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History of infectious diseases

Infectious diseases have been a serious concern for many years.1 In 1683, bacteria were first 

observed under the microscope by the Dutch biologist Antoni van Leeuwenhoek. More than 150 

years later, Friedrich Henle proposed the ‘germ theory’ of disease, in which micro-organisms are 

responsible for causing human disease. In the 1870s and 1880s this theory was confirmed by 

proving that micro-organisms were responsible for causing infectious diseases like anthrax, rabies, 

cholera and tuberculosis.2 

For centuries, large epidemics like small pox, leprosy, cholera, poliomyelitis and tuberculosis have 

caused severe patient morbidity and mortality all over the world. Nowadays, these infectious 

diseases are not common anymore due to improved hygiene, increased knowledge of disease 

transmission and the introduction of vaccines and antibiotics. Confidence that infectious diseases 

can be successfully prevented and fought has risen, and the research community turned its 

attention more prominently to other major diseases, such as cancer.1 However, in 1981 the world 

got a wake-up call from the acquired immune deficiency syndrome (AIDS) pandemic, which has 

spread across the planet and caused many deaths.1 Since then, we have witnessed the emergence 

of various other dangerous micro-organisms causing severe morbidity and mortality, as exemplified 

by outbreaks of the Ebola virus in several African countries and the current SARS-CoV-2 pandemic.3,4

Bacterial infections

Bacterial infections are a frequently occurring problem in hospital settings worldwide, and they 

are responsible for major patient morbidity and mortality.5 Moreover, their incidence is rising due 

to an increasing elderly population and advanced healthcare support, which includes the use of 

implanted biomaterials and organ transplantations. In addition, a second wake-up call that infectious 

diseases are still a serious threat to human health and wellbeing came from the emergence and 

spread of multiple drug-resistant microbes.1 The rapid increase of bacteria that are insensitive 

to different classes of antibiotics has made bacterial infections increasingly difficult to treat.6,7 In 

principle, micro-organisms can infect and disrupt all parts and functions of the human body and, 

consequently, there are numerous different infectious diseases. Three particular diseases that are 

in the focus of the research presented in this PhD thesis are bloodstream infections, biomaterial-

associated infections and pneumonia.

Bloodstream infections
Bloodstream infections (BSIs) are amongst the most severe infectious diseases that lead to high 

morbidity and mortality. These infections, where viable micro-organisms enter the bloodstream 

and regularly cause sepsis (i.e. an extreme immune response to these micro-organisms), are leading  
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causes of death, especially in critically ill patients.8,9 The high mortality rates observed for patients 

with BSIs are mainly related to delayed and ineffective antimicrobial treatment.8 Treatment delays 

are often due to difficulties in early-stage diagnosis of BSI, and therapeutic interventions may be 

challenged by drug-resistant micro-organisms.10

Biomaterial-associated infections
Fracture-related infections (FRIs) and prosthetic joint infections (PJIs) are devastating post-operative 

complications after, respectively, bone fracture treatment or joint replacement. These dreaded 

complications and the following device failure are responsible for serious patient morbidity and 

decrease of quality of life.11,12 Both biomaterial-associated infections often result in prolonged 

hospital-stay and a high disability.13 Non-living surfaces, such as implanted biomaterials and dead 

bone fragments, are susceptible to the formation of bacterial biofilms in which bacteria are able to 

hide from the host’s immune system. In addition, the biofilm functions as an impermeable barrier 

for antibiotics, which makes FRIs and PJIs extremely difficult to treat.14 

Pneumonia
Another frequently occurring infection that often requires intensive therapy, is pneumonia. This 

infectious disease affects the lower respiratory tract and is still one of the leading causes of death.15 

Besides the increased mortality, pneumonia often leads to hospitalisation and prolonged treatment, 

which significantly increase healthcare costs. The mortality rate can even rise till more than 70% 

in mechanically ventilated patients, who may develop ventilator-associated pneumonia frequently 

caused by a high-risk pathogen with increased antibiotic resistance.16

Clinical challenges in diagnosing infections

The diagnosis of different bacterial infections faces several challenges. Clinical diagnosis of 

infection is mainly based on patients’ signs and symptoms, general inflammation markers and the 

visualisation with non-specific imaging techniques, such as computed tomography (CT), magnetic 

resonance imaging (MRI), ultrasound (US), positron emission tomography (PET), single-photon 

emission computed tomography (SPECT) and scintigraphy. Unfortunately, these imaging techniques 

are unable to distinguish bacterial infection from sterile inflammation or other pathologies (i.e. 

viral or fungal infections).5,17–19 Culture and/or molecular detection techniques are therefore 

needed to identify the causative micro-organisms, which can take many hours to usually several 

days. Meanwhile, empirical management of infection needs to be started with broad-spectrum 

antibiotics.
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As an example, blood culture is considered to be the gold standard to diagnose BSIs. However, this 

method to detect infections is time consuming and it may take many days before a causative agent 

is identified.8 To achieve a sensitivity of >95%, the results of at least two sets of blood cultures have 

to be obtained, ideally prior to the administration of antibiotics, which is unfortunately not always 

possible.20 Moreover, identifying slow-growing fastidious micro-organisms can be problematic. Of 

importance, it is crucial to start with appropriate antimicrobial therapy within the first hour after a 

clinical suspicion of sepsis, to reduce the morbidity and mortality of the respective patients.21

Diagnosing biomaterial-associated infections, especially to distinguish bacterial infection from 

sterile inflammation, also represents a difficult technical challenge.22 Specifically, in case of low-

grade infections it is extremely difficult to achieve a diagnosis due to the absence of clinical signs 

and symptoms. Unfortunately, there is no single detection method to accurately detect FRIs or 

PJIs, and pre-operative imaging techniques are often inconclusive.23 Accordingly, the diagnosis is 

usually based on a combination of clinical, laboratory, histopathological, microbiological and non-

specific imaging results.23 Pre-operative synovial fluid aspiration or intra-operative tissue sampling 

for culture form the cornerstones in the identification of the causative micro-organisms for specific 

antimicrobial treatment. Besides the fact that these procedures are invasive and time-consuming, 

it is not always possible to obtain appropriate material for culturing, which further complicates the 

diagnostic process.

Also the diagnosis of pneumonia faces several challenges, being based on clinical signs and symptoms, 

radiography and the results of sputum culture. Although radiography often reveals pulmonary 

infiltration, a reliable distinction of pneumonia from other causes of pulmonary infiltration is not 

possible.16,24 In addition, the identification of pathogens in sputum cultures, or ideally in cultures 

of broncho-alveolar samples, is needed to provide accurate information on the causative bacterial 

species and its antibiotic resistance profile. However, it may be challenging to obtain sufficient and 

representative material for sputum culture and, often, it cannot be obtained due to the clinical 

condition of the patient. Moreover, due to the time-consuming nature of culturing, broad-spectrum 

antibiotic therapy is usually started before a definitive diagnosis can be made.

These three examples of frequently encountered infectious diseases highlight the urgent need for 

rapid and accurate detection and identification of micro-organisms. A fast detection of bacteria 

is particularly needed to optimise antibiotic therapy, limit therapeutic side effects, and decrease 

medical costs. In addition, specific treatment with the right antibiotics will help to prevent the 

selection and spread of antimicrobial resistant micro-organisms.
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New diagnostic imaging modalities

A sensitive and specific imaging modality that allows for a quick and reliable detection of infecting 

bacteria in real-time is highly desirable. The above-mentioned current imaging modalities (i.e. 

anatomical imaging techniques, such as CT, MRI and US, and functional imaging modalities, such 

as PET, SPECT and scintigraphy) do unfortunately not meet this requirement. A major drawback 

of these imaging modalities nowadays is the inability to reliably distinguish infection from sterile 

inflammation or other pathologies at a cellular level. Hence, new imaging modalities that allow for 

fast and accurate direct detection of the infecting micro-organisms, and that ideally even provide 

specific information on the causative agent and its antibiotic resistances, would be of high value in 

clinical practice.

Fluorescence imaging
Fluorescence imaging or optical imaging is an upcoming and elegant imaging modality. The principle 

of fluorescence imaging is based on the excitation of a fluorophore, where its electrons become 

excited. When these electrons return to their ground state, light of a longer wavelength is emitted, 

which can be detected using a fluorescence camera. Human tissue exerts some (low) degree of auto-

fluorescence, which is mainly detectable in the visible light range (400-600 nm). Of importance, 

fluorophores emit stronger signals than observed upon auto-fluorescence of human tissue. 

Fluorophores that emit signals in the near-infrared range (NIR; 700-1000 nm) are best detectable, 

with maximum tissue penetration, whereas the auto-fluorescence in the NIR range of the spectrum 

is minimal.25 Fluorescence imaging offers various advantages, such as a high resolution, minimal 

invasive imaging, no evolvement of radiation and real-time visualisation.25 The limited penetration 

depth of ~1 cm using NIR fluorophores and even less for fluorophores with shorter wavelengths, 

makes this imaging modality mainly suitable for surface and endoscopic imaging.26

Bacteria-targeted imaging
Bacteria-targeted imaging is based on a targeting agent (e.g. an antibody, antibiotic or antimicrobial 

peptide) that specifically targets bacteria or other micro-organisms, coupled to an imaging agent 

such as a radionuclide or fluorophore. Bacteria-targeted imaging not only allows for the localisation 

of infection, but it can also identify a specific micro-organism.19,27 Fluorescence-targeted imaging 

of bacterial infections has multiple promising applications. These include the possibility of intra-

operative real-time infection imaging, imaging of infections by arthroscopy or bronchoscopy, or ex 

vivo diagnostic infection imaging. Consequently, targeted fluorescence imaging has the potential to 

serve as a ‘red-flag’ in identifying infecting micro-organisms.
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Scope and outline of this thesis

As described in the above paragraphs, fluorescence-targeted imaging of infecting bacteria shows 

great promise for diagnosing infectious diseases. Therefore, the aim of this PhD research was 

to develop and test new bacteria-specific imaging tools to improve the diagnosis of bacterial 

infections. An extensive overview of the different approaches that have been explored and 

described in the literature is presented in Chapter 2 of this thesis. In addition, this chapter presents 

future opportunities for bacteria-targeted imaging in the detection of diverse infectious diseases.

Chapter 3 of this thesis is dedicated to the currently used and clinically well-known functional imaging 

modality PET with fluorine-18-fluorodeoxyglucose (18F-FDG), which is frequently used to track sites 

of infection and inflammation. Diagnosing infections with 18F-FDG-PET remains challenging, due to 

the fact that, for instance, malignancies, sterile inflammation and physiological wound healing can 

result in similarly high signals.28 In particular, this chapter describes the accumulation of 18F-FDG in 

diverse bacterial pathogens and the bacterial contribution to the signals observed in the currently 

applied FDG-PET infection imaging.

The following sections of this thesis, Chapters 4 to 6, focus on preclinical staphylococcal-targeted 

imaging approaches. Chapter 4 presents a novel human monoclonal antibody-based tracer for 

bacteria-targeted imaging. The respective antibody binds specifically to the immunodominant 

staphylococcal antigen A (Isa A) which is exposed on the bacterial cell surface. Pre-clinical feasibility 

for Staphylococcus-specific imaging is demonstrated in a human post-mortem infection model and 

an in vivo murine skin infection model. Another promising Staphylococcus-specific tracer detects 

enzymatic activity of the micrococcal nuclease, which is specifically secreted by S. aureus. The 

results described in Chapter 5 highlight the sensitivity and specificity of this nuclease activity-based 

tracer and demonstrate its stability in human blood and plasma. Importantly, the investigated 

nuclease-specific tracer is ‘smart-activatable’, because it only emits a fluorescence signal when it 

is cleaved by the target enzyme. Subsequently, evidence for future clinical implementation of the 

nuclease-activatable tracer for early diagnosis of S. aureus bacteraemia is presented in Chapter 6. 

In the last sections of this thesis, Chapters 7 to 9, different clinical applications of bacteria-

targeted fluorescence imaging are presented. Chapter 7 describes the possible application of a 

recently developed fluorescent tracer based on the antibiotic vancomycin and the NIR fluorophore 

IRDye800CW. This tracer, denoted as vanco-800CW, is capable of detecting most Gram-positive 

bacteria, thereby targeting the vast majority of biomaterial-associated infections.29 This chapter 

reports on the first ex vivo fluorescence imaging of clinical bacterial biofilms on osteosynthesis 

devices with vanco-800CW. Importantly, the results show that bacteria-targeted fluorescence 

imaging reduces the time to diagnosis from days to less than 30 min. In addition, surgeons could 

benefit from real-time visual information on the presence and extent of FRIs. To develop this 

fluorescence imaging technique further for the detection of PJIs, arthroscopic imaging with vanco-

800CW was performed. This proof-of-principle study is described in Chapter 8. The last clinical  
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application presented in this thesis addresses the fluorescence-targeted imaging of bacterial 

colonisation and infection in the human lung. Accordingly, Chapter 9 describes probe-based 

confocal laser endomicroscopy combined with fluorescence-targeted imaging of micro-organisms 

in the alveolar space of human resected lungs. Using two previously described tracers, respectively 

based on ubiquicidin and colistin (polymyxin E),30–32 the presence of bacteria and yeast could be 

visualised even when the gold standard of microbiological culturing failed.

Lastly, Chapter 10 presents a summary of the overall conclusions and a general discussion to place 

the present results in a more general perspective for the area for microbial infection imaging. 

Possible implications for future research and clinical implementation are highlighted.
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