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Abstract 

Infections caused by multi-drug resistant Staphylococcus aureus, especially MRSA, are 

responsible for high mortality and morbidity worldwide. Resistant lineages were previously 

confined to hospitals, but are now also causing infections among healthy individuals in the 

community. It is therefore imperative to explore therapeutic avenues that are less prone to raise 

drug resistance compared to today’s antibiotics. An opportunity to achieve this ambitious goal 

could be provided by targeted antimicrobial photodynamic therapy (aPDT), which relies on the 

combination of a bacteria-specific targeting agent and light-induced generation of reactive oxygen 

species by an appropriate photosensitizer. Here we conjugated the near-infrared photosensitizer 

IRDye700DX to a fully human monoclonal antibody, specific for the invariantly expressed 

staphylococcal antigen IsaA. The resulting immunoconjugate 1D9-700DX was characterized 

biochemically and in preclinical infection models. As demonstrated in vitro, in vivo, and in a 

human post-mortem orthopedic implant infection model, targeted aPDT with 1D9-700DX is highly 

effective. Importantly, combined with the non-toxic aPDT-enhancing agent potassium iodide, 1D9-

700DX overcomes the antioxidant properties of human plasma and fully eradicates high titers of 

MRSA. We show that the developed immunoconjugate 1D9-700DX targets MRSA and kills it 

upon illumination with red light, without causing collateral damage to human cells. 
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Introduction 

 

Staphylococcus aureus is a Gram-positive bacterium, part of the normal human microbiota, but 

also a leading cause of bacteremia, endocarditis, osteomyelitis and skin and soft tissue infections 

(1). Such infections are increasingly difficult to treat, partly due to acquired antibiotic resistances, 

as exemplified by methicillin-resistant S. aureus (MRSA) (2,3), and partly due to the bacterium’s 

ability to form thick biofilms on tissues and implanted biomaterials (e.g. catheters, heart valves, 

and prosthetic joints) (4). The staphylococcal biofilms are, in general, multilayered structures of 

bacteria embedded in a matrix of proteins, DNA and host components, which protect the bacteria 

against the host immune system and most antimicrobial agents (5). Therefore, there is a major need 

to explore alternative anti-staphylococcal therapies to complement or enhance the currently 

available therapies.  

A potential alternative therapeutic approach is antimicrobial photodynamic therapy (aPDT) (6), an 

emerging treatment modality based on the photoactivation of a photosensitizer with light of an 

appropriate wavelength. Together with molecular oxygen, the photosensitizer will generate ROS, 

mostly singlet oxygen (1O2), that kill the infecting organism. Moreover, bacterial resistance to 

photosensitizers has not yet been reported. An ideal photosensitizer should be selectively toxic to 

the pathogen with minimal damage to the host. In addition, the photosensitizer should have a large 

absorption coefficient in the visible spectrum, especially in the long wavelength (near-infrared) 

region, to allow effective penetration of light into the infected tissue (7). Recently, the development 

of more effective antibacterial aPDT agents has been accomplished by conjugating second 

generation photosensitizers with biomolecular recognition motifs, such as carbohydrates, 

bacteriophages or monoclonal antibodies (8-12). However, there are currently only few reports on 
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the development of targeted aPDT against S. aureus and none were tested in vivo.  

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

photosensitizers since, by binding their cognate antigens, they improve distribution and 

concentration of the drug at the site of injury/disease. This will keep collateral damage to host cells 

to a minimum (9). A few anti-staphylococcal mAbs have been developed and evaluated in late 

stage clinical studies (13), but their efficacy in passive immunization was insufficient. It is however 

well conceivable that the efficacy of anti-staphylococcal mAbs can be enhanced by conjugation to 

photosensitizers. We have previously developed a fully human monoclonal antibody - 1D9 - which 

targets the immunodominant staphylococcal antigen A (IsaA), a strictly-conserved non-covalently 

cell wall-bound lytic transglycosylase that is exposed on the surface of all S. aureus isolates tested 

so far (14–18). 1D9 was pre-clinically shown to be highly effective in the non-invasive diagnosis 

of S. aureus soft tissue infections as well as spinal and shoulder implant infections in mice using 

PET-CT or in vivo fluorescence imaging (19–21). Importantly, this diagnostic approach offers the 

great advantage that it can distinguish infection from aseptic inflammation, because it directly 

targets the causative pathogen. Accordingly, the fluorescently labelled 1D9 was shown to facilitate 

intraoperative image-guided selective debridement of S. aureus biofilms on spinal and shoulder 

implants (20,21). 

Building on the observation that 1D9 can be applied for targeted infection imaging and image-

guided surgery, we envisaged that this mAb could be applicable as a targeting agent for aPDT to 

treat S. aureus infections. The added value of a 1D9-fluorochrome conjugate with photosensitizer 

activity would be that it may be applied as a so-called theranostic agent, allowing both the direct 

diagnosis of infection and targeted in situ antimicrobial therapy. In the present study, 1D9 was 

therefore conjugated with IRDye700DX, a commercially available silicon phthalocyanine 

derivative with relatively hydrophilic properties and a strong absorption band in the near-infrared 
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region of the spectrum (22). Further, this potent photosensitizer can be readily conjugated to 

proteins and has been widely explored for PDT of cancer (23–26). The here presented study 

demonstrates the feasibility of applying a 1D9-IRDye700DX immunoconjugate (in short 1D9-

700DX) as an innovative targeted aPDT agent that disrupts S. aureus biofilms in vitro, rescues 

larvae of the wax moth Galleria mellonella from MRSA infections, and is effective in S. aureus 

killing in a human post-mortem infection model. Importantly, when combined with the enhancing 

agent potassium iodide (KI), the 1D9-700DX immunoconjugate can fully overcome potent 

antioxidant defenses of the human body, allowing the complete eradication of high titers of MRSA. 
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Results  

 

In vitro characterization of 1D9-700DX  

Conjugation of 1D9 to the IRDye700DX N-hydroxysuccinimide (NHS) ester, to obtain 1D9-

700DX, was achieved through reaction of the NHS ester with the primary amines of lysine residues 

in the mAb. Judged by the absorbance values at 280 nm (protein) and 690 nm (IRDye700DX), this 

resulted in approximately 1-3 conjugated dye molecules per mAb molecule. MALDI-TOF mass 

spectrometry was used to determine the exact mass of the monoclonal antibody 1D9 – 148,503 m/z 

– and to visualize the shift towards a higher m/z of the 1D9-700DX immunoconjugate – 152,110 

m/z – corresponding to approximately three dye molecules per mAb (Figure S1A). Further, the 

covalent association between the mAb and IRDye700DX was evidenced by LDS-PAGE of 1D9-

700DX under reducing conditions, where the separated heavy (~50 kDa) and light (~25 kDa) chains 

were both shown to fluoresce (Figure S1B). Moreover, we analyzed the in vitro immunoreactivity 

of 1D9-700DX with an enzyme-linked immunosorbent assay (ELISA) (Figure S1C). This showed 

that with 1D9-700DX 94.3% ± 2.6% (mean ± SEM) of binding was achieved, which is identical to 

the immunoreactivity of the unconjugated mAb 1D9 (95.1% ± 3.4%). 

Photobleaching of photosensitizers is caused by oxidative photodegradation due to reaction with 

self-generated 1O2. Thus, it can be identified by a decrease of the bands in the absorption spectra 

without formation of new peaks (27). Aliquots of 1D9-700DX were irradiated for several periods 

of time using a high-output LED device that emits light at 690 nm (28), and the immunoconjugate 

was found to be photostable until 5 min exposure at 100 mW.cm-2 (30 J.cm-2, Figure S1D). Of 

note, the maximum absorbance peak of IRDye700DX is at 689 nm. Thus, to achieve the highest 

efficiency in ROS production, one should irradiate at the λmax of this molecule, since the attenuation 
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coefficient at that wavelength is the largest, and therefore the ROS generation efficiency is 

maximal. The ability of 1D9-700DX to produce 1O2 was indirectly evaluated in DMSO, using 1,3-

diphenylisobenzofuran (DPBF), an established 1O2 scavenger (Figure S1E) (29). 1D9-700DX was 

able to photo-oxidize 91% of the initial DPBF, which was present at a 100:1 molar ratio compared 

to the photosensitizer, within 15 seconds exposure to red light. This demonstrated that the 

immunoconjugate had retained a high capability to produce 1O2. 

 

1D9 binding by S. aureus 

The mAb 1D9 binds IsaA with high affinity, but like any human IgG1, it also binds to the two 

immunoglobulin-binding proteins SpA and Sbi of S. aureus (20,30,31). Therefore, we compared 

by fluorescence microscopy the binding of this mAb to IsaA and SpA/Sbi. To this end, two wild-

type S. aureus strains (SH1000 and Newman), and the respective isogenic deletion mutants lacking 

IsaA (MS001) or SpA and Sbi (Newman ΔspA, Δsbi), were incubated with 1D9 that had been 

labelled with AlexaFluor555 (1D9-Alexa555). The 1D9-Alexa555 immunoconjugate readily 

detected all the strains, but the detectable binding was notably reduced in the IsaA-deficient strain 

(Figure 1A). In contrast, compared to the respective wild-type strain Newman, binding was barely 

reduced in the ΔspA, Δsbi mutant (Figure S2). Thus, under the tested conditions, the 1D9 mAb 

binds to IsaA with minimal background binding to the SpA/Sbi proteins on the S. aureus surface.  

To visualize the localization and photo-activity of 1D9-700DX upon binding to S. aureus cells, 

DAB photooxidation on the bacterial cell surface was assessed by transmission electron 

microscopy (TEM) (32,33). In this approach, ROS-generating species can be localized with high 

resolution by detecting the ROS-induced polymerization of DAB. The DAB polymer’s 

osmiophilicity will increase osmium staining at the site where ROS production takes place, which 

is detectable by TEM. Since the lifetime of ROS is very short, we can correlate the site of DAB 
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polymer formation with the location of the ROS-producing molecule. Figure 1B shows that, 

indeed, 1D9-700DX produces ROS at the bacterial cell surface as enhanced osmium staining is 

only observed for the cells that were incubated with 1D9-700DX and treated with red light at a 

radiance exposure of 60 J.cm-2 (P+L+ DAB+). These experiments therefore highlight the ability of 

1D9-700DX to produce 1O2 at the bacterial cell surface, underlining its applicability for targeted 

aPDT. 

 

In vitro killing of S. aureus by photoactivated 1D9-700DX  

To study the in vitro antimicrobial activity of 1D9-700DX, we first investigated the survival of 

wild-type or IsaA-deficient S. aureus incubated with or without the immunoconjugate in the 

absence or presence of red light (Figure 2A). 107 colony-forming units (CFU) of S. aureus SH1000 

and the isogenic IsaA-deficient mutant MS001 were incubated with 0.7 and 9.8 µM of 1D9-700DX, 

respectively. The bacteria were then irradiated with 30 J.cm-2 of red light, which is the maximum 

radiant exposure that does not cause photobleaching of IRdye700DX (Figure S1D). After CFU 

counting, the results showed that 0.7 µM of 1D9-700DX completely eradicated the SH1000 wild-

type strain, while 9.8 µM decreased the viability of the MS001 strain that lacks IsaA by less than 

1-log. This showed that 1D9 binding to the SpA/Sbi proteins is contributing only to a minor extent 

to the aPDT efficacy, arguing that IsaA-specific targeted aPDT is superior over the intrinsic IgG1-

binding capabilities of SpA/Sbi.  

To obtain more detailed insights into the photo-activated killing of S. aureus upon exposure to 

1D9-700DX, we incubated the methicillin-sensitive S. aureus (MSSA) Xen36 strain and the MRSA 

strain AH4807 with different concentrations of the immunoconjugate in the presence or absence of 

red light. The advantage of using these strains is that they have been genetically engineered to 

become bioluminescent through the expression of modified lux genes derived from Photorhabdus 
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luminescens (Table S1). As shown in Figure 2B, the bacterial viability only decreased upon 

exposure to 1D9-700DX and red light, whereas no effect on viability was observed in absence of 

the immunoconjugate or red light. Further, the Xen36 MSSA strain appeared to be somewhat more 

resilient to aPDT with 1D9-700DX compared to the AH4807 MRSA strain. A 1D9-700DX 

concentration of 9.8 µM was sufficient to completely eradicate 107 CFU/mL of both strains. The 

different susceptibility of the two S. aureus strains is most likely related to the fact that the Xen36 

strain expresses lower levels of the IsaA target protein and the IgG-binding proteins SpA/Sbi than 

the AH4807 strain, as shown by a Western blotting with 1D9 conjugated to IRDye800CW (Figure 

S3A-B). Conversely, the S. aureus strain SH1000 expressed the highest levels of IsaA and SpA/Sbi, 

rendering it more sensitive to 1D9-700DX after light activation (Figure 2A). The effect of aPDT 

with 1D9-700DX on the bacterial bioluminescence was also visualized using an In vivo Imaging 

System (IVIS Lumina II). As exemplified in Figure 2C, increasing immunoconjugate 

concentrations correlated well with decreasing bioluminescence of the AH4807 strain. Of note, 

bioluminescence was no longer detectable at a 1D9-700DX concentration of 2.6 µM, suggesting 

that most bacteria were already de-energized at this concentration of the immunoconjugate, 

whereas higher concentrations - 9.8 µM - are required to achieve 100% killing (Figure 2B).  

After determining the minimal 1D9-700DX concentration to eliminate 107 CFU/mL of the MSSA 

and MRSA strains, we tested whether different times of irradiation with red light at 100 mW.cm-2 

would influence the bacterial killing when compared to continuous irradiation at 30 J.cm-2, as used 

in the above experiments (Figure 2D). After incubation with 4.9 µM of 1D9-700DX, the Xen36 

and AH4807 strains were irradiated with red light. Already after 2 min irradiation, a significant 

decrease of the bacterial viability was observed. Nevertheless, there was a significant difference 

detectable upon 2- or 5-min irradiation for both strains, which implies that 30 J.cm-2 is an optimal 

radiant exposure for bacterial killing, without compromising the properties of the photosensitizer.  
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Next, the importance of conjugating 1D9 mAb to IRDye700DX for targeted aPDT was evaluated 

by comparing the efficacy of 1D9-700DX to that of the IRDye700DX carboxylate. Of note, the 

IRDye700DX carboxylate will not bind to S. aureus, because it lacks the NHS ester that was used 

to crosslink the IRDye700DX to the 1D9 antibody (Figure S4). The IRDye700DX carboxylate 

thus mimics a small molecule photosensitizer without target specificity. To compare the efficacy 

of 1D9-700DX and IRDye700DX carboxylate, we incubated 109 CFU/mL of S. aureus AH4807 

with 9.8 µM of each compound for 30 min, and subsequently washed the bacteria with PBS to 

remove the unbound compounds. As shown in Figure S5A, fluorescence imaging revealed ~2-fold 

higher binding of 1D9-700DX to the bacteria compared to the IRDye700DX carboxylate. 

Subsequently, the bacteria were irradiated with 30 J.cm-2 of red light and their viability was 

assessed by CFU counting. This showed that treatment with 1D9-700DX resulted in a 2.5-log 

reduction of viable bacteria, while treatment with the IRDye700DX carboxylate did not affect the 

bacterial viability (Figure S5B). This observation shows that targeted aPDT with 1D9-700DX is 

more effective than non-targeted aPDT.  

Lastly, the production of ROS after aPDT with 1D9-700DX against S. aureus was determined using 

a dioxetane-based substrate for the detection of hydrogen peroxide (H2O2) and other peroxides in 

biological samples by luminescence. As shown in Figure 2E, there was significantly higher 

production of H2O2 in the irradiated sample groups compared to the ones that were kept in the dark. 

Of note, exposure to red light alone at 30 J.cm-2 is not toxic for the bacteria as presented in Figure 

2B-C and, as shown in Figure 1B, other ROS species, such as 1O2, are also produced.  

 

S. aureus biofilm destruction by photoactivated 1D9-700DX  

In an attempt to visualize the impact of aPDT with 1D9-700DX on biofilms, biofilms of S. aureus 

NCTC8325-4 were grown on coverslips and subjected to aPDT. Subsequently, LIVE/DEAD-
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staining was performed with the dyes Syto9 and propidium iodide to, respectively, visualize live 

(green) and dead (red) bacteria by confocal laser scanning microscopy. Of note, some parts of the 

biofilm contain thicker layers, which translates into a brighter fluorescent signal and different 

biofilm phenotypes. Importantly, Figure 3 shows that aPDT with 15.5 µM of 1D9-700DX leads to 

substantial killing of bacteria in the biofilm. As shown in the respective z-stacks (supplemental 

video S1), the aPDT with 1D9-700DX is particularly effective in killing bacteria in the outer layer 

of the biofilm, but bacteria in deeper layers of the biofilm are also targeted, albeit with a lower 

efficiency.  

 

In vivo aPDT in a Galleria mellonella infection model  

To assess the efficacy of aPDT with 1D9-700DX with clinical S. aureus isolates, we employed a 

Galleria mellonella larval infection model. Of note, the larvae of this wax moth represent a suitable 

alternative to mammalian infection models thanks to the fact that, in particular, the innate immune 

cells of larvae and mammals have comparable protective activities against invading bacteria (34). 

To establish the appropriate experimental conditions, we first infected G. mellonella larvae with 

community-associated (CA) or hospital-acquired (HA) MRSA isolates of the USA300 lineage (35) 

to assess their virulence. Specifically, different inocula were prepared to inject the larvae, using 

bacteria grown to mid-exponential or early-stationary phase on RPMI. As expected, increased 

numbers of injected bacteria resulted in increased mortality of the infected larvae (Figure S6A-B). 

When comparing inocula prepared from mid-exponential (Figure S6A) or early-stationary phase 

bacteria (Figure S6B), an increased virulence was observed for the latter, which was more 

pronounced at higher bacterial loads. This probably reflects increased synthesis of virulence factors 

upon entry into the stationary growth phase by the bacteria (36). Together, these experiments 

showed that inocula containing 106 CFU of the bacteria/larva in mid-exponential phase, or 105 
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CFU/larva in the early-stationary phase, will kill 50% of the larvae in about 72 h post-infection, 

irrespective of their CA or HA origin (Figure S6AB). 

After defining the optimal conditions for infecting G. mellonella larvae with MRSA, we 

investigated suitable conditions to assess the in vivo efficacy of aPDT with 1D9-700DX. Firstly, 

potentially toxic effects of aPDT with 1D9-700DX were evaluated in uninfected larvae. To this 

end, uninfected larvae were injected with 40 mg.kg-1 of 1D9-700DX (i.e. a comparable dose as in 

the biofilm experiments in Figure 3) and exposed to different doses of red light (0 - 120 J.cm-2). 

The survival rate of the larvae was assessed 72 h post-irradiation. The highest dose for which no 

larval death, melanization (an indicator of high larval morbidity), or other indicators of toxic effects 

(e.g. impaired motility) were observed, was reached after 45 seconds irradiation at 100 mW.cm-2 

(4.5 J.cm-2) (Figure S6C). Additionally, we verified that injection of 1D9-700DX at 40 mg.kg-1 

with or without light exposure, or mock treatment with PBS, was not toxic for the larvae (Figure 

S6D).  

For the aPDT experiments with infected larvae, we first established dose-response curves using 

different concentrations of 1D9-700DX to determine whether concentrations lower than 40 mg.kg-

1 can be applied. Indeed, aPDT with 1D9-700DX was able to rescue CA- or HA-MRSA-infected 

larvae with the best survival rates at 72 h post-irradiation being observed at a dose of 40 mg.kg-1 

(Figure S6E). Next, we applied the established optimal conditions (40 mg.kg-1 of 1D9-700DX and 

irradiation at 4.5 J.cm-2) to carefully compare larval survival upon infection with mid-exponential 

or early-stationary phase CA- or HA-MRSA inocula, or with inocula of the engineered CA-MRSA 

strain AH4807 that had been used for the above-described in vitro studies. Indeed, aPDT with 1D9-

700DX significantly prolonged larval survival at 24, 48 and 72 h post-irradiation for all three 

MRSA strains grown to mid-exponential and early-stationary phase (Figure 4ACE, Figure 

S7ACE). 
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Since a significantly increased survival of G. mellonella larvae after aPDT was observed, we also 

examined the bacterial load in the larvae after treatment. Therefore, the numbers of bacteria 

(CFU/mL) in the larval hemolymph were quantified at 24, 48 and 72 h post-irradiation, using 

surviving larvae that had, respectively, been infected with the three different MRSA strains. As 

shown in Figure 4BDF and Figure S7BDF, the bacterial load was decreased massively at 24 and 

48 h post-irradiation, irrespective of the growth stage of the inocula. Of note, an increase in the 

bacterial load of the treated larvae was observed at 48 h, which is due to proliferation of residual 

bacteria that had survived aPDT with 1D9-700DX. At 72 h post-irradiation, the bacterial burden 

also decreased in untreated surviving larvae, reflecting the clearance of bacteria by the larval innate 

immune defenses.  

 

Lack of toxicity of 1D9-700DX towards mammalian cells 

Since no toxicity of (photoactivated) 1D9-700DX was observed in G. mellonella larvae, we wanted 

to evaluate possible cyto- or phototoxic effects of this immunoconjugate towards human cells. To 

this end, HeLa cells were incubated with 1D9-700DX for 30 min and, thereafter, the cells were 

exposed to red light at 30 J.cm-2 either directly, or after removal of unbound immunoconjugate by 

washing with PBS. To assess possible cytotoxic effects of 1D9-700DX, control experiments were 

done where HeLa cells were mock-treated with PBS or with 1% SDS and kept in the dark. Cell 

viability was determined 24 h after treatment using the colorimetric assay based on the reduction 

of the yellow MTT by mitochondrial dehydrogenase activity to a purple formazan precipitate. 

Hence, the reduction of MTT is directly correlated with the metabolic activity of living cells (37). 

No significant differences in viability were observed for all groups except for the HeLa cells treated 

with 1D9-700DX (0.7 – 2.6 µM) and light without the wash, or the SDS-treated HeLa cells (Figure 

5AB). In particular, exposure of the HeLa cells to red light without removal of the 1D9-700DX 
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resulted in a ~90% reduction of cell viability (Figure 5B), which can be explained by the proximity 

of the immunoconjugate to the monolayer of the HeLa cells in the 96-well plate. On the contrary, 

red light treatment after PBS wash showed no significant level of cytotoxicity, even if the 1D9-

700DX dose was raised to 3.3 µM. This shows that there was no significant uptake of the 1D9-

700DX by the HeLa cells, implying that unwanted side effects of aPDT with this immunoconjugate 

will be marginal.  

As a non-targeted control, the above-mentioned IRDye700DX carboxylate was incubated with the 

HeLa cells at the same concentration of 3.3 µM that was used for 1D9-700DX. This resulted in 

~95% of cell mortality, comparable to 1% SDS control, even after washing with PBS (Figure 5A). 

This highlights the added value of using targeting agents for the treatment of bacterial infections, 

as unwanted side effects on mammalian cells can be more readily avoided. 

To verify that 1D9-700DX was not opsonized by HeLa cells, we assessed the possible cytosolic 

production of ROS in HeLa cells treated with this compound, as ROS production would be 

indicative of the opsonization of 1D9-700DX by the mammalian cells. To this end, the HeLa cells 

were incubated for 30 min with 3.3 μM of 1D9-700DX. Subsequently, PBS-washed or unwashed 

HeLa cells were incubated with the intracellular ROS-sensitive probe 2’,7’-

dichlorohydrofluorescin (H2DCFDA), immediately after red light exposure (30 J.cm-2). Indeed, no 

significant ROS production was detectable, neither in the 1D9-700DX- and red light treated PBS-

washed HeLa cells nor the unwashed HeLa cells, or the respective negative controls (Figure 5CD). 

This shows that there was no unspecific binding or uptake of 1D9-700DX by the investigated 

mammalian cells.  

 

Post-mortem aPDT in a human implant model 

The decision to use IRDye700DX as a photosensitizer for the present studies was based on the fact 



15 

 

that it absorbs light in the near-infrared range, which has higher penetration in human tissue (~1 

cm) than white light (38). To test this property in the context of a human body, a human post-

mortem model was used that mimics orthopedic implant infections. In our setup, however, we 

spotted bacteria labelled with 1D9-700DX onto nitrocellulose membranes, which were 

subsequently implanted subdermally on the proximal tibia of a human cadaver. As a negative 

control, we spotted a S. epidermidis strain deficient in 1D9-binding sites on the membranes. Upon 

skin closure, red light was applied at a radiance exposure of 30 J.cm-2 as in the experiments 

described above (Figure 6A). In parallel, duplicate non-implanted membranes with bacteria 

labelled with 1D9-700DX were treated with red light at the same radiant exposure. After the 

irradiation, the implanted and non-implanted membranes were recollected, and the bacteria were 

plated for CFU counting. As shown in Figure 6B, the viable counts of a clinical isolate of S. aureus 

after aPDT were substantially reduced. Importantly, placement of the nitrocellulose membrane 

under the skin and subcutis did not negatively influence the efficiency of the treatment. In contrast, 

no decrease in the CFU counts was observed for S. epidermidis, as expected, due to its lack of 1D9-

binding sites. Together, these observations provide proof-of-principle that 1D9-700DX is 

applicable for use in the treatment of subdermal S. aureus infections in humans. 

 

Full eradication of MRSA in human plasma by aPDT with 1D9-700DX 

The human body is very well protected against the detrimental effects of ROS with a major 

contribution to extracellular antioxidant activity by HSA. In particular, the free thiol residues 

present in HSA are known to trap multiple ROS (39), which could compromise the aPDT efficacy 

of 1D9-700DX in the treatment of S. aureus infections. Therefore, the antioxidant effect of human 

plasma was investigated ex vivo by treating the CA-MRSA strain AH4807 with 3.3 µM of 1D9-
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700DX and red light at 30 J.cm-2 upon suspension in plasma, a dose that kills 50% of 2 x 107 

CFU/mL of the bacteria in PBS. Consistent with its presumed antioxidant activity, the plasma fully 

blocked the aPDT effect of 1D9-700DX (Figure 7A). Importantly however, it is known that aPDT 

can be potentiated with KI due to the reaction of this compound with 1O2, which leads to the 

formation of peroxyiodide that is subsequently decomposed into free iodine and H2O2 (40). Indeed, 

as shown in Figure 7A, 3.3 µM of 1D9-700DX combined with 50 mM KI eradicated 100% of the 

bacteria in PBS after exposure to red light, representing a 4-log enhanced efficacy compared to 

1D9-700DX alone. In the presence of plasma, the effect of KI was even more drastic, with an 

approximately 8-log enhanced aPDT efficacy that led to complete eradication of the bacterial 

inoculum (Figure 7A). To verify the proposed mode of action of KI, the formation of iodine upon 

aPDT was quantified by measuring the absorbance at 340 nm. This showed that the presence of 

plasma decreased the iodine formation to half (Figure 7B). Nonetheless, this was sufficient to 

achieved complete killing of the CA-MRSA AH4807 inoculum. 
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Discussion 

 

The present study was motivated by the pressing need to develop antimicrobial agents with 

alternative modes of action to treat persistent S. aureus infections due to acquired antibiotic 

resistance and biofilm formation. In this context, bacteria-targeted aPDT could become a valuable 

complement to the currently applied antibiotic therapies, especially since bacterial resistance to 

potent photosensitizers has not yet been reported. To produce a specific targeted aPDT agent, we 

conjugated a human IgG1 (1D9) with high specificity for S. aureus (30) to a near-infrared 

photosensitizer (IRDye700DX) that is currently applied in cancer therapy (23–26). This 

immunoconjugate (1D9-700DX) demonstrated to be photostable upon irradiation with red light 

and a high producer of 1O2 upon photo-activation. Importantly, 1D9-700DX was shown to be active 

at the S. aureus cell wall allowing the complete eradication of clinical isolates at 107 CFU/mL, a 

dose that was previously proven to be highly infective (41). In addition, 1D9-700DX effectively 

killed all tested S. aureus strains, including MRSA, irrespective of variations in the expression level 

of the 1D9 target protein IsaA, which is strictly conserved and invariably presented on the surface 

of all clinical S. aureus isolates investigated to date (14–18). 

Our present observations show that targeted aPDT with 1D9-700DX is very effective in destroying 

the outer layers of S. aureus biofilms to aid penetration. This is an important finding, because 

biofilms are multilayered structures that protect the embedded bacteria against the host immune 

system and antimicrobial agents. It thus seems that aPDT with 1D9-700DX could be a beneficial 

approach to ‘crack’ staphylococcal biofilms, which would thus become easier targets for the host 

immune system and antibiotic therapy.  

G. mellonella insect larvae have been increasingly used as a rapid model to screen novel 
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antimicrobial drug candidates (34). In the present study, aPDT with 1D9-700DX was shown to be 

highly effective in treating MRSA-infected G. mellonella larvae. Although we observed a relapse 

in the bacterial burden 48 h after aPDT, this relapse was not lethal to the larvae as evidenced by 

the increased survival rates (~80%) at 72 h post-treatment. The latter must be attributed to the larval 

innate immune defenses. Together, these findings show that, at least in the larvae of G. mellonella, 

aPDT with 1D9-700DX reduces the bacterial burden to such an extent that the host’s immune 

responses can overcome infections caused by multi-drug resistant S. aureus. Of note, the G. 

mellonella infection model adheres to the principles of replacement, reduction and refinement 

(‘3Rs’) and can potentially reduce the number of vertebrates used for experimental infection 

studies. 

To enable the future clinical application of 1D9-700DX aPDT, possible photo- and cytotoxic 

effects must be verified. The immunoconjugate displayed no cytotoxicity against HeLa cells in the 

absence of activation with red light. Nonetheless, when 1D9-700DX was photo-activated, it did 

affect the viability of HeLa cells if the unbound immunoconjugate was not removed, since the 

production of ROS in the proximity of tumor cells causes their killing. Notably however, the HeLa 

cell viability was not affected when unbound 1D9-700DX was washed away with PBS, which 

mimics the in vivo situation where the blood circulation will ‘wash’ away any unbound 

immunoconjugate from a site of infection, with exception of the causative bacterial agent that is 

targeted by the immunoconjugate. Importantly, the non-targeted IRDye700DX carboxylate 

strongly affected HeLa cell viability despite a washing step with PBS. This argues in favor of using 

targeted agents for aPDT of bacterial infections, as this will minimize unwanted side-effects. In 

addition, our present findings show that 1D9-700DX is not easily taken up by mammalian cells 

and, therefore, does not cause intracellular ROS production. Instead, this immunoconjugate is 

highly specific for IsaA-expressing bacteria.  
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Penetration of light into human tissue is one of the main hurdles for aPDT. Compared to classical 

photosensitizers, near-infrared photosensitizers allow a deeper light penetration. Accordingly, the 

present post-mortem experiments show that human skin does not pose a barrier to photo-activation 

of 1D9-700DX and the consequent sub-dermal destruction of S. aureus. Of note, the post-mortem 

set-up lacks blood circulation, and the overall conditions for aPDT are therefore different from the 

actual clinical setting. Further, it is important to bear in mind that the maximum penetration depth 

for red light is about 1 cm (38,41). This implies that aPDT of deeper-seated infections with 1D9-

700DX would require either red light delivery through an endoscopic device, or an intraoperative 

approach. In the latter scenario, the near-infrared fluorescence of the 1D9-700DX photosensitizer 

would allow image-guided surgical debridement of infected tissues or implants, as recently 

showcased for 1D9 labelled with the fluorophore IRDye800CW (20). Of note, while IRDye800CW 

is a potent fluorophore, it is not a suitable agent for aPDT, unlike IRDye700DX as demonstrated 

in the present study. 

Lastly, the human body is very well protected against oxidative damage. This is exemplified by the 

antioxidant properties of HSA, which is the most abundant protein in human plasma. Upon 

secretion into the bloodstream, it presents sulfur-containing methionine and cysteine residues, 

which are responsible for more than 70% of the free radical-trapping activity of serum (39). 

Methionine is particularly susceptible to oxidation, which leads to the production of methionine 

sulfoxide, representing an endogenous antioxidant defense mechanism for proteins. Even more so, 

the cysteine residue 34 of HSA constitutes the large pool of free thiols in the human body. Although 

the scavenging of ROS is of critical importance for human health, the strong antioxidant activity 

as presented by HSA is a potential hurdle for aPDT with 1D9-700DX in clinical settings. This 

applies in particular to aPDT in the context of image-guided debridement of infected implants and 

tissue, where blood will be present due to the surgical procedure (20,21). Indeed, we show that the 
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presence of human plasma with its high HSA content can seriously interfere with aPDT using 1D9-

700DX. However, this antioxidant activity can be completely overcome through the application of 

KI, a non-toxic salt that was previously shown to improve the aPDT efficacy in several models 

(42-45). Importantly, KI has been approved by the US Food and Drug Administration for thyroid 

blocking in radiation emergencies, which underpins its therapeutic application potential.  

Altogether, we have shown that aPDT with 1D9-700DX can target and destroy highly drug-

resistant S. aureus strains, irrespective of their presence in a planktonic state or a biofilm 

community. We furthermore show in a human post-mortem implant infection model that aPDT 

with 1D9-700DX can be achieved sub-dermally. Moreover, the efficacy in human plasma can be 

enhanced with KI to such an extent that the intrinsic defenses against oxidative damage are 

overcome and MRSA inocula of more than 107 CFU/mL are fully eradicated. We therefore believe 

that 1D9-700DX holds great promise for clinical application in all infection scenarios where S. 

aureus can be exposed to red light. 
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Methods 

 

Binding of 1D9 to S. aureus 

S. aureus wild-type strains SH1000 and Newman, and the respective isogenic mutant strains 

MS001 (ΔisaA) and Newman ΔspA, Δsbi (16), were grown overnight in tryptic soy broth (TSB) in 

a shaking incubator at 37°C.  Overnight cultures were diluted to an OD600 of 1. Cells were collected 

by centrifugation at 16,000 x g for 2 min and washed with PBS. The Alexa Fluor 555 dye 

(ThermoFisher®) was cross-linked to the human monoclonal antibody 1D9 via activated NHS ester 

chemistry. Cells were incubated with 3 µg.mL-1 of the 1D9-Alexa555 immunoconjugate for 30 min 

in PBS. To remove unbound antibody, the cells were washed with PBS and, thereafter, fixed in 4% 

paraformaldehyde in PBS for 10 min. Lastly, the bacterial DNA was stained with DAPI (Roche®) 

followed by one PBS wash. Cells were spotted on a glass slide for microscopy. Image acquisition 

was performed with a Leica confocal laser scanning microscope (DMI 6000, SP8). The recorded 

images were processed using Image J software (National Institutes of Health). 

 

Visualization of S. aureus cell surface targeting by 1D9-700DX through Transmission 

Electron Microscopy 

The wild-type S. aureus strain Newman was cultured overnight in TSB at 37°C. A fresh subculture 

was grown to exponential phase (OD ~ 0.7), and then harvested and washed with PBS by 

centrifuging for 2 min at 16,000 x g. The bacterial pellet was resuspended with 1D9-700DX (1.3 

µM) and incubated for 30 min at room temperature (RT). After incubation with the drug, 1 mg.mL-

1 of DAB in sodium cacodylate buffer pH 7.4 was added and the bacterial suspension was irradiated 

with red light at a radiant exposure of 60 J.cm-2 (10 min irradiation, 100 mW.cm-2). A control 
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sample consisting of bacteria exposed to light and DAB only (P-L+ DAB+) was included. The 

sample preparation for TEM was performed as described previously (46). Briefly, the samples were 

fixed in 2% glutaraldehyde with 0.5% paraformaldehyde in 0.1 M of cacodylate buffer, pH 7.4, 

overnight, at 4°C, followed by washing in 0.1 M of cacodylate buffer. Then, the samples were post-

fixed with 1% osmium tetroxide/potassium ferrocyanide for 2 h, at 4°C, and dehydrated in graded 

series of ethanol. After embedding in Epon resin (Serva), thin sections (60 nm) were cut with an 

ultramicrotome UC7 (Leica) and collected on 150 mesh copper grids. Sections were not contrasted 

with uranyl or lead. Images were recorded with a FEI Cm100 TEM operated at 80 KV using a 

Morada digital camera. The recorded images were processed using Image J software. 

 

Phototoxicity assay on planktonic bacteria 

Two bioluminescent S. aureus strains (Xen36 and AH4807) were used in this study together with 

the laboratory strains SH1000 and MS001 (Table S1). The MSSA strain Xen36 was previously 

derived from the parental S. aureus strain ATCC-49525, a clinical isolate from a septic patient, in 

which the lux operon from Photorhabdus luminescens was modified for Gram-positive bacterial 

expression and integrated into the host’s native plasmid (47). The MRSA strain AH4807 was 

derived from the CA-MRSA LAC strain AH126353, where the P. luminescens lux operon was 

again modified for Gram-positive bacterial expression and integrated at the φ11 attachment site on 

a plasmid of the host (48). S. aureus strains were grown to exponential phase (OD600=0.5), and then 

harvested and washed with PBS by centrifugation for 2 min at 16,000 x g. The bacteria were 10-

fold diluted and 50 µL aliquots (~2x107 CFU/ml) were incubated with different concentrations of 

1D9-700DX (0.7 – 9.8 µM) or PBS in a 96-well plate at RT for 30 min in the dark, and then kept 

in the dark or exposed to 30 J.cm-2 of red light. For the time-response study, bacteria were incubated 

with 4.9 µM of 1D9-700DX and subjected to red light at a radiant exposure that ranged between 0 
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and 30 J.cm-2. After treatment, bacteria were serially diluted in PBS, plated on blood-agar (BA) 

plates and then incubated aerobically for 16 h at 37oC for CFU counting. Visualization of 

bioluminescence and fluorescence with the IVIS® Lumina II (PerkinElmer) was additionally 

performed with a higher bacterial burden (~108 CFU/mL) to allow proper visualization.  

 

H2O2 production after aPDT 

S. aureus Xen36 and AH4807, grown as described above, were incubated with 6 µM of 1D9-

700DX and subjected to red light at a radiant exposure of 30 J.cm-2. H2O2 was detected with 10 

µM of an AquaSpark™ Peroxide Probe (Biosynth), which is a dioxetane-based substrate for 

luminescence detection of H2O2 and other peroxides in biological samples. Visualization of 

bioluminescence was performed with the IVIS Lumina II and the total flux (photons/second) was 

determined by region of interest quantification with the Living Image 4.5.5 software (PerkinElmer). 

 

Biofilm targeting by aPDT 

For biofilm formation, a S. aureus NCTC 8325-4 WT overnight culture was diluted 1:50 in TSB 

supplemented with 5% glucose and 4% sodium chloride, and 500 µL aliquots were used to 

inoculate 24-well plates containing 13 mm chemically resistant borosilicate glass coverslips. Upon 

24 h incubation at 37°C, planktonic bacteria on top of the coverslips were washed away with PBS. 

The biofilms were then incubated with 1D9-700DX (15.5 µM) for 30 min at RT. After washing 

with PBS to remove the unbound immunoconjugate, biofilms were treated with red light at a radiant 

exposure of 30 J.cm-2 and stained with the LIVE/DEAD BacLight Bacterial Viability Kit 

(ThermoFisher®). Briefly, this kit contains two dyes: the Syto9 dye penetrates both viable and 

nonviable bacteria, while the propidium iodide penetrates bacteria with damaged membranes and 

quenches the fluorescence of Syto9. LIVE/DEAD-stained biofilms were examined using a Leica 



24 

 

confocal laser scanning microscope (DMI 6000, SP8). The recorded images were processed using 

Image J software. 

 

In vivo Galleria mellonella survival assay after aPDT 

Bacterial cultivation and infection of G. mellonella larvae were performed as detailed in the 

Supplemental Materials. 90 min after infection, 10 µL of 40 mg.kg-1 of 1D9-700DX or PBS were 

administered to the larvae and after 30 min incubation, the aPDT group (P+L+) was treated with 

red light at a radiant exposure of 4.5 J.cm-2. Viability was scored according to the G. mellonella 

Health Index Scoring System (49) at 0 h, 24 h, 48 h and 72 h post-treatment based on pigmentation 

and mobility.  

 

Persistence of S. aureus in G. mellonella hemolymph after aPDT 

The number of bacterial cells in the G. mellonella hemolymph was determined as described 

previously (50). Briefly, at 0, 24, 48 and 72 h after aPDT treatment, three surviving larvae per 

group were bled with a scalpel and squeezed to remove the hemolymph in a final volume of 

approximately 100 µL. The hemolymph was homogenized and centrifuged at 2513 x g for 10 min. 

Serial dilutions were plated on tryptic-soy agar (TSA) plates for CFU counting. All experiments 

were repeated at least twice, and representative experiments are shown. 

 

Cytotoxicity and phototoxicity of 1D9-700DX in mammalian cells 

The human cervical cancer HeLa cell line (ATCC) was cultured in DMEM-GlutaMAX medium 

(Gibco) supplemented with 10% of fetal bovine serum, at 37oC and 5% CO2. 0.25% Trypsin-EDTA 

(Gibco) was used to detach adherent cells for subculturing. Cells were seeded into 96-well cell 

culture plates at a density of 3×104 cells/well. On the following day, cells were treated with 1D9-
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700DX or IRDye700DX carboxylate in the dark, for 30 min. One group was washed with PBS and 

fresh DMEM medium was added, while the other group remained with the drug in PBS. Irradiation 

with 30 J.cm-2 of red light was subsequently performed. Cell metabolic activity at 24 h post aPDT 

was determined with the MTT assay, which measures the ability of HeLa cells to reduce MTT 

(Sigma-Aldrich) to colored formazan crystals. The formation of formazan was quantified with a 

microplate spectrophotometer (Synergy™ HT, Biotek instruments) by measuring the absorbance 

at 570 nm, using 620 nm as the background wavelength. The percentage of absorbance for each 

treated sample was normalized to each untreated control. 

 

Detection of intracellular ROS generation in mammalian cells after aPDT  

After aPDT, HeLa cells were incubated with 5 μM of H2DCFDA (Life sciences®), a chemically 

reduced form of fluorescein used as an indicator for intracellular ROS generation for 1 h at 37oC 

in the dark. After incubation with H2DCFDA, cells were washed with PBS, and mechanically 

scraped and resuspended in 1% (m/v) SDS solution in PBS. Subsequently, the fluorescence was 

measured using a Synergy™ HT microtiter plate reader with excitation and emission filters of 

485/20 and 540/25 nm. Protein concentrations were determined using the Pierce® BCA Protein 

Assay Kit. 

 

Human post-mortem implant model 

Dilution series of overnight cultures of an S. aureus clinical isolate or S. epidermidis ATCC® 

38984 were treated with 3.3 µM of 1D9-700DX and spotted on nitrocellulose membranes. The 

membranes were subsequently implanted on the lateral side of the proximal tibia of a human post-

mortem leg, which was subsequently irradiated with 30 J.cm-2 of red light. Non-implanted control 

membranes were either irradiated or kept in the dark. Subsequently, the membranes were spotted 
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onto BA plates for CFU counting.  

 

Combination therapy of aPDT with 1D9-700DX and KI in the presence of plasma 

CA-MRSA AH4807 was grown to exponential phase (OD600=0.5), and then harvested and washed 

with PBS by centrifugation for 2 min at 16,000 x g. The bacteria were 10-fold diluted and 50 µL 

aliquots (~2x107 CFU/ml) were incubated with 50 µL of a mixture of 3.3 μM of 1D9-700DX or 

PBS and/or 50 mM of KI (Sigma-Aldrich) or PBS and/or plasma in a 96-well plate at RT for 30 

min in the dark. The mixtures with bacteria were then either kept in the dark or exposed to 30 J.cm-

2 of red light. After light exposure, the bacteria were serially diluted in PBS, plated on BA plates 

and, then, incubated aerobically for 16 h at 37oC for CFU-counting. The generation of iodine after 

irradiation was monitored by reading the absorbance of 96-well plates at 340 nm with a microplate 

spectrophotometer (Synergy™ HT).  

 

Statistics 

The results are presented as mean ± standard error of the mean (S.E.M.). All statistical analyses 

were performed with GraphPad Prism 8.0.1. Statistical significance among two unpaired groups 

was performed with the Mann-Whitney test. Assessing a variable in three or more unmatched 

groups was performed with Kruskal-Wallis tests in the case of cytotoxicity studies with mammalian 

cells, or with ordinary one-way ANOVA tests in case of combination approaches with 1D9-700DX 

and KI in the presence of plasma. Subsequently, the Dunn´s or the Dunnett’s multiple comparisons 

tests were performed. Two conditions (bacterial viability studies) were assessed using Two-way 

ANOVA test and subsequently by the Sidak multiple comparisons test. The statistical significance 

of differences in the killing of G. mellonella larvae by S. aureus was assessed by Gehan-Breslow-

Wilcoxon test. P-values <0.05 were considered significant.  
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approval from the scientific review committee of the Skills Center of the University Medical Center 
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provided informed written consent for the use of their bodies for scientific research and teaching. 
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accordance to the Helsinki Guidelines and local regulations. 



28 

 

Author contributions 

M.B. and J.M.v.D conceived and designed the experiments.  

M.B., A.A.S., S.S., E.J.M.R., M.L.A., M.H. and W.S. performed experiments and analyzed the 

data.  

F.R.P., A.R.H. and K.P.F. contributed strains and reagents.  

G.B., G.M.v.D., M.v.O. and J.M.v.D. supervised the project.  

M.B. and J.M.v.D. wrote the manuscript.  

All authors have read and approved the manuscript. 



29 

 

Acknowledgements 

This work was funded by EU Horizon 2020 Programs under the Marie Skłodowska-Curie grant 

agreements 713660 (Pronkjewail) and 713482 (ALERT). AAS was a CONACyT scholarship 

grantee (CVU 841964), funded by the National Council of Science and Technology in Mexico. SS 

supported with a Talent Grant from The Eric Bleumink Fund (EBF) of the University of Groningen. 

ARH was funded by NIH grant AI83211. We thank Jeroen Kuipers and Anouk G. Wolters for 

support in the TEM sample preparation and image acquisitions, Solomon Mekonnen and Uwe 

Völker for providing the GFP-expressing derivatives of the USA300 D15 and D17 strains, Marcel 

de Vries for analyses at the Interfaculty Mass Spectrometry Center, and Jelmer Sjollema for use of 

the IVIS Lumina II equipment at the Department of Biomedical Engineering at the University 

Medical Center Groningen (UMCG). Part of this work was performed at the UMCG Imaging and 

Microscopy Center (UMIC), which is sponsored by grants from the Netherlands Organization for 

Scientific Research (175.010.2009-023, Zeiss LSM7/780 confocal and ZonMW 91111.006, Zeiss 

Supra55 ATLAS).  



30 

 

References 

 

1. Tong SYC, Davis JS, Eichenberger E, Holland TL, Fowler VG. Staphylococcus aureus 

infections: Epidemiology, pathophysiology, clinical manifestations, and management. Clin 

Microbiol Rev. 2015; 28(3):603–661.  

2. Christensen BB, Sternberg C, Andersen JB, Eberl L, Møller S, Givskov M, Molin S. 

Establishment of new genetic traits in a microbial biofilm community. Appl Environ 

Microbiol. 1998; 64(6):2247–2255.  

3. Turner NA, Sharma-Kuinkel BK, Maskarinec SA, Eichenberger EM, Shah PP, Carugati M, 

Holland TL, Fowler VG Jr. Methicillin-resistant Staphylococcus aureus: an overview of 

basic and clinical research. Nat Rev Microbiol. 2019; 17(4):203–218.  

4. Parsek MR, Singh PK. Bacterial Biofilms: An Emerging Link to Disease Pathogenesis. Annu 

Rev Microbiol. 2003; 57(1):677–701.  

5. Mah T-FC, Toole GAO. Mechanisms of biofilm resistance to antimicrobial agents. Trends 

Microbiol. 2001; 9(1):34–39.  

6. Hamblin MR, Hasan T. Photodynamic therapy: a new antimicrobial approach to infectious 

disease? Photochem Photobiol Sci. 2004; 3(5):436–450.  

7. Hu X, Huang YY, Wang Y, Wang X, Hamblin MR. Antimicrobial photodynamic therapy 

to control clinically relevant biofilm infections. Front Microbiol. 2018; 9:1299.  

8. Embleton ML, Nair SP, Cookson BD, Wilson M. Selective lethal photosensitization of 

methicillin-resistant Staphylococcus aureus using an IgG-in (IV) chlorin e6 conjugate. J 

Antimicrob Chemother. 2002; 50(6):857–864.  

9. Embleton ML, Nair SP, Cookson BD, Wilson M. Antibody-directed photodynamic therapy 



31 

 

of methicillin resistant Staphylococcus aureus. Microb Drug Resist. 2004; 10(2):92–97.  

10. Embleton ML, Nair SP, Heywood W, Menon DC, Cookson BD, Wilson M. Development 

of a novel targeting system for lethal photo sensitization of antibiotic-resistant strains of 

Staphylococcus aureus. Antimicrob Agents Chemother. 2005; 49(9):3690–3696.  

11. Kim G, Karbaschi M, Cooke M, Gaitas A. Light-based methods for whole blood bacterial 

inactivation enabled by a recirculating flow system. Photochem Photobiol. 2018; 94(4):744–

751.  

12. Wang KK, Shin EP, Lee HJ, Jung SJ, Hwang JW, Heo I, Kim JH, Oh MK, Kim YR. Target-

oriented photofunctional nanoparticles (TOPFNs) for selective photodynamic inactivation 

of Methicillin-resistant Staphylococcus aureus (MRSA). J Photochem Photobiol B. 2018; 

183:184–190.  

13. Fowler VG Jr, Proctor RA. Where does a Staphylococcus aureus vaccine stand? Clin 

Microbiol Infect. 2014; 20(5):66–75.  

14. Lorenz U, Ohlsen K, Karch H, Hecker M, Thiede A, Rg Hacker J. Human antibody response 

during sepsis against targets expressed by methicillin resistant Staphylococcus aureus. 

FEMS Immunol Med Microbiol. 2000; 29(2):145-153. 

15. Sakata N, Terakubo S, Mukai T. Subcellular Location of the Soluble Lytic Transglycosylase 

Homologue in Staphylococcus aureus. Curr Microbiol. 2005; 50:47–51.  

16. Stapleton MR, Horsburgh MJ, Hayhurst EJ, Wright L, Jonsson IM, Tarkowski A, Kokai-

Kun JF, Mond JJ, Foster SJ. Characterization of IsaA and SceD, two putative lytic 

transglycosylases of Staphylococcus aureus. J Bacteriol. 2007; 189(20):7316–7325.  

17. Ziebandt AK, Kusch H, Degner M, Jaglitz S, Sibbald MJJB, Arends JP, Chlebowicz MA, 

Albrecht D, Pantuček R, Doškar J, Ziebuhr W, Bröker BM, Hecker M, Van Dijl JM, 

Engelmann S. Proteomics uncovers extreme heterogeneity in the Staphylococcus aureus 



32 

 

exoproteome due to genomic plasticity and variant gene regulation. Proteomics. 2010; 

10(8):1634–1644. 

18. Dreisbach A, Wang M, van der Kooi-Pol MM, Reilman E, Koedijk DGAM, Mars RAT, 

Duipmans J, Jonkman M, Benschop JJ, Bonarius HPJ, Groen H, Hecker M, Otto A, Bäsell 

K, Bernhardt J, Back JW, Becher D, Buist G, van Dijl JM. Tryptic Shaving of 

Staphylococcus Aureus Unveils Immunodominant Epitopes on the Bacterial Cell Surface. 

J. Proteome Res. 2020; 19(8):2997-3010. 

19. Romero Pastrana F, Thompson JM, Heuker M, Hoekstra H, Dillen CA, Ortines R V., 

Ashbaugh AG, Pickett JE, Linssen MD, Bernthal NM, Francis KP, Buist G, van Oosten M, 

van Dam GM, Thorek DLJ, Miller LS, van Dijl JM. Noninvasive optical and nuclear 

imaging of Staphylococcus-specific infection with a human monoclonal antibody-based 

probe. Virulence. 2018; 9(1):262–272. 

20. Zoller SD, Park HY, Olafsen T, Zamilpa C, Burke ZDC, Blumstein G, Sheppard, William 

L, Hamad CD, Hori KR, Tseng JC, Czupryna J, McMannus C, Lee JT, Bispo M, Pastrana 

FR, Raineri EJM, Miller JF, Miller LS, Van Dijl JM, Francis KP, Bernthal NM. Multimodal 

imaging guides surgical management in a preclinical spinal implant infection model. JCI 

Insight. 2019; 4(3):e124813.  

21. Sheppard WL, Mosich GM, Smith RA, Hamad CD, Park HY, Zoller SD, Trikha R, McCoy 

TK, Borthwell R, Hoang J, Truong N, Cevallos N, Clarkson S, Hori KR, van Dijl JM, 

Francis KP, Petrigliano FA, Bernthal NM. Novel in vivo mouse model of shoulder implant 

infection. J Shoulder Elbow Surg. 2020; 29(7):1412-1424. 

22. Peng X, Draney DR, Volcheck WM, Bashford GR, Lamb DT, Grone DL, Zhang Y, Johnson 

CM. Phthalocyanine dye as an extremely photostable and highly fluorescent near-infrared 

labeling reagent. Proc SPIE Int Soc Opt Eng. 2006; 60970E.  



33 

 

23. Heukers R, van Bergen en Henegouwen PMP, Oliveira S. Nanobody-photosensitizer 

conjugates for targeted photodynamic therapy. Nanomedicine. 2014; 10(7):1441–1451.  

24. Shirasu N, Yamada H, Shibaguchi H, Kuroki M, Kuroki M. Potent and specific antitumor 

effect of CEA-targeted photoimmunotherapy. Int J Cancer. 2014; 135(11):2697–2710.  

25. van Driel PBAA, Boonstra MC, Slooter MD, Heukers R, Stammes MA, Snoeks TJA, de 

Bruijn HS, van Diest PJ, Vahrmeijer AL, van Bergen en Henegouwen PMP, van de Velde 

CJH, Löwik CWGM, Robinson DJ, Oliveira S. EGFR targeted nanobody–photosensitizer 

conjugates for photodynamic therapy in a pre-clinical model of head and neck cancer. J 

Control Release. 2016; 229:93–105.  

26. Heukers R, Mashayekhi V, Ramirez-Escudero M, de Haard H, Verrips T, van Bergen en 

Henegouwen P, Oliveira S. VHH-Photosensitizer Conjugates for Targeted Photodynamic 

Therapy of Met-Overexpressing Tumor Cells. Antibodies. 2019; 8(2):26.  

27. Ogunsipe A, Maree D, Nyokong T. Solvent effects on the photochemical and fluorescence 

properties of zinc phthalocyanine derivatives. J Mol Struct. 2003; 650(1-3):131–140.  

28. de Boer E, Warram JM, Hartmans E, Bremer PJ, Bijl B, Crane LMA, Nagengast WB, 

Rosenthal EL, van Dam GM. A Standardized Light-Emitting Diode Device for 

Photoimmunotherapy. J Nucl Med. 2014; 55(11):1893–1898.  

29. Silva EMP, Ramos CIV, Pereira PMR, Giuntini F, Faustino MAF, Tomé JPC, Tomé AC, 

Silva AMS, Santana-Marques MG, Neves MGPMS, Cavaleiro JAS. Cationic β-vinyl 

substituted meso-tetraphenylporphyrins: synthesis and non-covalent interactions with a 

short poly(dGdC) duplex. JPP. 2012; 16(1):101–113.  

30. van den Berg S, Bonarius HPJ, van Kessel KPM, Elsinga GS, Kooi N, Westra H, Bosma T, 

van der Kooi-Pol MM, Koedijk DGAM, Groen H, van Dijl JM, Buist G, Bakker-

Woudenberg IAJM. A human monoclonal antibody targeting the conserved staphylococcal 



34 

 

antigen IsaA protects mice against Staphylococcus aureus bacteremia. Int J Med Microbiol. 

2015; 305(1):55–64.  

31. Koedijk DGAM, Pastrana FR, Hoekstra H, Van Den Berg S, Back JW, Kerstholt C, Prins 

RC, Bakker-Woudenberg IAJM, Van Dijl JM, Buist G. Differential epitope recognition in 

the immunodominant staphylococcal antigen A of Staphylococcus aureus by mouse versus 

human IgG antibodies. Sci Rep. 2017; 7(1):8141.  

32. Gaietta GM, Deerinck TJ, Ellisman MH. Fluorescence Photoconversion of Biarsenical-

Labeled Cells for Correlated Electron Microscopy (EM). Cold Spring Harb Protoc. 2011; 

2011(1):pdb.prot5548.  

33. Johnson GA, Ellis EA, Kim H, Muthukrishnan N, Snavely T, Pellois J-P. Photoinduced 

Membrane Damage of E. coli and S. aureus by the Photosensitizer-Antimicrobial Peptide 

Conjugate Eosin-(KLAKLAK)2. PLoS One. 2014; 9(3):e91220.  

34. Tsai CJ-Y, Loh JMS, Proft T. Galleria mellonella infection models for the study of bacterial 

diseases and for antimicrobial drug testing. Virulence. 2016; 7(3):214–229.  

35. Mekonnen SA, Palma Medina LM, Michalik S, Loreti MG, Gesell Salazar M, van Dijl JM, 

Völker U. Metabolic niche adaptation of community- and hospital-associated methicillin-

resistant Staphylococcus aureus. J Proteomics. 2019; 193:154–161. 

36. Loughman JA, Fritz SA, Storch GA, Hunstad DA. Virulence gene expression in human 

community-acquired Staphylococcus aureus infection. J Infect Dis. 2009; 199(3):294–301.  

37. Riss TL, Moravec RA, Niles AL, Duellman S, Benink HA, Worzella TJ, Lisa M. Cell 

Viability Assays. Assay Guidance Manual. Bethesda (MD): Eli Lilly & Company and the 

National Center for Advancing Translational Sciences. 2004. 

38. Agostinis P, Berg K, Cengel KA, Foster TH, Girotti AW, Gollnick SO, Hahn SM, Hamblin 

MR, Juzeniene A, Kessel D, Korbelik M, Moan J, Mroz P, Nowis D, Piette J, Wilson BC, 



35 

 

Golab J. Photodynamic therapy of cancer: An update. CA Cancer J Clin. 2011; 61(4):250–

281.  

39. Taverna M, Marie A-L, Mira J-P, Guidet B. Specific antioxidant properties of human serum 

albumin. Ann Intensive Care. 2013; 3(1):4. 

40. Vieira C, Gomes ATPC, Mesquita MQ, Moura NMM, Neves GPMS, Faustino AF, Almeida 

A. An insight into the potentiation effect of potassium iodide on aPDT efficacy. Front 

Microbiol. 2018; 9:2665. 

41. Van Oosten M, Schäfer T, Gazendam JAC, Ohlsen K, Tsompanidou E, De Goffau MC, 

Harmsen HJM, Crane LMA, Lim E, Francis KP, Cheung L, Olive M, Ntziachristos V, Van 

Dijl JM, Van Dam GM. Real-time in vivo imaging of invasive- and biomaterial-associated 

bacterial infections using fluorescently labelled vancomycin. Nat Commun. 2013; 4:2584. 

42. Wen X, Zhang X, Szewczyk G, El-Hussein A, Huang Y-Y, Sarna T, Hamblin MR. 

Potassium Iodide Potentiates Antimicrobial Photodynamic Inactivation Mediated by Rose 

Bengal in In Vitro and In Vivo Studies. Antimicrob Agents Chemother. 2017; 61(7):e00467- 

e00417. 

43. Xuan W, He Y, Huang L, Huang Y-Y, Bhayana B, Xi L, Gelfand JA, Hamblin MR. 

Antimicrobial Photodynamic Inactivation Mediated by Tetracyclines in Vitro and in Vivo: 

Photochemical Mechanisms and Potentiation by Potassium Iodide. Sci Rep. 2018; 8:17130. 

44. Santos AR, Batista AFP, Gomes ATPC, Neves M da GPMS, Faustino MAF, Almeida A, 

Hioka N, Mikcha JMG. The remarkable effect of potassium iodide in eosin and rose bengal 

photodynamic action against Salmonella typhimurium and Staphylococcus aureus. 

Antibiotics. 2019; 8(4):211.  

45. Zhang Y, Dai T, Wang M, Vecchio D, Chiang LY, Hamblin MR. Potentiation of 

antimicrobial photodynamic inactivation mediated by a cationic fullerene by added iodide: 



36 

 

in vitro and in vivo studies. Nanomedicine. 2015; 10(4):603-614. 

46. Ravelli RBG, Kalicharan RD, Cristina Avramut M, Sjollema KA, Pronk JW, Dijk F, Koster 

AJ, Visser JTJ, Faas FGA, Giepmans BNG. Destruction of tissue, cells and organelles in 

type 1 diabetic rats presented at macromolecular resolution. Sci Rep. 2013; 3:1804.  

47. Brand AM, De Kwaadsteniet M, Dicks LMT. The ability of nisin F to control 

Staphylococcus aureus infection in the peritoneal cavity, as studied in mice. Lett Appl 

Microbiol. 2010; 51(6):645–649.  

48. Miller RJ, Crosby HA, Schilcher K, Wang Y, Ortines RV., Mazhar M, Dikeman DA, Pinsker 

BL, Brown ID, Joyce DP, Zhang J, Archer NK, Liu H, Alphonse MP, Czupryna J, Anderson 

WR, Bernthal NM, Fortuno-Miranda L, Bulte JWM, Francis KP, Horswill AR, Miller LS. 

Development of a Staphylococcus aureus reporter strain with click beetle red luciferase for 

enhanced in vivo imaging of experimental bacteremia and mixed infections. Sci Rep. 2019; 

9:16663.  

49. Loh JMS, Adenwalla N, Wiles S, Proft T. Galleria mellonella larvae as an infection model 

for group A Streptococcus. Virulence. 2013; 4(5):419–428.  

50. Chibebe Junior J, Fuchs BB, Sabino CP, Junqueira JC, Jorge AOC, Ribeiro MS, Gilmore 

MS, Rice LB, Tegos GP, Hamblin MR, Mylonakis E. Photodynamic and Antibiotic Therapy 

Impair the Pathogenesis of Enterococcus faecium in a Whole Animal Insect Model. PLoS 

One. 2013; 8(2):e55926. 

 

 



37 

 

Figure Legends 

 
 

Figure 1. IsaA-specific targeting of 1D9-based immunoconjugates to the S. aureus cell 

surface. (A) Co-localization of the 1D9-Alexa555 (red) immunoconjugate with S. aureus SH1000 
and MS001 ΔisaA stained with DAPI (grey). 3 µg.mL-1 of 1D9-Alexa555 were incubated with 
diluted bacterial overnight cultures (OD600 = 1) and imaged with a confocal laser scanning 
microscope. (B) ROS production and localization of 1D9-700DX in S. aureus Newman WT 
determined by DAB photooxidation. Both samples contained 1 mg.mL-1 DAB (DAB+) and were 
irradiated with red light (60 J.cm-2; L+) for 10 min at 100 mW.cm-2 prior fixation. Samples were 
supplemented with 1.3 µM of the 1D9-700DX photosensitizer (P+) or PBS (P-). Images were 
recorded by TEM. Intensity surface plots were created using FIRE LUT and the surface plot tool 
in ImageJ. 
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Figure 2. Photo-activated killing of S. aureus by 1D9-700DX. (A-B) Photo-activated killing of 
S. aureus SH1000 WT versus MS001 ΔisaA (A) or Xen36 versus CA-MRSA AH4807 (B) grown 
to exponential phase (~107 CFU/mL) upon treatment with 1D9-700DX or without photosensitizer 
(A), or step-wise increasing concentrations of 1D9-700DX (0.7 – 9.8 µM) (B). Bacteria were 
irradiated with red light at a radiant exposure of 30 J.cm-2 (+) or kept in the dark (-). (C) Bacterial 
bioluminescence (open emission filter, 10’ exposure) and fluorescence of 1D9-700DX (emission 
filter – Cy5.5; excitation – 640 nm, 10’ exposure) recorded with the IVIS Lumina II upon aPDT of 
S. aureus Xen36 or AH4807 (~108 CFU/mL) with increasing concentrations of 1D9-700DX (0 - 
2.6 µM). (D) Red light dose-response analysis of the killing of S. aureus Xen36 or CA-MRSA 
AH4807 grown to exponential phase and subjected to aPDT with 4.9 µM of 1D9-700DX or without 
photosensitizer. Bacteria were irradiated with red light for different periods of time (0.5-5 min) or 
kept in the dark (-). As a control, the bacteria were subjected to continuous (contin.) red light 
irradiation for 5 min. (E) H2O2 production upon aPDT of S. aureus Xen36 and AH4807 with 6 µM 
of 1D9-700DX or without photosensitizer. H2O2 was detected with 10 µM of an AquaSpark™ 
Peroxide Probe. In all experiments, irradiation was performed with a LED system that emits red 
light. Data are the mean value ± SEM of three experiments performed in triplicates. Two-way 
ANOVA tests with subsequent Sidak multiple comparisons tests were used for statistical analysis. 
Significant differences compared to the negative control group (no 1D9-700DX and no light) are 
marked as follows: *, p<0.03; **, p<0.002; ***, p<0.0002; ****, p < 0.0001.  
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Figure 3. Confocal laser scanner microscopy images of biofilm formed by S. aureus 

NCTC8325-4. P-L-: Negative control (no photosensitizer [P] and no light [L]); P-L+: Effect of 
light only; P+L-: Effect of only the photosensitizer; P+L+: aPDT with photosensitizer and light. 
The biofilms were either incubated with 15.5 µM of 1D9-700DX or PBS, and either kept in the 
dark or treated with red light LEDs at a radiant exposure of 30 J.cm-2. To assess the bacterial 
viability, biofilms were stained with the BacLight LIVE/DEAD stain. Green fluorescence (Syto9) 
marks living bacteria, and red fluorescence (propidium iodide) marks dead bacteria. Scale bars: 45 
μm. Three-dimensional reconstructions from stacks of two-dimensional confocal microscopy 
images recorded upon aPDT with 1D9-700DX (P+L+) is presented as Supplemental Video S1. 
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Figure 4. aPDT of S. aureus infection in G. mellonella. Larvae were infected with CA-MRSA 
USA300 D15-GFP, HA-MRSA USA300 D17-GFP, or CA-MRSA AH4807 grown to mid-
exponential phase. For the P+L+ groups, 40 mg.kg-1 of 1D9-700DX (P+) were injected in the G. 

mellonella larvae at 90 min after bacterial inoculation. 30 min post-injection of the photosensitizer, 
red light treatment (L+) was performed at a radiant exposure of 4.5 J.cm-2 (45 seconds irradiation, 
100 mW.cm-2). The P-L- group neither received the immunoconjugate nor light exposure. (A, C 

and E) G. mellonella survival was monitored at 24, 48 and 72 h post-treatment. (B, D and F) 
Persistence of S. aureus in the hemolymph. Bacterial quantification (CFU/ml) in the hemolymph 
of three surviving larvae was determined at 0, 24, 48 and 72 h post-treatment. Data are the mean 
value ± SEM of two (E and F) and (A-D) three independent experiments with groups of 10 larvae 
(n=10). Gehan-Breslow-Wilcoxon and two-way ANOVA tests with subsequent Sidak multiple 
comparisons tests were used for statistical analysis of survival curves and bacterial persistence in 
the larvae hemolymph, respectively. Significant differences compared to the negative control group 
(P-L-) are marked as follows: *, p<0.03; **, p<0.002; ***, p<0.0002; ****, p < 0.0001.  
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Figure 5. Photo- and cytotoxicity of 1D9-700DX against HeLa cells. HeLa cells were incubated 
with 1D9-700DX or IRDye700DX carboxylate (IRDye700DX-C) for 30 min, and the unbound 
conjugate was (A and C) or was not (B and D) removed by washing with PBS prior treatment with 
red light (+) at a radiant exposure of 30 J.cm-2. (A-B) Photo- and cytotoxicity was assessed using 
the colorimetric MTT assay 24 h after treatment. The percentage of cell viability was calculated 
relative to viable control cells that were mock-treated with PBS in the dark. Cells treated with 1% 
were used as a negative control for cell killing. (C-D) Quantification of H2DCFDA fluorescence 
intensity by fluorescence spectroscopy immediately after treatment as a measure for ROS 
production. Data are the mean value ± SEM of three independent experiments performed in 
triplicates (A-B) and duplicates (C-D). Kruskal-Wallis tests with subsequent Dunn´s multiple 
comparisons tests were used for statistical analysis. Significant differences compared to the control 
group (no photosensitizer and no light) are marked as follows: *, p<0.03; **, p<0.002; ***, 
p<0.0002; ****, p < 0.0001. 
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Figure 6. aPDT with 1D9-700DX in a human post-mortem infection model. (A) Snap shots of 
the positioning of nitrocellulose membranes with spotted 1D9-700DX-labelled S. aureus on the 
lateral side of the proximal tibia of a human post-mortem leg, followed by irradiation with red light. 
(B) Numbers of surviving bacteria (Log10(CFU/mL)) on implanted or non-implanted nitrocellulose 
membranes upon treatment with red light at a radiant exposure of 30 J.cm-2 (P+L+) or no light 
exposure (P-L-). Overnight-cultures of S. aureus (clinical isolate) or S. epidermidis ATCC 35984 
(negative control) were incubated with 3.3 µM of 1D9-700DX and spotted on nitrocellulose 
membranes. Bacterial survival was assessed by replica plating of the membranes onto BA plates 
and overnight incubation at 37oC (n=1 post-mortem leg).  
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Figure 7. aPDT with 1D9-700DX in combination with KI in the presence of plasma. Photo-
activated killing of CA-MRSA AH4807 grown to exponential phase (~107 CFU/mL), in the 
presence or absence of plasma, upon treatment with or without 3.3 µM of 1D9-700DX and with or 
without 50 mM of KI. Bacteria were treated with red light at a radiant exposure of 30 J.cm-2 (+) or 
kept in the dark (-). Numbers of surviving bacteria (Log10(CFU/mL)) and monitoring of the 
formation of iodine at 340 nm are represented in panels (A) and (B), respectively. Data are the 
mean value ± SEM of three experiments performed in triplicates. Ordinary one-way ANOVA tests 
with subsequent Dunnett’s multiple comparisons tests were used for statistical analysis. Significant 
differences compared to the negative control group (no 1D9-700DX and no light) are marked as 
follows: *, p<0.03; **, p<0.002; ***, p<0.0002; ****, p < 0.0001. 
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