

and collagen, the diverse underlying processes whether benign or malignant will cause 

displacement or destruction of the normal elastin architecture. Thus, it is perhaps 

unsurprising that when an area of the lung is replaced with abnormal tissue, then the 

effects on the autofluorescent structures in the lung remain the same regardless of the 

underlying aetiology of the abnormality.  The results from this chapter support the 

view that the autofluorescent structures are abnormally arranged in both benign and 

malignant nodules and label free autofluorescence elastin imaging cannot distinguish 

between them.   

The clinical characteristics of the dataset described is consistent with the published 

literature on nodule cohorts (Gould et al., 2007b, Herder et al., 2004, McWilliams et 

al., 2013, Swensen et al., 1997, Wahidi et al., 2007). This dataset confirms that 

malignant nodules are found in older patients, have a larger axial diameter, have an 

upper lobe predominance and are predominantly solid nodules. This cohort has an 

incidence of malignancy of 28% and although the literature reports variable incidences 

of malignancies depending on the population studied, a prevalence of 20-30% is 

reported in a systematic review (Wahidi et al., 2007). Interestingly, despite smoking 

pack years being a risk factor for malignancy across multiple studies (Gould et al., 

2007b, Swensen et al., 1997), this was higher amongst the group with malignant 

nodules but this did not reach statistical significance. This may be, in part, explained 
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through 50% of the malignant nodules being adenocarcinoma, where the association 

with smoking is less than other histological types (Kabat, 1996, Lubin and Blot, 1984, 

Lubin et al., 1984) although this does remain a contentious issue (Yang et al., 2002, 

Yun et al., 2005). Furthermore, for the Mayo clinic model this data demonstrated an 

area under the curve (AUC) of 0.8673, which is higher than the reported literature of 

external validation of the model. Herder et al (Herder et al., 2005) modified the Mayo 

clinic model to incorporate a PET-CT result but found a baseline (pre-PET) AUC of 

0.79, which is similar to the validation cohorts of Schultz et al (Schultz et al., 2008) 

with AUC of 0.80 and Isbell et al (Isbell et al., 2011) of 0.78 for the Mayo clinic model.  

However, in all these cohorts the incidence of malignancy was higher with 57%, 44% 

and 73% respectively, whereas the initial cohort from Swensen et al (Swensen et al., 

1997) reported an incidence of 23% and the AUC was 0.8328. Although the Brock 

model has not been previously externally validated, these results demonstrate this 

performs worse than in the initial study, which included a validation cohort and the 

AUC was reported as 0.960 (McWilliams et al., 2013). Taken together, the results 

demonstrate that this cohort is broadly consistent with the published literature on 

pulmonary nodule cohorts and the data reflects the real-life management of patients 

with pulmonary nodules.   

The FCFM data demonstrated that there is no distinction of autofluorescent imaging 

textures to predict a benign from malignant lesion, without the use of contrast agents 

or Smartprobes. Firstly, we have demonstrated that an experienced operator cannot 

distinguish benign from malignant nodules, when on target frames have been 

presented. Previous studies have demonstrated based on clinical and radiological (CT) 

data that physician judgement remains as good as risk prediction models (Swensen et 

al., 1997) but physicians may overestimate the risk of malignancy, as seen with our 

manual interpretation, although in this case the experienced operator was blinded to 

all clinical information. Furthermore, attempts to classify the frames in feature spaces 

to see if they would cluster separately showed no distinct clusters when applied to the 

whole cohort either by using unsupervised methods (PCA) or supervised methods 

(CVA). In an attempt to train the classifier and using multiple methods of feature 

extraction, there was still no classification of the frames into benign and malignant 

classification above chance findings.  
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For nodules, the use of image analysis techniques using CT and clinical data through 

automated neural networks has previously been used in the field of pulmonary nodule 

diagnoses with variable results (Nakamura et al., 2000, Gurney and Swensen, 1995). 

Currently, in clinical practice, however, these are not routinely used as their uptake 

would require extensive validation in clinical cohorts with consistent results. As 

FCFM is a new modality, incorporating image analysis to demonstrate objective 

differences from the outset may lead to greater uptake and confidence in the 

technology. Image analysis for pulmonary FCFM imaging has been undertaken by Luc 

Thiberville’s group; Hébert et al (Hébert et al.) analysed FCFM images of the distal 

lung in healthy volunteers, or patients with interstitial lung disease. A total of 133 

images from non-smokers, and 93 images from smokers were included and using local 

binary patterns in a boosted cascade of classifiers found there was discrimination from 

healthy alveolar structure from pathological in 86.3% and 95.1% of non-smokers and 

smokers respectively. Further work in the same group (Désir et al., 2012a, Désir et al., 

2012b) demonstrated that classification between pathological and healthy in both 

smokers and non-smokers can be improved using image analysis techniques including 

application of random subwindows and extra-trees (with LBP) or support vector 

machine classifiers. Finally, they have also demonstrated with the application of 

methylene blue (a contrast agent) and using the Cellvizio system operating at 660nm 

wavelength for the diagnosis of bronchial lesions using 103 normal images and 70 

pathological images and demonstrate feature extraction followed by support vector 

machine classification can report a 90% classification accuracy (Rakotomamonjy et 

al., 2014). The work by these groups in the identification and classification of features 

on FCFM images in the lung are promising, demonstrate that computed analysis has a 

definite role in pulmonary FCFM imaging and form the foundation for future work in 

this field. However, a number of significant differences remain with our work as we 

are assessing the difference between two pathological conditions, i.e. benign from 

malignant lesions, both of which cause abnormal alveolar fluorescence images. 

Furthermore, we are attempting to do this with label free methods and their latter work 

uses topical dye administration. However, this approach in this cohort seems to be non-

discriminatory for pulmonary nodules and other approaches must be considered, such 

the use of a generic contrast agent, or the targeted use of Smartprobes. 
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The use of contrast agents for pulmonary FCFM images has previously been 

considered. The use of topical methylene blue (Thiberville et al., 2009c, 

Rakotomamonjy et al., 2014, Thiberville et al., 2009a, Zirlik et al., 2012) have been 

used to demonstrate nuclear staining in pulmonary FCFM imaging but requires the 

660nm Cellvizio system, where the autofluorescence would not be seen. Fluorophores 

with compatibility at 488nm include acriflavine, which has been advocated by some 

groups (Fuchs et al., 2013) but not others (Obstoy et al., 2015) and cresyl violet, which 

has been demonstrated to provide contrast with a prototype fiber based confocal 

system for bronchial imaging (Lane et al., 2009). Fluorescein, which has been 

extensively used and is well established with FCFM in gastrointestinal imaging to 

demonstrate cellular dysplasia and malignancy (Becker et al., 2008, Goetz and 

Kiesslich, 2008), has been met with limited success when administered intravenously 

for pulmonary FCFM imaging in humans (Fuchs et al., 2010) but has been 

demonstrated for bronchial vasculature imaging in preclinical models (Suter et al., 

2005). However, the topical administration of fluorescein for pulmonary imaging has 

not been reported in the literature, but the use of topical fluorophores for lung cancer 

diagnosis has been demonstrated ex vivo by Sorokina et al (Sorokina et al., 2014). Our 

group has also demonstrated the potential of targeted imaging with a fluorescein based 

Smartprobe in whole large animal lung models and human lung tissue ex vivo (Aslam 

et al., 2015). The potential of a fluorescein based Smartprobe targeted imaging in lung 

cancer has also been demonstrated by targeting EGFR mutations in cell line xenograft 

mouse model (Patout et al., 2013) and this approach has been demonstrated in vivo for 

urological conditions (Pan et al., 2014) and oesophageal malignancy (Sturm et al., 

2013). 

5.4.1 Conclusion and limitations of work described in this 

chapter  

A number of limitations to this work must be recognised. This work formed part of a 

prospectively collected database, but is a retrospective analysis of the work, which 

carries inherent bias (Mann, 2003). Secondly, there are the potential problems around 

imaging; all imaging was performed by a single experienced operator, however bias 

for the length of time imaging an abnormal area, whether a nodule was reached or not 

and whether all on target frames were included in the analyses must be acknowledged 
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as limitations to the work. For any prospectively designed study, factors such as 

reaching the nodule, length of time imaging and confidence of reaching nodule must 

be recorded. Thirdly, the interpretation of the data relies on sufficient contrast in the 

imaging data and a number of videos could not be analysed due to the poor quality of 

some images. Fourthly, we decided to analyse images irrespective of smoking status, 

which can impact on the accuracy of the image analysis (Désir et al., 2012a, Hébert et 

al.), as only 21 of the overall cohort were never smokers. Finally although the clinical 

data is complete, a number of cases were excluded due to missing CT scans, or 

missing/unreadable FCFM data.  However, this data represents real-life data, and also 

has a number of strengths. The clinical data is complete for the parameters assessed 

for risk calculation, the study demonstrates the feasibility of reaching pulmonary 

nodules by FCFM imaging and the study contains a significant number of patients.  

In summary, in a clinically relevant cohort of patients with pulmonary nodules this 

work demonstrates that label free FCFM does not distinguish benign from malignant 

nodules.  Therefore, future work in the detection of benign from malignant nodules 

will need to include fluorescence markers to see cellular structures of the nodule, but 

ideally should include a targeted Smartprobe strategy. Label free methods may only 

be useful to inform the clinician the area is abnormal, so label-free FCFM may be used 

to guide sites for biopsy to improve diagnostic yield.  
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Chapter 6: The development of Smartprobe combined 

FCFM imaging for the assessment of lung cancer.  
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Abstract 

Chapter 6 considers a Smartprobe/FCFM targeted approach for characterising a 

potential lung cancer. First, a Smartprobe for targeting the integrin heterodimer αvβ3 

by using a cyclic Arg-Gly-Asp (cRGD) construct, called cRGD-diAC-FAM is 

evaluated. This construct was non-specific for all cell lines and peripheral whole blood 

subtypes assessed.  Furthermore, the lung cancer cell lines A549, H69 and H345 were 

assessed for αvβ3 expression and were found to have low level expression and taken 

together this compound was not pursued.  

Consideration was next given to the matrix metalloproteinase (MMPs) family and an 

in-house generated substrate for MMP subtypes of Pro-Phe-Gly-Nle-Lys-βAla was 

assessed against a spontaneous ovine model of lung adenocarcinoma. There was an 

increase in fluorescence in cancer segments, with inhibition through a pan-MMP 

inhibitor. In human samples this compound had a higher fluorescence against most, 

but not all, patient derived tumour samples assessed when compared to adjacent 

normal tissue and above background reading.  

Finally, as the detection and assessment of tumour samples is likely to require a 

multiplexed approach, an assay system is described to allow the culture and spheroid 

formation of patient derived lung cancers. This system has the potential to be used as 

a high throughput assessment tool for the development of new imaging compounds 

and, through a proteomic approach, to identify new putative targets to make imaging 

agents against.  
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6.1 Introduction 

Chapter 5 highlighted the potential need for a Smartprobe based approach to 

characterise lung cancer by FCFM imaging.  As discussed in chapter 1 and 5 the early 

diagnosis of lung cancer improves the prospect of cure from the condition and patients 

that present at a more advanced stage have a poorer prognosis. The development of 

Smartprobes used in conjunction with FCFM for diagnosis would represent a 

significant advance in the management of patients, and requires the targeting of the 

Smartprobes against a ubiquitous component of the lung cancer environment. 

Therefore, two targets were considered, firstly the integrin heterodimer αvβ3 and 

secondly matrix metalloproteases (MMPs).  

Integrins are transmembrane glycoproteins that aid the regulation of cellular 

morphology, differentiation and proliferation (Damjanovich et al., 1992). They form 

heterodimers based on assembly of two subunits, alpha (of which 18 exist) and beta 

(of which 8 exist) (Campbell and Humphries, 2011). One such heterodimer consisting 

of subunits alpha-v (αv) and beta-3 (β3) has a ligand binding site near the membrane 

surface (Xiong et al., 2001) and is involved in cell-cell interactions, signal transduction 

and angiogenesis as a vitronectin receptor (Horton, 1997).   Integrin expression with 

αvβ3 is found in non-small cell lung cancer (Smythe et al., 1995), NSCLC cell lines 

(Falcioni et al., 1994) and metastatic lung cancer (Berghoff et al., 2014) although some 

reports demonstrate downregulation of integrins in lung cancer (Damjanovich et al., 

1992), with loss of αv leading to a poorer prognosis (Smythe et al., 1997). Despite this 

there is still an interest in using αvβ3 as an imaging target for lung cancer (Chen et al., 

2005). This interest stems from the ability of three amino acid recognition site in αvβ3 

heterodimer by Arg-Gly-Asp (RGD) (Xiong et al., 2002, Xiao et al., 2004, Adair et 

al., 2005). RGD based imaging has been used in an optical setting (Hu et al., 2015, 

von Wallbrunn et al., 2007, Cheng et al., 2005), contrast ultrasound (Ellegala et al., 

2003), MRI (Sipkins et al., 1998) as well as use as radiotracers in radionuclide imaging 

(Chen et al., 2004b, Chen et al., 2004a, Haubner et al., 2001, Janssen et al., 2002). 

Much of this work has been undertaken in preclinical animal models, however, there 

has been a translational move into humans with RGD based imaging in PET (Beer et 
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al., 2006) including the use in patients with breast cancer (Beer et al., 2008, Kenny et 

al., 2008). 

The second target considered was from the matrix metalloproteinase (MMP) family; 

MMPs are zinc dependent endopeptidases and have a major role in cell proliferation, 

migration and differentiation (Birkedal-Hansen et al., 1993). Within cancers they 

regulate the tumour microenvironment and their expression is increased in most human 

cancers (Egeblad and Werb, 2002). The overall family was historically divided into 

groups reflecting their specificity for extracellular components, such as collagenases, 

gelatinases and matrilysins, however, they are now referred to by their structural class 

and have numerical designations (Figure 6.1) (Egeblad and Werb, 2002).  

 

Figure 6.1 Classifications and designation of MMP family. Reproduced with permission from (Egeblad and Werb, 
2002).  

The activity of the various members of the MMP family have been studied in both 

preclinical models and clinical samples in patients with lung cancer, and of particular 

relevance to lung cancer biology are the gelatin-binding MMP-2 and MMP-9. The 

expression of MMP-1, MMP-2, MMP-7, MMP-9 and MMP-13 have been 

demonstrated to be increased in malignant tumours compared to normal tissue 

(Nawrocki et al., 1997, Delebecq et al., 2000, Canete-Soler et al., 1994, Thomas et al., 

2000). Furthermore, the expression of MMPs have also been correlated with advanced 

tumour stage (for MMP-2, MMP-9 and MMP-14) (Nawrocki et al., 1997), metastases 
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(for MMP-2, MMP-9, MMP-11) (Tokuraku et al., 1995, Brown et al., 1993, Bolon et 

al., 1997) and reduced survival (for MMP-2, MMP-3, MMP-9 and MMP-11) (Michael 

et al., 1999, Kodate et al., 1997, Cox et al., 2000) in lung cancer. The effects seen 

include localisation of MMP activity to both the cancer cells (Thomas et al., 2000, 

Nawrocki et al., 1997, Soini et al., 1993), as well as the surrounding 

microenvironment, including fibroblasts (Soini et al., 1993, Nawrocki et al., 1997) and 

other stromal cells (Nawrocki et al., 1997, Canete-Soler et al., 1994). Furthermore, 

raised serum levels of MMP-2 and MMP-9 in patients with lung cancer leads to a poor 

outcome (Ylisirniö et al., 2000). Therefore, therapy with MMP inhibitors, such as 

marimastat, batimastat and prinomastat have been attractive propositions, however, 

they have been met with limited success in clinical trials of patients with lung cancer 

(Bissett et al., 2005, Coussens et al., 2002, Leighl et al., 2005).  

Despite their limited success as therapeutics, MMP targeted imaging has remained an 

attractive proposition; Bremer and colleagues (Bremer et al., 2001b, Bremer et al., 

2001a) were the first to demonstrate the ability to image proteolytic activity of tumours 

using a modified MMP-2 specific sequence conjugated to a near infra-red fluorophore 

and have detected MMP activity in tumour bearing mice in vivo. Furthermore, 

McIntyre and colleagues (McIntyre et al., 2004) have developed a MMP-7 proteolytic 

beacon, using fluorescein, to image tumours in a mouse xenograft model. Indeed the 

targeted optical molecular imaging of MMPs using a variety of techniques has been 

demonstrated preclinically in vivo by a number of groups (Yhee et al., 2012, Lee et al., 

2008, Akers et al., 2012, Sheth et al., 2010). Furthermore, a recent study (Salaun et al., 

2015) demonstrated MMP-13 overexpression in human pulmonary adenocarcinoma 

samples is associated with a more invasive lesion phenotype, and the same study 

demonstrated the feasibility of MMP imaging in situ using a mouse model of 

pulmonary adenocarcinoma and an MMP-1, 3, 9 and 13 probe. Although this used 

fluorescence molecular tomography the authors conclude this approach would be 

compatible with FCFM imaging.   

Therefore the hypotheses driving the work in this chapter are that using chemical 

Smartprobes targeting integrins or MMPs are feasible in lung cancer. This aims 

were to assess compounds in vitro, in size relevant ex vivo models, where appropriate, 
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and finally to determine future targets for lung cancer Smartprobes sequences from 

patient derived proteomic samples.  
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6.2  αvβ3 targeted imaging on cancer cell lines 

6.2.1 cyclicRGD-diacetylated-FAM construct 

A cyclic Arg-Gly-Asp (cRGD) construct (Figure 6.2) was synthesised by Dr Marc 

Vendrell, Department of Chemistry, University of Edinburgh. Cyclisation has been 

shown to lead to increased avidity for the integrin binding site (Dechantsreiter et al., 

1999) and the fluorophore was a carboxyfluorescein diacetate (diAC-FAM), which is 

quenched in its native form but restores the fluorescence of carboxyfluorescein (FAM) 

upon cleavage of esters following cell entry in viable cells leading to an intracellular 

accumulation of fluorescein (Rotman and Papermaster, 1966, Weston and Parish, 

1990). 

 

Figure 6.2 Structure of cRGD-diAC-FAM (Carboxyfluorescein diacetate (diAC-FAM) shown in green).  

Cell lines representing non-small cell lung cancer (A549), small cell lung cancer (H69 

and H345) as well as a positive control (breast cancer cell line expressing αvβ3 MDA-

MB 231) and negative control (breast cancer cell line not expressing αvβ3 MCF-7) (Cao 

et al., 2012, Pecheur et al., 2002) were incubated with 5µM cRGD-diAC-FAM and 

analysed by flow cytometry (Figure 6.3). This demonstrated uptake of the compound 

for all cell lines assessed.  
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Figure 6.3 Fluorescence uptake on all cell lines with cRGD-diAC-FAM. Representative flow histograms for three 
lung cancer cell lines (A540, H69, H345) and a positive control (MDA-MB-231) and negative control (MCF-7) showing 
fluorescence uptake for all cell lines with cRGD-diAC-FAM (5µM). n=3, white plots represent unstained cells, grey 
plots are cells incubated with cRGD-diAC-FAM. 

To assess if this was a nonspecific uptake a number of experiments were performed. 

Firstly, the A549 cell line was incubated with free FAM (carboxyfluorescein 

fluorophore alone) (Figure 6.4) demonstrating the same fluorescence uptake for the 

compound or fluorophore alone. Secondly, the compound was assessed on flow 

cytometry against peripheral blood for labelling of cellular sub-populations including 

granulocytes, monocytes and lymphocytes (Figure 6.5), again demonstrating uptake 

which is similar to free fluorophore on all cellular subtypes.  

 

Figure 6.4 cRGD-diAC-FAM uptake identical to carboxyfluorescein with A549 on flow cytometry. Left panel 
shows representative flow histogram demonstrating fluorescence intensity of A549 cells incubated with cRGD-diAC-
FAM 5µM or equimolar concentration of carboxyfluorescein. Graph on right demonstrates quantification of flow data, 
n=3, Student’s t-test, ns=not significant. 
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Figure 6.5 Whole blood flow assay demonstrating labelling of all cellular subtypes with cRGD-diAC-FAM and 
carboxyfluorescein. Plot on left shows gating strategy and plots on right show granulocytes, monocytes and 
lymphocytes with no compound, cRGD-diAC-FAM 10µM or fluorescein 10µM demonstrating a similar uptake for all 
cell subpopulations and similar to free carboxyfluorescein. 

Finally, as the avidity for the target could be competed with an unlabelled cRGD (Wu 

et al., 2005, Dijkgraaf et al., 2007) this was assessed in a competition assay. Up to 50 

times the concentration of pre-incubation with unlabelled cRGD did not reduce the 

fluorescence uptake of the compound into the cells (Figure 6.6), suggesting the uptake 

is not RGD mediated. Jin et al (Jin et al., 2007) demonstrated 300nM of unlabelled 

cRGD was sufficient to block binding of 10nM of their compound (30 times increase) 

suggesting 50 times would be sufficient to reduce the signal if compound uptake was 

RGD mediated.  

Therefore, it appears that the cRGD-diAC-FAM compound is taken up by all cells 

assessed, in a non-RGD dependent manner. To assess if modifications to improve 

RGD mediated uptake should be undertaken the expression of αvβ3 on cell lines were 

assessed.  
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Figure 6.6 No reduction in fluorescence following competition with unlabelled cRGD. Histogram on left shows 
representative plot of competition assay with unlabelled cRGD at 50 times the concentration, demonstrating no 
reduction of fluorescence when subsequently incubated with, cRGD-diAC-FAM. Graph on right is quantification of 
data demonstrating no significant difference, n=3, ns=not significant.  

 

6.2.2 Cell line expression of αvβ3 

Using a primary conjugated antibody to αvβ3 (CD51-61) and flow cytometry, there was 

minimal right shift on the lung cancer lines above isotype control (Figure 6.7), 

suggesting low level αvβ3 expression with the exception of MDA-MD-231 (positive 

control). Furthermore, cell lysates were prepared, corrected for protein concentration 

and the αvβ3 expression quantified by enzyme-linked immunosorbent assay (ELISA). 

This demonstrated low level expression across all cell lines, including MDA-MB231, 

with no significant differences between the cell lines when assessing cell lysates.  
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Figure 6.7 Low level CD51-61 expression on lung cancer cell lines. Representative flow histograms of primary 
conjugated antibody, Alexa Fluor 647 CD-51-61 (1:100) with isotype control (1:100). Proportion of positive cells above 
isotype control shown, with low level expression on lung cancer cell lines.  

 

Figure 6.8 Low level integrin expression on cell lines confirmed on cell lysates. Commercially available ELISA 
performed on cell lysates (n=3) demonstrating low level αvβ3 expression in cell lysates, analysis by ANOVA, ns=not 
significant.  

Finally, the expression and localisation of integrins was assessed by 

immunohistochemistry on A549 cells, which did not demonstrate significant 

A
5

4
9

H
6

9

H
3

4
5

M
C

F
-7

M
D

A
-M

B
-2

3
1

0

500

1000

1500

2000 ns

T
o

ta
l 
in

te
g

ri
n


v


3
 p

g
/m

l



 

194 

fluorescence signal for integrin expression (Figure 6.9). A number of optimisation 

steps including, use of three different clones of antibody (Figure 6.9), different fixation 

methods such as methanol (Figure 6.10), and different secondary antibodies were 

assessed (Figure 6.9 and Figure 6.10), all of which did not demonstrate a significant 

integrin localisation signal.  

 

 

Figure 6.9 No significant αvβ3 staining on immunohistochemistry. A549 cells with three αvβ3 antibodies (primary 
antibody at 1:100, secondary antibody (Alexa Fluor 633) at 1:500) demonstrating no significant signal above isotype 
control. Scale bar 20µm.  
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Figure 6.10 Methanol fixation does not alter αvβ3 signal although no permeabilization results in minimal 
membrane signal increase. Representative immunofluorescence of A549 cells with paraformaldehyde fixation 
without permeabilization (upper two panels) showing a minimal membrane labelling increase for αvβ3 (primary antibody 
1:100, secondary antibody (Alexa Fluor 488) at 1:500). However, methanol fixation (lower two panels) does not 
demonstrate an improved αvβ3 signal. Scale bar 20 µm. 

 

Taken together the flow cytometry and immunohistochemistry results suggest there is 

minimal αvβ3 expression on lung cancer cell lines, and together with the cRGD-diAC-

FAM compound demonstrating non-specific cellular uptake on all cell types assessed, 

this was not pursued further.  
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6.3  Matrix metalloproteinase based Smartprobe for cancer 

characterisation 

6.3.1 Förster resonance energy transfer multivalent MMP 

Smartprobe 

An in-house substrate sequence for MMP-2, 9 and 13 specificity consisting of Pro-

Phe-Gly-Nle-Lys-βAla, following optimisation to impart stability against other 

proteases was synthesised by the Department of Chemistry, University of Edinburgh. 

The structure utilised two quenching methods to reduce baseline fluorescence; first 

there is a selfquenching tri-branched dendrimeric construct for carboxyfluorescein 

(FAM)  (Avlonitis et al., 2013) and secondly the use of FAM and methyl red as a dark 

quencher for a Förster resonance energy transfer (FRET) pairing (Diaz-Mochon et al., 

2009). The final construct (called MMP-FD) is shown in Figure 6.11.  

 

Figure 6.11 Structure and schematic of MMP-FD. Upper diagram shows the chemical construct of the compound 
and lower diagram is a schematic demonstrating the selfquenching between FAM residues, dark quencher methyl red 
(Q) and the peptide sequence of Pro-Phe-Gly-Nle-Lys-βAla. Cleavage of the peptide sequence leads to liberation of 
FAM residues and subsequent fluorescence increase.   
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To assess the ability of MMPs to cleave the sequence MMP-FD 1µM was incubated 

with recombinant MMP-9 (30nM) or recombinant MMP-9 (30nM) with pan-MMP 

inhibitor marimastat (200nM) and the fluorescence read over time on a 

spectrophotometer at 37oC. This confirmed there was fluorescence increase with 

MMP-9 which was enzyme dependent, as this could be inhibited by a pan-MMP 

inhibitor.   

 

Figure 6.12 MMP-FD demonstrates enzyme dependent fluorescence increase with recombinant MMP-9. MMP-
FD at 1µM, recombinant MMP-9 at 30nM and marimastat at 200nM.  Representative plot shown, fluorescence 
excitation at 485nm with emission detection at 528nm.  

To assess the specificity of the compound, it was incubated with a panel of MMPs, as 

well as Thrombin, Plasmin and Factor Xa and demonstrated predominant activity 

against MMP-13, MMP-9 and MMP-2 with moderate activity against MMP-1, MMP-

3, MMP-10 and MMP12 (Figure 6.13). There was no activity for Thrombin, Plasmin 

or Factor Xa.  

 

Figure 6.13 Selectivity of MMP-FD against a panel of MMPs, Thrombin and Plasmin. A) Demonstrates relative 
fluorescence readings of MMP-FD 1µM and a panel of enzymatic substrates (all at 30 µM) with fluorescence reads at 
60 minutes. B) Demonstrates kinetic over time of fluorescence increase with the most active MMPs (2, 9, 13) and 
Thrombin and Plasmin. Representative plots shown, fluorescence excitation at 485nm with emission detection at 
528nm. Data replicates performed by Dr Chesney Michaels. 
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6.3.2 Ovine lung model for MMP detection 

 

Ovine Pulmonary Adenocarcinoma (OPA) is a jaagsiekte sheep retrovirus induced 

carcinoma displaying a mixed acinar, papillary and bronchoalveolar growth patterns 

(Palmarini and Fan, 2001, Youssef et al., 2015). It is a transmissible form of lung 

cancer and in some stocks in the UK can be as prevalent as 20% causing considerable 

destruction. Animals often remain asymptomatic until the latter stages of the disease, 

and therefore the tumour burden in the lung is often extensive (Youssef et al., 2015). 

Although there are no reports of MMP expression in OPA in the literature, MMPs are 

increased in OPA affected lungs (personal communications, Dr Chris Cousens, 

Moredun Research Institute). Therefore, lungs from an OPA affected sheep destined 

for cull were retrieved and ventilated ex vivo. Distinct affected segment were instilled 

with saline (0.9% NaCl) (vehicle control) or marimastat (100µM), followed by MMP-

FD (5µM) and FCFM imaging 10 minutes later (Figure 6.14). This demonstrated a 

significant increase from an intrinsic autofluorescence lobe, with reduction of 

fluorescence in the marimastat segment. 

To confirm MMP activity, OPA segments were fixed and immunohistochemistry 

performed using MMP-9 antibody (which is relatively conserved across species (Van 

den Steen et al., 2002)), demonstrating MMP activity in both heavily affected and 

relatively ‘normal’ looking areas (Figure 6.15). 

As whole lungs for OPA ventilation are sporadic and a consistently unreliable source 

amongst the stock from which we retrieve the ovine lungs, a number of OPA 

pulmonary segments were retrieved from the Moredun Institute, Pentlands Science 

Park, Scotland. These were assessed for MMP activity by zymography (Figure 6.16) 

and supernatants made from OPA lung tissue.  
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Figure 6.14 MMP-FD can detect MMP activity in a spontaneous sheep adenocarcinoma model ex vivo. 
Representative images shown on left and quantification of fluorescence of a whole OPA ex vivo model on right. 
Segments included no probe (intrinsic autofluorescence) as well as segment instilled with vehicle control (Saline) or 
marimastat 100µM. Saline and marimastat segments were then instilled with MMP-FD 5µM and FCFM imaging after 
10 minutes and quantification of the fluorescence. n=1, Bars represent mean of all video frames with SD, ***=p<0.001, 
Mann-Whitney U test.  

 

Figure 6.15 Immunohistochemistry of OPA segments demonstrates MMP-9 staining. Images show 
representative images of MMP-9 antibody (1:250) or control antibody in relatively normal (upper) and extensively 
affected (lower) sections of the OPA lung. The brown staining by MMP-9 appears localised to cellular sub-types in 
the samples. Scale bar 100µm.  
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Figure 6.16 Gelatin zymography of 6 OPA samples demonstrating MMP-9 and MMP-2 activity. Zymography 
gels of 6 OPA samples demonstrating Pro-MMP-9 (92kDa), MMP-9 cleavage product or MMP-2 (67kDa) and MMP-
2 activity (66kDa). Gel on right shows incubation with marimastat and complete inhibition of activity. C is positive 
control well containing Pro-MMP-9 and recombinant MMP-9, 1-6 are OPA samples. 

To develop a suitable model that could be consistently used, normal ovine lungs were 

ventilated ex vivo  and segments were instilled with i) control, ii) OPA supernatant or 

iii) OPA supernatant with marimastat and ventilated further for 1 hour. Then the same 

segments were lavaged, and the samples assessed for MMP activity, demonstrating a 

MMP corresponding band in the 67kDa range which may be MMP-2 or a cleavage 

form of active MMP-9 (Shimokawa et al., 2002, O'Connell et al., 1994), which was 

stronger in the lavage from OPA segment than the other two segments (Figure 6.17).  

 

Figure 6.17 Gelatin zymography of lavage from ovine lung following instillation of saline, OPA supernatant or 
OPA supernatant with inhibitor. Bands seen at 67kDa, stronger in lane 2 than lanes 1 and 3. 
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Therefore, this model was assessed for detecting activity using the MMP-FD probe. 

Segments were conditioned as described and MMP-FD (5µM) was instilled with 

FCFM imaging after 10 minutes. This demonstrated an increase above a normal 

segment with MMP-FD instillation, and reduction of fluorescence in the inhibitor 

segment (Figure 6.18).   

 

Figure 6.18 MMP-FD can detect MMP activity in OPA instilled segments of ovine lungs. Representative images 
shown on left with quantification of segments imaged by FCFM with OPA segments and OPA segments with 
marimastat. Each experimental set was normalised to the normal lung segment and data shown is from three 
independent experiments. Bars represent the mean (+/- SEM) fluorescence assessed across the entire frames, as an 
increase from the normal segment, statistical analysis is by Student’s t-test, *=p<0.05.  

Hence, MMP-FD can detect enzymatic MMP activity utilising a spontaneous animal 

model of lung cancer and be quantified by FCFM imaging. Next, the detection in 

human lung cancer was also assessed.  
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6.3.3 MMP-FD to detect MMP activity in human lung cancer 

To assess the ability of the compound to detect MMPs in human lung cancer 

specimens, compared to adjacent normal tissue, homogenates from human lung cancer 

and adjacent normal tissue (retrieved from surgical resections) were performed and 

normalised for protein content. Samples were incubated with MMP-FD and read on a 

spectrophotometer for 1 hour. When background fluorescence readings were 

subtracted the paired samples demonstrated mixed results (Figure 6.19). For three of 

five samples there was an increase of greater than two fold in the tumours than the 

normal, in one sample there was in increase but this was less than two fold and in one 

sample there was a reduction in the tumour compared to the normal.  

 

Figure 6.19 MMP-FD assessed in human lung cancer homogenates compared to paired normal lung. Data in 
A represents MMP-FD 1µM incubated with homogenates of tissue for normal lung and paired tumour samples with 
reading at 60 minutes. All samples are normalised with background subtracted and are presented as fold increase 
from normal lung. Four of the five samples demonstrate a fluorescence increase in tumour samples, however one 
sample (sample 4) demonstrate a reduction. Bars represent mean (+/-SD) fold increase in fluorescence with n=3 
performed in duplicate. B & C are representative kinetic plots from paired samples 4 & 5 respectively. Experiment 
performed by Dr Beth Mills, University of Edinburgh.  

In summary, an MMP-FD compound can be used with FCFM to detect active MMP 

activity in an ex vivo whole lung model using OPA supernatant. Furthermore, in human 

samples, this demonstrates a higher fluorescence in tumour samples than matched 

adjacent normal lung in four out of five samples (and above intrinsic 

autofluorescence).  Such an approach in nodules and tumours may also include 



 

203 

stratification of patients for additional therapies and assessment of therapeutic 

response (for example to MMP inhibitors). For a cancer diagnostics approach this may 

require a multiplexed approach for diagnostics and therefore new imaging targets are 

required.  

6.4  Primary lung cancer cell culture 

A platform to identify potential new imaging targets and a culture method to grow 

human lung cancer in vitro was undertaken. Prior to commencing this work, there were 

no established methods to culture primary lung cancer cells at our, or our allied 

research institutes. Samples were retrieved fresh from patients undergoing curative 

surgery for management of lung cancer. The aims of this provisional work was to 

assess if a culture method could be established to achieve a number of goals in due 

course, including; i) identification of new targets by proteomic analysis, ii) provide a 

controlled culture methodology to screen compounds in a high throughput manner, iii) 

to culture and isolate cancer associated fibroblasts to develop further imaging targets 

and iv) the ability to create cancer spheroids for murine xenograft models.  

6.4.1 Optimisation of cell growth conditions 

A number of steps were optimised to allow the growth of tumour cells in vitro; firstly 

the method of processing included both passing the cells, following a collagenase step, 

through a cell strainer or retrieving the cells through centrifugation through 

discontinuous Lymphoprep gradient. From the first sample, there were larger colonies 

seen with the cell straining method when compared to the gradient method (Figure 

6.20). Therefore, all subsequent processing included only passage through the cell 

strainer for single cell suspension.  
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Figure 6.20 Cell strainer method of cell retrieval results in more colonies and cancer associated fibroblast 
growth. Representative images for first sample processing showing more cells in the cell strainer retrieval method 
than the gradient method at day 5. Yellow arrows indicate cancer associated fibroblasts, blue arrows indicate tumour 
aggregates, scale bar 100µm.  

 

Secondly, cells were plated on either Matrigel coated surfaces or native plastic 

demonstrating fewer adherent cells on plastic when compared to Matrigel coated 

surface (Figure 6.21).  

 

Figure 6.21 More adherent cells in Matrigel coated flasks than native plastic coating. Representative images 
for first sample demonstrating more cells adhering in Matrigel coated flasks than in the native plastic flasks at day 5. 
Scale bar 100µm.  
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Finally, growth in media including both StemPro® Human Embryonic Stem Cell 

Culture Medium and Complete media (see 2.11.4) demonstrated no change to 

morphology of cells in multiple samples (Figure 6.22). 

 

Figure 6.22 StemPro and Complete media allow growth of cancer cells and fibroblasts. Representative images 
from three cancer samples demonstrating no differences in growth. Scale bar 100µm. 

 

Therefore, following multiple assessments the optimal growth parameters for primary 

culture were processing using cell straining method of retrieval, plating on Matrigel 

coated surfaces and both growth media were adequate to promote cell growth. Cells 

were maintained in these conditions, passaged appropriately, with freezing of cells at 

passage points for later analysis and retrieval.  

 

6.4.2 Immunofluorescence of grown cells to confirm malignancy 

To ensure the cells growing in vitro remained tumour cells, and cancer associated 

fibroblasts, immunohistochemistry was undertaken. First, to confirm the aggregate 

cells were malignant they were stained with pan-cytokeratin (Figure 6.23), 

demonstrating labelling of the cancer cells, but not associated fibroblasts. 
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Figure 6.23 Cancer cells demonstrate positive staining for pan-cytokeratin. Images show two sets of samples 
(as representative examples) of Pan-cytokeratin (primary 1:100, secondary 1:500) staining of the malignant cells 
(Green), F-Actin staining in red and nuclear staining in blue. A and B represent two patient samples with arrows in A 
showing spheroids, C is with omission of the primary antibody to demonstrate non-specific binding. Scale Bars 
represent 10µm. 

 

To ensure the pan-cytokeratin negative cells were cancer associated fibroblasts they 

were imaged using an anti-vimentin antibody (Figure 6.24) using a method employing 

four colour immunohistochemistry. This demonstrated vimentin staining of the 

fibroblasts and pan-cytokeratin staining of the tumour cells. 
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Figure 6.24 Cancer associated fibroblasts stain positive for vimentin but not pan-cytokeratin. A demonstrates 
a cancer spheroid staining for pan-cytokeratin (green, primary 1:250, secondary 1:1000) with associated fibroblasts 
staining for vimentin (primary 1:250, secondary 1:1000). B represents image from another patient and area in dotted 
square enlarged on right in higher focal plane as tumour cells sitting on a bed of fibroblasts. C demonstrates non-
specific uptake with omission of primary but incubation with secondary. Scale bars represent 10µm. 

6.4.3 Growth assessment of cells 

Having confirmed these as malignant cells and associated fibroblasts, the cells were 

assessed in an IncuCyte imaging assay with images taken at 2 hours (Figure 6.25). 

This demonstrated the growth of spheroids, with a bed of fibroblasts orientating 
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towards the spheroid over 50 hours. To assess the rate of growth over time, the samples 

were differentially trypsinised to remove fibroblasts and the spheroids were plated and 

imaged on days 1, 4, 7, 10 and 19 (Figure 6.26). This demonstrated maximal spheroid 

formation by day 10 in culture.  

 

Figure 6.25 IncuCyte imaging of tumour spheroids with cancer associated fibroblasts. Images were acquired 
every 2 hours and representative images shown of cancer spheroid, with fibroblast growth and orientation towards 
the tumour cells. n=3, representative sample shown.  

 

Figure 6.26 Spheroid formation from single cell aggregates. Images acquired on days 1, 4, 7, 10 and 19 with 
measurement of aggregate diameter and volume, n=3, bars represent mean diameter, where three fields of view 
assessed from a patient sample.   

Therefore, it was possible to establish the primary culture of lung cancer cells, with 

confirmation of their malignancy and ability to grow in spheroids. The research 
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potential for such as assay system is significant, but low numbers of samples and the 

time taken to optimize the culture conditions resulted in less progress than anticipated.  

6.4.4 Pilot reverse phase protein array 

Due to the time taken to optimise the growth conditions, only 6 paired samples were 

obtained of the primary cancerous and primary normal tissue. This would be 

insufficient to draw any conclusions as part of a proteomic screen to identify new 

ligands for cancer imaging. However, to assess the feasibility of performing proteomic 

screens on human lung samples in the context of potential interactions with 

autofluorescence, each sample (paired cancerous tissue and normal lung) was 

processed and analysed by reverse phase protein analysis (RPPA), a high throughput 

antibody based optical screening assay for upregulated proteomic pathways (Mueller 

et al., 2010) with the principle shown in Figure 6.27. A representative sample of a 

Zeptosen Chip (for P42/P44 Erk 1/2 antibody) with spotted samples is shown in Figure 

6.28. Samples were assessed with a limited panel of 60 antibodies, following 

correction for background and using a normalisation method to correct for both the 

median of antibody fluorescence across all the samples for each antibody, and the 

fluorescence of each sample with multiple antibodies (Neeley et al., 2009) (Figure 

6.29). The background reading for tissue were high for many of the antibodies (all N 

and T samples) however, for samples T5 and T6 the equivalent tumour cultured cells 

were also assessed (corresponding to C5 and C6), which demonstrated minimal 

background fluorescence and a signal could be more reliably interpreted.  
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Figure 6.27 Principle of RPPA. Reproduced, with permission, from (Mueller et al., 2010).  Schematic demonstrates 
the principle steps of RPPA including sample preparation and spotting onto chips, staining with antibodies and 
analysis.  

Figure 6.28 Representative Zeptosen chip. Representative Zeptosen chip shown for fluorescence of P42/P44 
antibody and standards. Samples are spotted onto the chip in duplicate and in a 4-fold dilution series (each sample 
shown in dotted box and layout displayed in upper right hand corner). White arrows represent BSA standards. Each 
chip (corresponding to a different antibody) is read in an automated manner and fluorescence is corrected for i) 
background, ii) mean intensity across antibody used and iii) mean intensity across sample for all antibodies. 14 
samples assessed, this chip included 4 samples from another study. RPPA studies performed by Mr Kenny McLeod. 
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Figure 6.29 RPPA data for each antibody on the lung tissue samples including both tumour and adjacent 
normal. Data shows each antibody assessed in rows, with each sample in columns with the normalised fluorescence 
intensity. Data is shown for normal segments of lung (N) and tumour regions (T) and the number refer to matched 
patients. Data from cultured cells (C) from two patients (patients 5 and 6) are also shown. The background 
fluorescence was high in the tissue sample, with sample fluorescence often below background (red squares) but this 
was not seen in the cultured samples. RPPA studies performed by Mr Kenny McLeod.  
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6.5   Discussion 

The results from this chapter yielded some interesting results and provided direction 

for future studies. Firstly, we found that a cRGD targeting compound using fluorescein 

led to non-specific accumulation in cells, and lung cancer cell lines displayed a low 

level of integrin expression. Secondly, a MMP targeting Smartprobe had the potential 

to be used with FCFM and can be inhibited with a pan-MMP inhibitor. Finally, a 

platform from which to pursue the development of targeted imaging agents for lung 

cancer, using proteomics from patient derived samples, as well as a culture mechanism 

to assess compounds in a high throughput manner is demonstrated.  

The synthesised RGD compound (cRGD-diAC-FAM) uses a cyclic RGD variant over 

a linear construct to improve avidity and stability (Su et al., 2002, Liu, 2006, Fani et 

al., 2006), however a number of further optimisations steps could be undertaken 

including a dimeric cRGD (Cao et al., 2012), or consideration to alternative 

fluorophores. Indeed, much of the non-specific uptake of cRGD-diAC-FAM may have 

been directed by the diAC-FAM component, as shown in the results when assessing 

this compound. As discussed previously (chapter 3), sufficient signal-to-noise is 

needed for imaging, especially for in vivo applications where wash steps are not 

possible. This makes the use of a diacetylated-fluorescein attractive as it will only 

increase the fluorescent signal once there is intracellular esterase mediated cleavage of 

the acetyl groups (Rotman and Papermaster, 1966, Unciti-Broceta et al., 2009).  

Carboxyfluorescein diacetate is highly cell permeant due to the two acetate side chains 

(Parish, 1999) and is readily taken up by cells and cleavage of the esterase’s reduces 

the membrane permeability slowing the exit of the compound (Parish, 1999, Weston 

and Parish, 1990), leading to fluorescence retention.  Therefore, cRGD-diAC-FAM 

was likely to be cell permeable (irrespective of the integrin mediated expression 

through cell surface expression) driven by the fluorophore component and thereby 

demonstrated a non-specific signal.  Nonetheless, a combination of low level αvβ3 

expression on the cell lines available and the non-specific uptake of the cRGD 

compound led to this Smartprobe being deprioritised.  

The expression of αvβ3 on lung cancer cells has been demonstrated by some authors 

(Smythe et al., 1995) but not all (Damjanovich et al., 1992). This may, in part, reflect 
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the dynamic cell surface expression of integrin subunits in cancer cells (Patriarca et 

al., 1998) and the variability expressed within lung cancers (Koukoulis et al., 1997). 

Cell lines derived from bronchial epithelial cells (such as A549) also demonstrate 

heterogeneity for integrin expression (Mette et al., 1993). As in the results shown in 

this chapter, some authors have found A549 cells to express low level αvβ3 expression 

through RGD targeting (Kunath et al., 2003). However, others have shown A549 cells 

to have moderate uptake when imaging cells using a RGD peptide approach (Zhou et 

al., 2011). Yang et al (Yang et al., 2014) utilised A549 cells as a model to investigate 

the synthesis of a integrin targeting MRI contrast agent. They found the use of a motif 

singularly targeting αvβ3 though RGD was less efficient than a dual targeting agent 

designed to target RGD and another peptide based targeting against NGR (Asn-Gly-

Arg), which recognizes the aminopeptidase N (CD13) receptor.  Thus it may be on cell 

lines such as A549, the strategy of singularly targeting A549 for fluorescence imaging 

is inadequate or that expression of integrin expression may need to upregulated for 

experimental detection (An et al., 2013). The results here demonstrate that these lung 

cancer cell lines do not show significant αvβ3 therefore, any future assessment of RGD 

mediated binding should use other assay systems.  

The results also demonstrated that a MMP Smartprobe can detect OPA instilled 

segments and there was reduction in fluorescence in OPA segments with marimastat. 

Therefore, this supports the potential of using MMP Smartprobe to monitor disease 

activity in vivo, an approach which is accepted for tumour imaging (Weissleder et al., 

1999) and has been demonstrated to be compatible with FCFM imaging (Aslam et al., 

2015). The substrate sequence to detect MMPs is a novel in-house synthesised 

sequence, which has undergone iterative development to impart resistance against 

other proteases such as thrombin and plasmin. The synthesised substrate is cleaved by 

multiple MMP types; predominant activity is against the simple haemopexin domain 

MMP-13 (collagenase-3) and the gelatin binding MMPs (MMP-2 and MMP-9). As no 

single MMP is overexpressed in all lung cancer tumour cells (Cox et al., 1999), the 

ability of this compound to detect a number of MMPs is advantageous. The compound, 

however, had no activity against other proteases such as thrombin, plasmin and factor 

Xa and therefore remained specific for MMP sequences.  
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The roles of the specific MMPs in lung cancer, and where they are predominantly 

found, has been discussed in the introduction, and given the specificity of MMP-FD 

to MMP-2, MMP-9 and MMP-13, these merit further consideration. The gelatinase 

MMPs (MMP-2 and MMP-9) have been demonstrated to be present in their active 

form in lung cancer relative to adjacent lung tissue (Brown et al., 1993) and have been 

associated with increased tumour invasion (Sato et al., 1994), through their ability to 

degrade fibrillary collagen types I and IV, gelatin and laminin substrates contained 

within of the basement membrane and extracellular matrix (Westermarck and Kähäri, 

1999, Tokuraku et al., 1995). Some authors, though, have reported the presence of 

MMP-2, but not MMP-9, in adjacent normal tissue (Nawrocki et al., 1997). MMP-13 

(collagenase-3) has a wide specificity for substrates including fibrillar collagens type 

I, II, III, and XI, cartilage collagen types IV and X, gelatin, laminin and fibronectin 

(Knäuper et al., 1997). MMP-13 expression  has also been found in non-small cell lung 

cancer in relative abundance compared to adjacent normal tissue (Thomas et al., 2000) 

and has been associated with a poorer prognosis, due to its associated with bone 

marrow infiltration (Hsu et al., 2006a). The relative overexpression of the MMPs in 

the cancer, stroma or fibroblasts have led to it being a target for therapy (Coussens et 

al., 2002), and equally a target for imaging of lung cancer. This variable expression 

was demonstrated in the human lung cancer tissue assays; where most, but not all, of 

the samples had a higher activity of MMP detected in the cancerous tissue when 

compared to the adjacent normal tissue when using MMP-FD.  Furthermore, OPA had 

expression of MMPs and we can detect the proteolytic activity associated with MMPs 

by MMP-FD combined with FCFM, which was inhibited in a large animal model using 

a pan-MMP inhibitor. The use of proteolytic dependent Smartprobes confers a number 

of advantages; this methodology provides knowledge of disease activity (Kobayashi 

and Choyke, 2011), rather than just presence of substrate, it can act as a stratification 

tool for therapy and disease monitoring (Weissleder and Pittet, 2008). However, the 

disadvantage with this technique remains the effective generation of dequenched 

fluorophore in the extracellular space (Mahmood et al., 1999), as opposed to cellular 

targeting, and the field of view offered by this technology. Nonetheless, we have 

demonstrated that this is feasible, and therefore this compound is undergoing synthesis 
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for first in human studies, with the first application to image the tumour/tumour 

penumbra in lung cancer.  

Finally, as the imaging of lung cancer will necessitate the imaging of multiple 

parameters in a multiplexed fashion, preliminary work has been undertaken to set-up 

the primary culture of lung cancer, cancer associated fibroblasts, in order to identify 

new targets and to use this as a model for future assessments of compounds. An initial 

pilot proteomic study was undertaken to assess feasibility and demonstrated a number 

of points; firstly RPPA is a feasible method to detect upregulated pathways in both 

tumour samples and normal lung, opening the potential to screen a larger sample of 

cancerous and normal tissue for imaging targets. Secondly, unprocessed samples 

demonstrate a high background meaning some antibodies cannot be assessed, this 

background is reduced with using processed samples (such as those used for growing 

tumours in vitro).  Therefore, optimisation of the processing could be undertaken by 

performing collagenase digestion, red cell lysis and cell straining methods, and 

analyses formed on the single cell suspension to minimize autofluorescence. Similarly 

analyses can be performed at the first passage of any growth cells to minimize 

background signal as the third learning point of this pilot is that processed samples 

(samples C5 and C6 in Figure 6.29) have improved signal and do not demonstrate a 

high background signal. No firm conclusions could be drawn regarding the proteomic 

pathway information provided by this pilot on such a small sample size.  Furthermore, 

although RPPA offers a good platform alternative ‘omics’ screens can be performed 

that do not rely on antibody detection at 488nm. The latter of these include mass 

spectrometry techniques, genomics screens or other proteomics platforms (Alessandro 

et al., 2005, Wulfkuhle et al., 2003, Chin et al., 2011).   

6.5.1 Conclusion and limitations of work described in this 

chapter  

A number of limitations must be discussed. Firstly, whilst attempts have been made to 

use a model system that uses a spontaneous animal lung cancer, it still remains an 

artificial method of assessing the compounds. The advantages are it remains a 

spontaneous animal model, with enzymatic activity at physiological concentrations 

with the imaging system we would use in clinical practice but the instillation of OPA 

supernatant into naive pulmonary segments remains a limiting factor.  Furthermore, 
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the work described has also used primary human lung cancer samples to further 

validate the MMP compound, which accounts for fluorescence generation from 

intrinsic elastin. Secondly, there is a time delay of proteolysis mediated cleavage of 

the compound (and subsequent de-quenching of the probe) which adds approximately 

10mins to the procedure in humans. Whilst this may be acceptable given the 

information gleaned in terms of diagnostic and patient stratification, it remains a goal 

to minimise the time taken for any clinical procedure.  Thirdly, it must be recognised 

that if using MMP Smartprobes for cancer diagnostics (for example against other 

causes of pulmonary nodules or masses) then raised levels of MMPs have been shown 

in ARDS (O'Connor and FitzGerald, 1994) and multiple forms of interstitial lung 

disease (Raghu et al., 1985) including sarcoidosis (Henry et al., 2002). Whilst these 

disorders are usually diffuse in appearance, atypical forms can exist including 

coalescing granulomas in sarcoidosis mimicking mass like nodules (Koyama et al., 

2004).   Pulmonary pathologies that more often mimic the radiological appearance of 

lung cancer, such as tuberculosis also demonstrate raised MMP levels (Elkington and 

Friedland, 2006). Therefore, there is the potential of reduced specificity for diagnostics 

if using MMP-FD as a diagnostic tool by itself. Finally, although the use of patient 

derived samples confers significant advantages over the use of cell lines, it must be 

acknowledged that both the generation of tumour spheroids and the growth of the 

tumour cells in vitro may no longer be a true representation of human lung cancer in 

vivo.  

Nonetheless, this chapter describes the potential of a proteolytic based Smartprobe for 

detection of MMPs in the lung and this is compatible with a clinically approved 

imaging system. Furthermore, this chapter also describes preliminary work to use 

patient derived samples that, in time, may serve to identify new imaging targets for 

lung cancer diagnostics. 
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Chapter 7: Summary and Future Directions  
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7.1 Summary of Thesis results 

The work in this thesis concentrates on two important clinical scenarios where there is 

often significant diagnostic uncertainty; the pulmonary opacity where pneumonia is 

suspected and the indeterminate pulmonary nodule. The work described has focused 

on the potential of targeted Smartprobes and their assessment in appropriate 

translational assay systems, chemical structure requirements for biological efficacy 

and analysis of biological assays with translational benefit in mind. The main findings 

from each chapter is summarised below. 

7.1.1 Chapter 3 summary 

Chapter 3 focused on the ability of a fluorescently labelled fragment of an AMP called 

Ubiquicidin to label bacteria in situ in the distal lung and found:  

 Environmentally sensitive fluorophores for ligand based Smartprobes had an 

improved signal-to-noise than ‘always on’ fluorophores. 

 Linear Ubiquicidin analogues did not allow for FCFM based bacterial 

detection in the distal lung as they had low avidity for bacteria, were 

susceptible to proteolytic degradation and could not image with sufficient 

signal-to-noise in pulmonary surfactant.  

 Structurally stable linear Ubiquicidin compounds were synthesised but they 

remained unable to label bacteria in situ in the distal lung due to low avidity.  

 A multivalent compound (NBD-UBIdend) had a higher avidity, greater 

resistance to proteolytic degradation and could label bacteria with higher 

signal-to-noise in pulmonary surfactant than the linear counterparts. 

 NBD-UBIdend remained selective for bacterial membranes over inflammatory 

and pulmonary epithelial cells. 

 NBD-UBIdend allows bacterial labelling in situ in the distal lung in an ex vivo 

ovine model within clinically relevant limits of detection and labelled bacteria 

in explanted CF lungs.  

7.1.2 Chapter 4 summary 

Chapter 4 developed this theme further and assessed whether a separate compound 

could label bacteria with gram-specificity in the distal lung and found:  
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 A polymyxin based Smartprobe (NBD-PMX) labelled gram-negative but not 

gram-positive bacteria in vitro. 

 NBD-PMX remained selective for gram-negative bacteria over inflammatory 

cells and mammalian cell lines. 

 NBD-PMX retains the attributes required for pulmonary FCFM imaging as it 

retained a high avidity for bacterial membranes, could image in the presence 

of pulmonary surfactant and remained resistant to proteolytic degradation.  

 NBD-PMX allowed gram-negative bacterial labelling in situ in the distal lung 

in an ex vivo ovine model with clinically relevant limits of detection. 

7.1.3 Chapter 5 summary 

Chapter 5 assessed the growing diagnostic problem of the indeterminate pulmonary 

nodule and assessed the ability of FCFM to determine whether a nodule was benign or 

malignant and found: 

 A clinical cohort of patients with pulmonary nodules demonstrated 28% of 

nodules undergoing further assessment were due to a malignant cause. 

 Patients with nodules due to lung cancer were likely to be older, have larger 

nodules and nodules were more often located in the upper lobes of the lung. 

 FCFM imaging using only intrinsic autofluorescence did not allow the 

differentiation of a nodule between a benign or malignant cause. 

 This remained true for both an experienced operators’ manual interpretation 

and using automated image analysis techniques.  

7.1.4 Chapter 6 summary 

Chapter 6 considered a targeted Smartprobe/FCFM approach for characterising lung 

cancer and found: 

 An αvβ3 targeting Smartprobe was non-specific in cellular uptake and was 

deprioritised. 

 An MMP targeting Smartprobe (MMP-FD) was able to detect multiple MMP 

subtypes in vitro and could be inhibited by a pan-MMP inhibitor. 
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 In an ex vivo model using a spontaneous pulmonary adenocarcinoma in sheep, 

MMP-FD was able to detect MMP activity in pulmonary segments when 

imaged with FCFM, with inhibition of the signal with a pan-MMP inhibitor. 

 In patient lung cancer samples, MMP-FD was raised in most, but not all, cancer 

specimens when compared to adjacent normal tissue. 

 A primary cell isolation and culture system to grow patient derived tumour 

cells and cancer associated fibroblasts was developed and in vitro growth 

parameters were optimised. 

7.2 Limitations and future directions 

7.2.1 Limitations of Smartprobe/FCFM approach  

There remain many areas that can be developed further and a number of limitations 

remain with a Smartprobe/FCFM approach. Whilst these are discussed in detail within 

each chapter a few merit consideration within the context of the future direction of 

these compounds and the broader field of pulmonary OI. The most significant 

limitation remains the field of view offered by this technology, with a maximal axial 

FOV of 600µm. This FOV remains necessary to provide information at a molecular 

level and cellular resolution but remains susceptible to missing the pathological 

process in the lung. This can be mitigated by regional exploration of the affected 

segment, or through more targeted navigation using systems such as endobronchial 

navigation systems and the future studies must consider and mitigate for this 

limitation. Another significant limitation to be considered in the context of clinical 

translations remains the quantification of any fluorescence signal with Smartprobes, 

which will be dependent on the Smartprobe used, the target of interest and location 

within the lung. Bespoke quantification and image analysis techniques are essential 

for a meaningful readout and for more widespread adoption of the technology. 

Therefore, alongside the biological validation of any Smartprobe, the quantification of 

the signal in a clinically meaningful manner must also be an intrinsic part of the 

Smartprobe development process. Finally, as with any new technology in the clinical 

space, a learning curve is required before operator competence in the procedure is 

achieved. Thus operator experience remains a significant limiting factor in the initial 

use and adoption of this technology but pulmonary medicine remains an area of 
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clinical practice where there is often rapid uptake of new procedures amongst 

clinicians. The promotion of such clinical uptake will only be through clinical trials 

which demonstrate a clear added clinical utility of the technology for patient benefit. 

With consideration to the limitations of this technology and the reported results listed 

above, three compounds (NBD-UBIdend, NBD-PMX and MMP-FD) are undergoing 

translational development for first-in-man assessment to provisionally characterise the 

performance of the compounds in human disease states.  

7.2.2 Bacterial detection  

The bacterial detection compounds (NBD-UBIdend and NBD-PMX) will be assessed in 

i) 3 ventilated control patients per compound, to demonstrate optimal imaging 

concentration and assess background signal in vivo in humans, ii) to assess each of the 

compounds in 3-6 patients with bronchiectasis, who will have colonisation with 

bacteria to assess the bacterial labelling capacity of each of the compounds and iii) to 

assess the compound in 3-6 patients in ICU who have pulmonary opacities where the 

potential underling cause is a bacterial pneumonia. Furthermore, in each of the 

populations, a confirmatory BAL will be undertaken to correlate bacterial burden and 

image analysis results. If these initial studies are successful then future funding for 

studies will need to be secured and this will include larger number of patients in ICU 

and stratification of therapy based on the results of Smartprobe/FCFM studies. 

Although the purpose of my investigations were not to study a theragnostic, this work 

raises some interesting observations about the interaction of AMPs on the bacterial 

membrane and methodologies for modifying the chemical scaffold to make these 

peptides more potent. Through the study of more potent antimicrobial sequences of 

Ubiquicidin, such as UBI31-38, could be modified into their multivalent counterparts to 

assess the value of these as a therapeutic compounds in an era where new antimicrobial 

therapies are required. 

7.2.3 Lung cancer detection 

The MMP-FD compound is also being synthesised to clinical grade for in vivo 

evaluation. For this MMP-FD compound, clinical translation would be undertaken in 

the form of a clinical trial in a population to understand the efficacy of the compound 

for diagnostic testing in lung cancer. The compound is being proposed to be assessed 
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in surgical patients with pulmonary nodules/masses who are undergoing surgical 

resection. This will allow a unique opportunity for the assessment of the compound by 

endobronchial means and FCFM in vivo, followed by resection of the area imaged (as 

part of routine care) which will also allow the conduct of ex vivo assessments with the 

MMP-FD compound and detailed assessment of MMP activity. In the longer term, the 

approach of Smartprobes and FCFM in lung cancer may potentially have a role in 

personalised medicine in cancer therapeutics. It would be possible help to stratify 

patients who are likely to benefit from adjunct therapies, such as MMP inhibitors, in 

the management of lung cancer using a proteolytic MMP Smartprobe and FCFM. The 

disappointing results seen so far in cancer trials may be due to inadequate stratification 

or selection of patients who are likely to serve a benefit. Furthermore, this technology 

also allows for the monitoring of such patients in clinical trials, as we have shown the 

signal can be inhibited with marimastat, as the procedure of Smartprobe/FCFM can be 

repeated.  Preliminary work to use patient derived samples and the growth of primary 

tumour cells in vitro has been established although I had hoped and anticipated this 

work would have progressed further than it did. A number of optimisation steps were 

required in cell culture and the recruitment of patients was slower than anticipated but 

is currently ongoing. Nonetheless, I have optimised conditions to allow the growth of 

both patient derived tumour cells and tumour associated fibroblasts in vitro, as well as 

allowing them to form tumour spheroids. Whilst this remains an artificial environment, 

the use of patient  derived samples offers advantages over immortalised cell lines and 

these samples offer methods to assess new Smartprobe compounds, both in vitro and 

in xenograft models. In vitro assessment can be undertaken with any future developed 

compound to assess the imaging characteristics on single cells, through confocal or 

flow cytometry or on cancer spheroids through imaging platforms such as fluorescence 

microscopy or confocal analysis. Furthermore, the transplantation of these cells into 

animals in xenograft models offers a complex and more relevant model system 

(Richmond and Su, 2008, Kerbel, 2003) to assess lead compounds in further detail and 

whilst this has advantages over using cultured cells in vitro, it too remains an artificial 

environment for human lung cancer assessment. Therefore, the optimal model system 

does remain the human patient, but these assay systems offer a mechanism to lead 

prioritise imaging agents before human testing.  
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7.2.4 Pulmonary OI 

In the broader field of pulmonary OI, the technology is likely to complement existing 

technologies of chest x-ray, CT and PET-CT in a multimodal fashion in selected 

patients. Current clinical OI technologies remain limited to a single excitation 

wavelength with fluorescence detection but technology will improve and ultimately 

offer multiple excitation wavelengths, and multiple detection methods including 

fluorescence emission, fluorescence lifetime as well as complimentary techniques 

such as spectroscopy. Therefore, the field of pulmonary OI remains itself an area of 

significant future developments.  Indeed, the local research team are developing these 

technologies as part of a wider project (www.proteus.ac.uk).   

7.3 Conclusion 

The work in this thesis offers an insight into the potential of Smartprobe/FCFM 

imaging in the lung, and three promising compounds are undergoing translational 

development for in vivo testing in man.  
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SOLÉ-VIOLÁN, J., DE CASTRO, F. R. G., REY, A. N., MARTÍN-GONZÁLEZ, J. C. & 
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