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The general introduction contains part of the book chapter:
Mafalda Bispo, Jan Maarten van Dijl, Wiktor Szymański

 
Molecular photoswitches in antimicrobial photopharmacology. 

In: Molecular Photoswitches – Chemistry, Properties, and Applications by Pianowski ZL. 
2nd ed. Wiley-VCH Verlag GmbH. In press for 2022. ISBN-13: 978-3527347681
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scope of the thesis
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Bacterial infections – Staphylococcus aureus

Bacterial infections are a major concern nowadays, mainly within hospital settings, where the high 

frailty of the hospitalized patients leads to high morbidities and mortalities. These nosocomial 

infections are often associated to invasive devices, such as catheters and ventilators.1 In many cases, 

these infections originate from the microbiota of the patient that can become pathogenic when the 

immune system is compromised.2

Staphylococcus aureus is a Gram-positive bacterium that thrives on the nasal mucosa and other 

reservoirs of the human body in approximately 30 % of the population.3 However, S. aureus is 

also an opportunistic pathogen, capable of invading tissues or the bloodstream when cutaneous 

or mucosal barriers are disrupted either by surgery or by actions of the bacterium itself, leading 

to infection.4 Consequently, S. aureus is responsible for several diseases, ranging from less 

severe pathological profiles, such as minor skin infections, to life-threatening infections, such 

as bacteraemia, endocarditis, and pneumonia.5 This pathogen is often associated with medical 

devices and implant-related infections, due to its ability to form thick biofilms.6 Within a biofilm, 

the bacteria are embedded in a polymeric matrix that adheres to the implant surface. This matrix 

acts as a structural network, which protects the bacteria from the immune system and therapeutic 

interventions. Moreover, the presence of an implanted foreign body, such as cardiac devices, 

intravascular catheters, and prostheses, reduces 100,000 times the S. aureus inoculum required to 

cause an infection.5 S. aureus can acquire resistance to antibiotics by horizontal transfer of genes from 

external sources. Horizontal gene transfer is responsible for the most concerning form of resistant 

S. aureus - the methicillin resistant S. aureus (MRSA), which can be found in both healthcare and 

community settings.7 Additionally, this pathogen can also develop endogenous resistance acquired 

by chromosomal mutation and selection under antibiotic pressure.8 Thus, alternative diagnostic 

and treatment strategies to fight this resistant pathogen are in the focus of this PhD thesis. 

Improving the diagnosis of bacterial infections

Before initiating the appropriate medical treatment for fighting an infection, a rapid and accurate 

diagnosis is important. Currently, the infection diagnosis relies on culture and/or molecular 

detection to identify the causative microbial species. This requires tissue biopsy for deep-seated 

infections, which can lead to morbidity and sampling error. Moreover, these traditional diagnostic 

approaches are notoriously costly and slow, which often leads to empiric infection management 

with broad-spectrum antibiotics.9 The use of broad-spectrum antibiotics is not preferred as it makes 

the emergence of multi-drug-resistant bacteria more likely, which will complicate treatment and 

lead to worse outcomes.10 Thus, imaging modalities are needed that allow a reliable non-invasive 

detection of infection, differentiate infection from inflammation and, if highly specific, identify the 
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microorganism responsible for the infection. The current imaging modalities applied in the diagnosis 

of infections are, such as computed tomography, magnetic resonance imaging, ultrasound, positron 

emission tomography, single-photon emission computed tomography, and scintigraphy, do neither 

distinguish bacterial infections from other viral, fungal or parasitic infections, nor from sterile 

inflammation.10 Bacteria-targeted imaging approaches, such as optical and optoacoustic imaging, 

are being explored to fill this gap in the diagnosis of infections.11–14

Treating bacterial infections: 
The problems of antimicrobial resistance and side effects

Since the beginning of the 20th century, initiated with the seminal discovery of sulphonamides by 

Domagk and co-workers,15 and penicillin by Fleming,16 the mass production and routine application 

of antibiotics have revolutionized modern medicine, changing the therapeutic paradigm. Antibiotics 

enabled many medical interventions, such as organ transplantations, joint replacement surgery 

and stem cell therapy.17 However, the emergence of antimicrobial resistance (AMR) undermines all 

these therapeutic accomplishments, and it has become one of the most important public health 

threats of our century.18 It is forecast that, by 2050, 300 million premature deaths and a loss of up 

to $100 trillion to the global economy may occur if the current spread of AMR is not effectively 

controlled.19 Moreover, since 2007, no novel antibiotics classes have been brought to the market. 

Today, there are only 22 classes of antibiotics, most of which were discovered between the 1930s 

and 60s. The world’s capacity for antibiotic discovery is thus seriously falling behind compared to 

the rate at which bacterial resistance emerges and spreads in hospitals and the community.20

The emergence of AMR can be attributed to both the humans and microbes. Regarding the human 

role in AMR, the world-wide overuse of antibiotics, be it for use in human healthcare, livestock 

farming or agriculture, is a major problem, because prolonged exposure provides resistant microbes 

with a selective advantage.17 Spontaneous mutations in bacterial genomes with subsequent 

inheritance by the following generations, and horizontal gene transfer of resistance genes between 

different bacterial species are key microbial mechanisms leading to AMR and facilitating its spread.21 

Another major challenge imposed by the currently available antibiotics is related to their side 

effects. Most types of antibiotics target a broad spectrum of microorganisms and, therefore, their 

administration affects bacterial communities in and on the human body as a whole, regardless 

of their pathogenic, mutualistic or commensal properties.22 In particular, some antibiotics have 

harmful effects on the gut microbiome, which creates a niche for opportunistic bacteria and 

pathogens, eventually leading to so-called dysbiosis and gut disorders. In turn, this may deregulate 

the immune system, leading to possible autoimmune or metabolic diseases.23 In addition, several 

antibiotics display nephro- or ototoxicity, while others may elicit allergic responses.24 Thus, to tackle 

these issues, there is a pressing need for the development of new antimicrobials with increased 
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specificity for the site of infection and with fewer side effects. This need can be met by antimicrobial 

compounds with properties that can be specifically modulated or activated in a targeted area of 

infection.

Treating bacterial infections: 
Novel solutions for tackling the antimicrobial resistance threat

Bacteriophages and endolysins
About a century ago, phages have been introduced as antibacterial agents, based on their ability to 

bind and multiply within bacterial host cells and thereafter to cause their lysis.25 Lytic bacteriophages 

hijack the host cell machinery and produce their viral progeny. To release this viral progeny into the 

environment, a phage-encoded protein, name holin, is produced to create pores in the cytoplasmic 

membrane. Subsequently, the phages’ endolysins degrade the peptidoglycan of the bacterial cell 

wall, disturbing this protective barrier which will, consequently, lead to lysis of the bacterial cell.26 

Bacteriophages have some advantages over antibiotics, including multiple mechanisms of action 

unrelated to the antibiotic resistance mechanisms; narrow host ranges with minimal side effects 

on eukaryotic cells; and a broad availability that stems from their occurrence in a wide range of 

different environments.27 An additional advantage of phage therapy is that these microbial drugs 

show inverted pharmacokinetics, as the phages will multiply when they encounter a target cell, 

whereas the concentration of administered drugs decreases due to excretion and turnover. 

However, bacteria are well adaptable and there are various known resistance mechanisms towards 

bacteriophages, such as bacterial receptor modification28, production of competitive inhibitors, 

restriction-modification systems to cleave foreign DNA, as well as the CRISPR-Cas9 (Clustered 

Regularly Interspaced Short Palindromic Repeats-CRISPR-associated protein 9) systems that have 

attracted major attention in recent years.29 

A novel concept involves the application of phage endolysins as potential alternative agents to fight 

infections, instead of the complete bacteriophages. In particular, endolysin-based therapies have 

not yet elicited extensive resistance, mainly because the selective pressure they exert is associated 

with phages rather than their cell wall-degrading activity, but also because they have not (yet) 

been overused as was the case for classical antimicrobials. Importantly, endolysins can be applied 

exogenously without the need for holins or other enzymes.30–32 Of note, peptidoglycan hydrolases 

usually work better in Gram-positive bacteria, since their peptidoglycan-based cell walls are more 

exposed and form the prime barrier against physical and chemical insults. There have been several 

successful reports of the application of endolysins in the antimicrobial treatment of infections 

caused by Gram-positive bacteria, such as MRSA30, Bacillus cereus33 and Clostridium difficile34.
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Light-controlled antibiotics
Most challenges associated with harmful antibiotic side effects and the emergence of resistance in 

bacteria stem from the same problem: the activity of the antibiotic outside of the site of infection. 

Besides the adverse effects in the human body, vide supra, the activity of antibiotics released into 

the environment is also harmful. This is underscored by the finding that accumulation of antibiotics 

in surface fresh waters can be linked to the spread of resistance.24 The application of bioactive 

molecules that react to an external stimulus by reversibly increasing their potency, could potentially 

tackle these challenges. In recent years, through the advent of photopharmacology,35–38 light 

has emerged as a preferred stimulus for external drug activation. Light is largely orthogonal to 

biological systems, and thus allows for the selective activation of photoresponsive molecules with 

unparalleled spatial and temporal resolution.39 Recent developments in clinical instrumentation 

also enable minimally invasive delivery of light even deep within the tissues of the human body.40

Photopharmacology relies on the introduction of photoresponsive moieties (such as molecular 

photoswitches) into the structure of bioactive molecules. This results in compounds that are both 

bioactive and photoactive, and the reversible switching between their photoisomers influences the 

molecular properties that are key to the drug potency, such as structure and polarity. This often 

enables switching between more and less active forms and, thus, connects the therapeutic effect 

to light irradiation in a spatially and temporally controlled way. The use of photopharmacological 

antibiotics can be envisioned along two possible scenarios. The light-controlled drug can be 

transiently activated by irradiation prior to the administration to the patient, and it subsequently 

loses its activity due to thermal relaxation of the photoswitch to the less potent, thermodynamically 

stable form. This ensures that the active substance does not accumulate in the environment, 

potentially preventing the development and spread of resistance. The second therapeutic scenario 

envisions the local activation of the antibiotic inside the patient’s body, aiming to not only tackle the 

problem of resistance, but also to prevent any harmful side-effects. In recent years, many examples 

of molecular photoswitches have been described, focusing on applications in vision restoration,41 

neuronal transmission,42 chemotherapy43 and antibiotic therapy, amongst others.

Targeted antimicrobial photodynamic therapy (aPDT)
A more clinically established light-dependent therapeutic avenue, already applied in a variety of 

pathologies, such as cancer, dermatological and ophthalmic diseases, is photodynamic therapy 

(PDT). The mechanism of action of PDT is based on the excitation of the photosensitizer with light 

of an appropriate wavelength, which results in intersystem crossing to the triple state, a further 

reaction with triplet molecular oxygen and the production of reactive singlet oxygen (1O2, PDT type 

II reaction, Figure 1). Another reaction that can take place (PDT type I reaction) relies on electron 

transfer from the photosensitizer’s excited state to the molecular oxygen, producing superoxide 

anions, which can form hydrogen peroxide (Figure 1).44 The discovery of photo-antimicrobials for 

aPDT has accelerated since the early 1990s after the emergence of the first drug-resistant infections.45 
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aPDT has a broad spectrum in the treatment of infections caused by several microorganisms, such 

as bacteria, fungi and viruses. This therapy has been clinically approved in the treatment of psoriasis 

and acne vulgaris, mycosis, dental infections and peptic ulcer disease.46 Moreover, aPDT can be 

used as a decontaminant of infected medical devices (i.e. in preventing prosthetic joint infections 

and infections caused by ventilator-associated pneumonia biofilms), which pose a serious threat to 

the human health.47 

A great advantage of treating bacterial infections with aPDT is the absence of reported resistance 

developed by the microorganisms. In theory, bacteria could be able to adapt to the reactive oxygen 

species (ROS) produced from type I mechanism in aPDT by the expression of certain enzymes to 

detoxify those ROS. However, the distance between the place where the oxidative burst occurs 

(most commonly at the bacterial cell envelope) and these intracellular enzymes is too long for 

having any effect in helping bacteria to survive aPDT.48 On the other hand, there is no specific 

enzyme-mediated defence mechanism against 1O2, which is the main ROS produced after aPDT by 

the type II mechanism. 

Figure 1. Schematic representation of the targeted antimicrobial photodynamic therapy (aPDT) mechanisms 
that allow the killing of pathogenic bacteria. The central aPDT mechanism is illustrated by a simplified 
Jablonski diagram. Upon irradiation of the infection site with light of a specific wavelength, the photosensitizer 
(PS) initially absorbs a photon, leading to PS excitation to the first excited singlet state which, subsequently, 
undergoes intersystem crossing (ICS) to the more long-lived triplet state. A PS in the triplet state can interact 
with molecular oxygen via the type I and II pathways, leading to the formation of oxygen radicals and singlet 
oxygen respectively. This figure is created with BioRender.com.

Another important consideration for aPDT relates to the particular properties of the photosensitizer. 

Ideally, the photosensitizer’s absorption coefficient should be large in the visible spectrum, 
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preferably in the long wavelength (near-infrared, NIR) region, because this will result in deeper 

penetration of the light into the infected tissue.49 Additionally, the photosensitizer should be 

selective to the pathogen of interest with minimal damage to the host. The desired specificity has 

recently been accomplished by conjugating second generation photosensitizers with biomolecular 

recognition motifs, such as carbohydrates, monoclonal antibodies, and bacteriophages (Figure 1).49 

Targeted aPDT would thus preclude phototoxicity and prolonged photosensitivity when treated 

patients are exposed to ambient light.50

Photo-immunoconjugates for aPDT
Photo-immunoconjugates are based on the conjugation of antibodies to conventional 

photosensitizers for a targeted cytotoxicity upon light exposure. This targeted approach will therefore 

reduce unwanted side effects to the surrounding tissues.51 In anti-cancer PDT, there is currently 

a global phase III clinical trial of a NIR photo-immunoconjugate (ASP-1929) for the treatment of 

inoperable head and neck cancer patients.52 In Japan, ASP-1929 was already approved last year 

for clinical use.53 This NIR photo-immunoconjugate is based on a specific antibody that targets the 

epidermal growth factor receptor, which is conjugated to the silicon phthalocyanine IRDye 700DX. 

The use of photo-immunoconjugates for aPDT to fight infections has not yet reached the clinical 

stage, but several studies are currently in progress to explore the application potential.54–57 The target 

of choice in most of these studies is the staphylococcal Protein A (Spa), which is an immunoglobulin-

binding protein attached to the cell wall of S. aureus. Other bacterial cell surface proteins, such as 

the immunodominant staphylococcal antigen A (IsaA), were also explored for targeted aPDT with 

photo-immunoconjugates of MRSA infections, as described in this thesis.58

Antibiotic conjugates for aPDT
Conjugating well-known antibiotics with photosensitizers generates antimicrobial agents with high 

selectivity and killing efficacy. Moreover, such agents do not seem to elicit resistance, since the 

antibiotic moiety is not directly responsible for the therapeutic effect, providing only the target 

specificity. Also, the ROS generated by the photosensitizer moiety will damage a wide range of 

essential bacterial components, making the development of resistance less likely. Of note, the 

conjugation of an antibiotic to a photosensitizer may diminish its bactericidal activity, binding ability, 

and solubility.59 In most studies, antibiotics such as gentamycin60 and vancomycin61,62 were chosen 

to covalently attach photo-active molecules. The resulting antibiotic-conjugates were shown to 

target and kill, through aPDT, several Gram-positive bacteria, including highly resistant ones, such 

as vancomycin-resistant Enterococcus (VRE) species.63

Bacteriophage conjugates for aPDT
Due to their high species specificity, bacteriophages are also good candidates to deliver a 

photosensitizer to the targeted pathogen. Moreover, some bacteriophages can still bind to bacteria 
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even if those bacteria have acquired resistance against being infected by them.64 Importantly, 

bacteriophages were already successfully applied for delivering other antimicrobial agents, such 

as DNA-encoding bactericidal proteins.65 To date, there have been two reports on the delivery of 

photosensitizers by  bacteriophages to treat bacterial and fungal infections.64,66 One of the reports 

describes the effective light-induced killing of MRSA by the phage-conjugate with comparable 

efficacy towards bacteria in the exponential and stationary growth phases.64 However, deeper 

investigations into the use of bacteriophages as delivery systems of photosensitizers are required to 

predict more accurately the outcomes of in vivo applications. In particular, it would be important to 

unravel the effect of aPDT with phage-conjugates on bacteria that are attached to or internalized by 

professional phagocytes or other host cells.

Potential hurdles and challenges for aPDT
aPDT is intrinsically dependent on the presence of molecular oxygen for the generation of ROS. 

This can be a serious hurdle in clinical settings with limited oxygenation. For instance, during the 

maturation of microbial biofilms, different microenvironments are formed, including oxygen-

depleted regions deep inside the biofilm, where the so-called persister cells will develop.67,68 These 

persister cells have an important role in antimicrobial resistance, since their metabolic activity is 

low, making them less susceptible to the host immune system and the action of antibiotics. The 

persisters residing in poorly oxygenated biofilm niches are hard to eradicate by aPDT. Consequently, 

aPDT will be most effective in destroying cells on the surface of the biofilm, and it may require 

multiple cycles of aPDT treatment, or the co-administration of antibiotics, to fully eradicate 

established biofilms. 

Furthermore, it is important to develop compounds that can be activated by light in the red and 

NIR wavelength range, allowing a deeper penetration into the tissue. Transdermal light delivery is 

the preferred procedure but, unfortunately, light does not penetrate efficiently into tissues, due to 

melanin pigmentation of the skin and the presence of light absorbing molecules, such as heme and 

flavoproteins in the underlying tissues and vasculature.44 To reach deep-seated infections, optical 

fibres are starting to be implemented in the treatment of infections in the nares, paranasal sinuses 

and gastrointestinal tract.69,70 Thus, it seems likely that further development of this technology will 

facilitate the successful implementation of aPDT at many other sites of the human body.

Scope of the thesis

The main objective of the research described in this thesis was to investigate different targeting 

molecules for the aPDT of bacterial infections. These molecules were all conjugated to the same 

NIR photosensitizer IRDye 700DX, which is already clinically applied in anti-cancer PDT. Chapter 1 

introduces the current antimicrobial resistance problem and explores some alternative strategies to 
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overcome it. In the present thesis, the focus among these alternative strategies lies on aPDT, which 

is more extensively described in Chapter 1.  

Targeted early-diagnosis and treatment of bacterial infections is ideal to avoid unwanted side 

effects towards the surrounding tissues. In optical imaging, the conjugation of fluorescent probes 

to biomacromolecules (e.g. antibodies) has been thoroughly researched and optimized. However, 

small molecules are synthetically more accessible, more stable, and cheaper, which makes them 

promising targeting moieties. Chapter 2 describes an efficient, transferable and reproducible 

method for the synthesis and purification of fluorescent vancomycin conjugates for the diagnosis 

and treatment of Gram-positive bacterial infections. NIR-dyes were used for this purpose (IRDye 

800CW and IRDye 700DX), because NIR light penetrates deeper into the human tissues. 

The synthesized vancomycin-IRDye 700DX conjugate (Vanco-700DX) described in Chapter 2 was 

evaluated as an antimicrobial agent for the targeted aPDT to treat infections caused by staphylococci 

and VRE in Chapter 3. The presented results show that the combination of red light-activated Vanco-

700DX and antibiotics can break the protective shell of staphylococcal biofilms. Importantly, this 

vancomycin-conjugate can be internalized by macrophages and kill intracellular S. aureus without 

damaging the immune cells.

Monoclonal antibodies (mAbs) directed against bacterial surface proteins seem to be ideal carriers 

for photo-activatable drugs since they improve distribution and concentration of the drug at the 

site of infection, upon binding to their cognate antigens. Chapter 4 outlines the conjugation of a 

fully human mAb (1D9), highly specific to S. aureus, to the NIR photosensitizer IRDye 700DX. The 

resulting immunoconjugate (named 1D9-700DX) was subsequently evaluated in vitro, in vivo and 

in a human post-mortem implant model. Upon red light irradiation, 1D9-700DX was shown to be 

highly effective in destroying the surface of a S. aureus biofilm and rescuing MRSA-infected Galleria 

mellonella larvae. Importantly, red light penetration to activate the immunoconjugate and produce 

ROS was found not to be impaired by human tissue. The results presented in this chapter also raised 

questions about possible interference with aPDT by the antioxidant defences protecting the human 

body against ROS. This issue was resolved through the addition of an aPDT enhancer, as exemplified 

with an inorganic salt, potassium iodide (KI). Importantly, KI was able to rescue and empower the 

aPDT with 1D9-700DX. 

Chapter 5 reports in more detail on the antioxidant activity of human serum albumin (HSA) and 

its antagonizing effect on aPDT. The results show that the free thiol group of a conserved cysteine 

residue interferes with bacterial killing by aPDT with 1D9-700DX. Furthermore, this chapter 

describes how aPDT with 1D9-700DX can be empowered with KI for the selective killing of S. aureus 

in the presence of HSA, and without negatively affecting other non-targeted bacterial species or 

human cells.

From a clinical perspective, it is considered advantageous to develop theragnostic agents to both 

diagnose and treat S. aureus infections. Chapter 6 describes a human mAb (7G2) specific to the Spa 

for the optical fluorescence imaging of MRSA, not only in the planktonic state, but also in mono- 
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and dual-species biofilms or even intracellularly. Moreover, fluorescently labelled 7G2 is reported 

to readily detect the site of S. aureus infection in an in vivo murine myositis model. Importantly, 

7G2 can break the S. aureus protection conferred by Spa against complement activation and 

phagocytosis by human neutrophils, allowing the effective elimination of this pathogen. Lastly, this 

mAb was also coupled to the photosensitizer IRDye 700DX to completely eradicate S. aureus within 

a biofilm community upon red light irradiation.

Endolysins derived from phages that infect staphylococci usually have two catalytic domains 

combined with a cell-binding domain (CBD) at their C-terminus. The CBD is responsible for the 

high specificity of endolysins for Gram-positive bacteria. Thus, the studies documented in Chapter 
7 were aimed at investigating whether the cell binding domain of an S. aureus-specific phage’s 

endolysin (CBD3) could serve as a targeting agent for aPDT. Accordingly, CBD3 was conjugated 

with the photosensitizer IRDye 700DX. Indeed, aPDT with the CBD3-700DX conjugate eliminated 

staphylococci in vitro, in biofilms and inside human host cells. 

Finally, Chapter 8 summarizes and discusses the findings described in this thesis. This chapter also 

presents an outlook on the future perspectives for implementation of different targeting agents to 

treat bacterial infections with targeted aPDT.
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