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Empowering antimicrobial photodynamic therapy of Staphylococcus aureus 
infections with potassium iodide 
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A B S T R A C T   

Infections caused by the Gram-positive bacterium Staphylococcus aureus, especially methicillin-resistant S. aureus 
(MRSA), impose a great burden on global healthcare systems. Thus, there is an urgent need for alternative ap
proaches to fight staphylococcal infections, such as targeted antimicrobial photodynamic therapy (aPDT). We 
recently reported that targeted aPDT with the S. aureus-specific immunoconjugate 1D9-700DX can be effectively 
applied to eradicate MRSA. Nonetheless, the efficacy of aPDT in the human body may be diminished by powerful 
antioxidant activities. In particular, we observed that the efficacy of aPDT with 1D9-700DX towards MRSA was 
reduced in human plasma. Here we show that this antagonistic effect can be attributed to human serum albumin, 
which represents the largest pool of free thiols in plasma for trapping reactive oxygen species. Importantly, we 
also show that our targeted aPDT approach with 1D9-700DX can be empowered by the non-toxic inorganic salt 
potassium iodide (KI), which reacts with the singlet oxygen produced upon aPDT, resulting in the formation of 
free iodine. The targeted iodine formation allows full eradication of MRSA (more than 6-log reduction) without 
negatively affecting other non-targeted bacterial species or human cells. Altogether, we show that the addition of 
KI allows a drastic reduction of both the amount of the immunoconjugate 1D9-700DX and the irradiation time 
needed for effective elimination of MRSA by aPDT in the presence of human serum albumin.   

1. Introduction 

The Gram-positive bacterium Staphylococcus aureus is a powerful 
human pathogen that causes diseases ranging from relatively minor skin 
infections to severe and life-threating infections such as pneumonia, 
endocarditis and sepsis [1]. Nosocomial infections caused by S. aureus 
pose a considerable burden on global healthcare systems, especially the 
methicillin-resistant S. aureus (MRSA) [2]. Being resistant to β-lactam 
antibiotics, MRSA is a particularly serious threat to frail and immuno
compromised individuals [3]. Considering the substantial morbidity and 
mortality associated with this bacterium, along with the declining effi
cacy of available treatment measures, there is an urgent need to identify 
alternative strategies to treat MRSA infections. 

Antimicrobial photodynamic therapy (aPDT) has recently gained 
attention because of its efficacy against a wide range of pathogens, the 
multi-target mechanism of action, the possibility to eradicate biofilms 
and the apparent absence of resistance [4,5]. aPDT relies on the gen
eration of reactive oxygen species (ROS), particularly singlet oxygen 
(1O2), upon exposure of a photo-activable antimicrobial drug, referred 

to as photosensitizer and to light of a suitable wavelength. The gener
ated ROS can thereafter cause oxidative damage to various essential 
cellular components, leading to bacterial death. The absence of resis
tance to aPDT can be attributed to the relatively short treatment times, 
which do not allow the bacteria to harness effective survival mecha
nisms [6–8]. Importantly, by covalently conjugating a suitable photo
sensitizer to a bacteria-targeted delivery vehicle, it is possible to 
minimize possible collateral damage to neighbouring cells [9]. None
theless, in view of the indiscriminate cytotoxicity of ROS, it is important 
to explore therapeutic windows in which pathogens are inactivated by 
aPDT without causing harm to the surrounding tissues or disturbing the 
local microenvironment. To this end, it is necessary to define the optimal 
concentration of the targeted aPDT agent and the light dose applied. 

Conserved proteins exposed on the bacterial cell surface are attrac
tive potential targets for targeted aPDT [10]. The immunodominant 
S. aureus antigen A (IsaA) is a non-covalently cell wall-attached protein 
recognized by immunoglobulins (IgGs) from both S. aureus carriers and 
non-carriers [11,12]. Moreover, proteomic analysis of the S. aureus 
exoproteome showed that IsaA is invariantly produced by all 
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investigated isolates of this pathogen [13–15]. The appealing properties 
of this S. aureus antigen prompted the development of monoclonal an
tibodies (mAbs) against it [16–18], among which the fully human IgG1 
designated 1D9. In previous studies, 1D9 has been labelled with fluo
rescent dyes or radionuclides for the rapid and non-invasive diagnosis of 
S. aureus soft tissue infections as well as spinal and shoulder implant 
infections in mice using positron emission tomography–computed to
mography (PET-CT) or in vivo fluorescence imaging [19–21]. This mAb 
was also previously conjugated with a silicon-phthalocyanine derivative 
(IRDye 700DX) for the targeted aPDT of S. aureus infections [22]. IRDye 
700DX has a strong absorption band in the near-infrared (NIR) region of 
the spectrum [23], and it has been recently clinically approved in Japan 
for PDT of inoperable head and neck cancers in patients [24,25]. The 
S. aureus-specific immunoconjugate 1D9-700DX can successfully eradi
cate high loads of bacteria in vitro and destroy the surface of a bacterial 
biofilm [22]. Furthermore, aPDT with 1D9-700DX improved the sur
vival of MRSA-infected larvae of the wax moth Galleria mellonella [22]. 

A potential limitation for translating aPDT to clinical applications 
relates to the natural protective antioxidant mechanisms in the human 
body. In particular, we have previously observed that human plasma can 
interfere with effective 1D9-700DX-mediated aPDT. Importantly, this 
antioxidant effect may be overcome in the presence of potassium iodide 
(KI) [22], a non-toxic inorganic salt capable of forming free iodine upon 
reaction with the 1O2 generated through red light activation of the 
conjugated IRDye 700DX. Consequently, KI has the potential to promote 
increased S. aureus killing rates upon aPDT with 1D9-700DX [26,27]. 

The present study was aimed at investigating whether human serum 
albumin (HSA) contributes to the aPDT-antagonizing effect of human 
plasma and, if so, how KI can be applied to overcome the antioxidant 
activity of HSA. To this end, we followed the approaches schematically 
outlined in Fig. 1. HSA is the most abundant protein in plasma and its 
two sulphur-containing methionine and cysteine residues were previ
ously shown to trap free radical activity in serum [28,29]. Here we show 
that blocking of the conserved Cys-34 residue with the alkylating agents 
iodoacetamide (IAA) or N-ethylmaleimide (NEM) overcomes the anti
oxidant activity of both human and bovine serum albumin. Importantly, 
we also show that KI allows effective aPDT of MRSA in the presence of 
HSA without loss of the staphylococcal target specificity. 

2. Results 

2.1. Serum Albumin Antagonizes aPDT with 1D9-700DX 

Conceivably, there are at least two possible mechanisms that can 
limit targeted aPDT with 1D9-700DX in human plasma. In the first place, 
the human plasma has antioxidant activity to preclude potentially 
detrimental effects of ROS. Such antioxidant activity can limit the effi
cacy of aPDT with 1D9-700DX in the treatment of S. aureus infections 
[22]. Secondly, the stability of 1D9-700DX could be affected by plasma 
proteases or secreted bacterial proteases [30]. To assess the latter pos
sibility, we first incubated the 1D9-700DX immunoconjugate in plasma 
for 90 min and examined its stability by lithium dodecyl sulphate (LDS) 
PAGE. As shown in Fig. S1, incubation in plasma had no impact on the 
amount and integrity of 1D9-700DX, and the same was true when this 
immunoconjugate was preincubated with S. aureus. To determine 
whether the antioxidant activity of serum albumin could be responsible 
for the antagonizing effect of human plasma towards aPDT with 1D9- 
700DX, we investigated the effect of different concentrations of HSA 
on the aPDT efficacy of 1D9-700DX using the community-acquired 
MRSA (CA-MRSA) strain AH4807 as the target bacterium. In parallel, 
native bovine serum albumin (BSA) was used as a control. In the absence 
of these serum albumins, 3.3 μM of 1D9-700DX reduced the number of 
colony-forming units (CFU) in the initial bacterial inoculum by 
approximately 3-log units upon 5 min irradiation with red light of 690 
nm at 30 J⋅cm− 2 (100 mW⋅cm− 2; Fig. 2), which is in full accordance with 
the results from our previous studies [22]. This observation is important, 
because at least a 3-log reduction in the number of viable bacteria (i.e. 
99.9% bacterial killing) should be achieved for adequate antimicrobial 
activity [31]. However, in the presence of 1.3 mg⋅mL− 1 of either BSA or 
HSA, the aPDT efficacy of 1D9-700DX was reduced significantly, and at 
a concentration of 2.5 mg⋅mL− 1 of either serum albumin bacterial killing 
by aPDT was no longer detectable (Fig. 2). 

2.2. Free Thiols of Serum Albumin Antagonize aPDT with 1D9-700DX 

A possible involvement of the unique Cys-34 of HSA and BSA in the 
interference with aPDT was assessed by its targeted modification with 
the thiol alkylating agents IAA or NEM (Fig. 3). Of note, both IAA and 

Fig. 1. Summary graphic illustration. 1. aPDT with 1D9-700DX against S. aureus in human plasma. 2. Reduced thiols of HSA have an aPDT-antagonizing antioxidant 
activity. 3. Alkylating agents (NEM and IAA) block the free thiols of HSA and restore aPDT. 4. aPDT with 1D9-700DX in the presence of KI leads to the production of 
iodine (I2) due to ROS generation. 5. The combined effects of ROS and I2 overcome the antioxidant activity of HSA, and allow effective killing of S. aureus by aPDT. 
This figure is created with BioRender.com. 
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NEM act as irreversible inhibitors of catalytic Cys residues by alkylating 
their reduced thiol side groups [32]. Since IAA can by itself be toxic for 
bacteria due to interference with the bacterial defences against oxidative 
stress [33], we first verified that treatment of the CA-MRSA bacteria 
with IAA concentrations up to 3 mg⋅mL− 1 in the dark or upon exposure 
to red light had no effect on their viability (Fig. 3A). Next, we verified 
the effects of IAA upon aPDT with 1D9-700DX. This revealed that con
centrations of IAA higher than 1.5 mg⋅mL− 1 combined with 1D9-700DX 
killed 100% of the initial bacterial inoculum upon red light irradiation 
(Fig. 3A). We attribute the latter toxic effect of IAA to an impaired ca
pacity of the bacteria to cope with the ROS generated by aPDT, since also 
the free thiols of bacterial antioxidants can be blocked by IAA. For 
instance, this applies to low molecular weight thiols and thiol-disulphide 
oxidoreductases employed by S. aureus to detoxify ROS [33]. 

After assessing the toxicity of IAA towards CA-MRSA with or without 
aPDT with 1D9-700DX, we investigated whether IAA could restore the 
bacterial killing by aPDT in the presence of serum albumins. Indeed, as 
shown in Fig. 3B, 0.8 mg⋅mL− 1 of IAA was sufficient to restore bacterial 
killing by aPDT in the presence of 1.3 mg⋅mL− 1 BSA or HSA, which is an 
albumin concentration that significantly limits aPDT with 1D9-700DX 
(Fig. 2). Although BSA and HSA are very similar proteins [34], IAA 
was more efficient in antagonizing the antioxidant properties of BSA 
than those of HSA (Fig. 3B). Conceivably, this difference relates to 
slightly different oxidation states of the BSA and HSA provided by our 
commercial supplier. For instance, Cys-34 of serum albumins is able to 
form disulphide bonds with small compounds with sulfhydryl groups (e. 
g. cysteine, homocysteine or glutathione) [35], and our BSA and HSA 
preparations could thus be oxidized to different extents. In turn, this 
would result in a differential blocking efficacy by IAA [35]. 

To verify these observations with another alkylating agent, we used 
NEM. Since NEM is also known to be toxic for bacteria due to the 
inactivation of important antioxidant pathways that involve free thiols 
and the consequent interference with the bacterial ability to cope with 
ROS [36], we first investigated which levels of NEM can be tolerated by 
CA-MRSA. To assess this, the bacteria were treated with different con
centrations of NEM in the dark and the viability was measured by plating 

and subsequent CFU-counting. Significant NEM toxicity towards CA- 
MRSA was observed at NEM concentrations of 1 mg⋅mL− 1 and higher, 
with 100% bacterial killing at 3 mg⋅mL− 1 (Fig. 3C). Thus, a NEM con
centration of 0.3 mg⋅mL− 1 and a slightly lowered concentration of 1D9- 
700DX (1.5 μM) were chosen for aPDT studies in the presence of HSA. To 
this end, CA-MRSA was incubated with 1D9-700DX in combination with 
HSA and/or NEM, and the samples were either irradiated with red light 
at 30 J⋅cm− 2 or kept in the dark. As shown in Fig. 3D, the antioxidant 
effect of HSA was blocked by NEM and the aPDT effect of red light- 
activated 1D9-700DX was restored. These findings are fully consistent 
with the role of Cys-34 in the aPDT-antagonizing activity of serum al
bumins. To verify this conclusion, we measured the concentration of free 
thiols in our HSA preparation before and after NEM treatment using the 
Ellman’s assay. In this assay, the reagent 5,5′-dithio-bis-(2-nitrobenzoic 
acid) (DTNB) reacts with free sulfhydryl groups to yield 2-nitro-5-thio
benzoic acid, which absorbs light at 412 nm [37]. As shown in 
Fig. S2, the concentration of free thiols in HSA solutions is significantly 
reduced in the presence of 1.2 mg⋅mL− 1 NEM. This explains the reduced 
antioxidant activity of HSA under this condition, albeit that this con
centration of NEM was higher than in the experiment shown in Fig. 3D 
and might result in a higher level of free thiol blocking in HSA. 

2.3. aPDT with 1D9-700DX in the Presence of Potassium Iodide 
Overcomes the Antioxidant Response of HSA 

KI is an inorganic salt that can be applied to enhance the bactericidal 
effect of aPDT in human plasma due to 1O2-mediated iodine formation 
[22,38]. We therefore explored whether KI can help to fine-tune the 
targeted aPDT with 1D9-700DX to minimize the concentration of this 
immunoconjugate and the time of irradiation required to eliminate CA- 
MRSA. In turn, this would ensure minimal collateral damage to non- 
targeted host cells and the microbiota [39]. To this end, we first 
exposed CA-MRSA to 1.5 μM of 1D9-700DX and red light, and assessed 
the bactericidal effect in the presence of increasing concentrations of KI 
(Fig. 4A). Here it should be noted that we have previously shown that a 
KI concentration of 50 mM is not toxic to the bacteria [22]. At KI con
centrations of 15 μM and higher, we observed enhanced bacterial killing 
by red light-activated 1D9-700DX. At 30 μM KI, the CA-MRSA was 
completely eradicated, which corresponds to an enhanced aPDT efficacy 
by more than 6-log units compared to aPDT in the absence of KI. In this 
respect, it is important to note that according to the ‘Association of 
Official Analytical Chemicals’ (AOAC), it is recommended that the mean 
log density for S. aureus needs to be at least 6 when testing a disinfectant 
[40]. We have previously shown that the concentration of 1D9-700DX 
that kills 100% of the initial bacteria after aPDT in the absence of KI 
is 9.8 μM [22]. The present data shows that, in the presence of KI, the 
same effect can be achieved with a concentration of 1D9-700DX that is 
6-fold lower (Fig. 4A). To evaluate whether it is also possible to shorten 
the time of irradiation with red light at a power of 100 mW⋅cm− 2, CA- 
MRSA was incubated with 1.5 μM 1D9-700DX and a slightly increased 
KI concentration of 120 μM. Thereafter, the bacteria were irradiated 
with red light for different periods of time (1 to 5 min). Importantly, it 
took merely 2 min of irradiation to completely eradicate the CA-MRSA 
inoculum by aPDT with 1D9-700DX in the presence of KI (Fig. 4B). 
The data presented in Fig. 4A–B therefore demonstrate that KI signifi
cantly enhances the efficacy of aPDT. This prompted us to investigate 
whether KI can also help to overcome the antioxidant properties of HSA. 
Fig. 4C shows that this is indeed the case as, by the combined use of 1D9- 
700DX and KI, a significant CFU reduction of CA-MRSA was achieved 
upon irradiation with red light (30 J⋅cm− 2), in the presence of HSA. 

2.4. Targeted aPDT with 1D9-700DX Combined with KI has no side 
Effects Towards Gram-negative Bacteria in a Co-culture 

The 1D9 mAb specifically binds to the IsaA protein present on the 
S. aureus cell wall [18]. As a first approach to investigate the target 

Fig. 2. Antioxidant properties of BSA and HSA counteract aPDT of MRSA. 
Photo-activated killing of ~1 × 107 CFU/mL of CA-MRSA AH4807 grown to 
exponential phase, in the presence or absence of different concentrations of BSA 
or HSA, with or without 3.3 μM of 1D9-700DX and with or without red light 
exposure (30 J⋅cm− 2). Numbers of surviving bacteria (Log10[CFU/mL]) are 
represented in the Figure. Data are presented as the mean ± SEM of three in
dependent experiments performed in triplicates. Two-way ANOVA with sub
sequent Dunnett’s multiple-comparison tests were used for statistical analysis. 
Significant differences compared with the control group (no photosensitizer, no 
light and no serum albumin) are marked with blue asterisks as follows: *P <
0.03; ****P < 0.0001. Note that the experiments with BSA or HSA were per
formed on different dates with different batches of 1D9-700DX, which explains 
the variation in CFU counts observed in the absence of BSA or HSA. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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specificity of 1D9-700DX for S. aureus, we applied a co-culture model 
where S. aureus was co-cultured with the Gram-negative bacterium 
K. oxytoca. These two bacteria were previously shown to co-exist in 
chronic wounds of patients with the genetic blistering disease epi
dermolysis bullosa (EB) and, accordingly, they can be readily co- 
cultured in broth and on plate [41]. Fig. 5 shows that aPDT with 1D9- 
700DX completely eradicated the S. aureus strain, both in the mono- 
and co-cultures, while K. oxytoca remained unaffected. Moreover, the 
presence of KI and the resulting production of iodine reactive species 
upon aPDT with 1D9-700DX, did not affect the viability of K. oxytoca, 
neither in mono- nor in co-culture. This shows that S. aureus-targeted 
aPDT with 1D9-700DX in the presence of KI still selectively addresses 

the staphylococcal antigen IsaA, without negative effects of the 
concomitant iodine formation on non-targeted bacterial cells. 

2.5. 1D9-700DX Combined with KI Selectively Kills MRSA Without 
Damaging Mammalian Cells 

We previously demonstrated that aPDT with 1D9-700DX was not 
toxic to the human cervical cancer HeLa cell line at concentrations 
below 0.7 μM, without wash of the unbound immunoconjugate [22]. 
However, this concentration of 1D9-700DX is not effective in the elim
ination of high loads of bacteria upon red light activation [22]. We 
therefore decided to investigate whether, in a co-culture of HeLa cells 

Fig. 3. Blocking free thiols of albumins with alkylating agents. Toxicity dose response of NEM and IAA towards CA-MRSA AH4807 grown to exponential phase. ~1 
× 107 CFU/mL were incubated with or without IAA (A) or NEM (C) and with 1D9-700DX or PBS. The bacteria were either irradiated with red light (30 J⋅cm− 2) or 
kept in the dark. Surviving numbers of bacteria are represented in Log10(CFU/mL). aPDT efficacy of 1D9-700DX was restored in the presence of BSA or HSA after 
blocking the free thiols of these serum albumins with IAA (B) or NEM (D) at concentrations of 0.8 mg⋅mL− 1 or 0.3 mg⋅mL− 1, respectively. Data are presented as the 
mean ± SEM of three independent experiments performed in triplicates. Kruskal-Wallis tests with subsequent Dunn’s multiple-comparison tests were used for 
statistical analysis. Significant differences compared with the control group (no photosensitizer, no light, no IAA/NEM and no serum albumin) are marked with blue 
asterisks as follows: **P < 0.002; ***P < 0.0002; ****P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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and S. aureus, aPDT with 1D9-700DX in the presence of KI allows the 
selective killing of high loads of S. aureus without damaging the 
mammalian cells. To this end, we firstly assessed the possible cytotox
icity of KI towards HeLa cells. The cell viability in the presence of 
increasing concentrations of KI was evaluated with a colorimetric assay 
based on the reduction of the yellow 3-(4,5-Dimethylthiazol-2-yl)-2,5- 
Diphenyltetrazolium Bromide (MTT) by mitochondrial dehydrogenase 
activity to a purple formazan precipitate. Accordingly, the reduction of 
MTT is directly correlated with the metabolic activity of living cells 
[42]. The MTT assays showed that concentrations of KI equal or lower 
than 50 mM were not toxic to HeLa cells (Fig. S3). Next, we performed 
co-culture experiments where HeLa cells were infected with 3 × 106 

CFU/mL of CA-MRSA and, subsequently, incubated for 30 min with a 
low dose of 1D9-700DX (0.2 μM) with or without KI (50 mM). The co- 
cultures were then irradiated with red light (30 J⋅cm− 2), and the 
viability of extracellular bacteria and HeLa cells was assessed by CFU 
counting and MTT assays. This showed that the bacterial viability was 
reduced by approximately 60% after aPDT with 1D9-700DX in the 
absence of KI. In contrast, a 95% reduction in the CFU counts was 

observed when aPDT with 1D9-700DX was performed in the presence of 
KI (Fig. 6A). Importantly, these treatments had no negative re
percussions for the viability of the HeLa cells as measured by MTT 
reduction (Fig. 6B). We therefore conclude that targeted aPDT with 1D9- 
700DX combined with the administration of KI can specifically kill 
S. aureus, and that the produced ROS and iodine are specifically 
addressed to the bacterial cells by using the 1D9 mAb as a targeting 
agent to avoid collateral damage of nearby mammalian cells. 

3. Discussion 

The treatment of S. aureus infections remains an important clinical 
challenge due to this pathogen’s ability to acquire high resistance to 
antimicrobial agents. This calls for the development of novel, alternative 
strategies to fight this persistent pathogen. In the present study, we 
focused attention on aPDT of MRSA infections with a conjugate of the 
human mAb 1D9 and the NIR photosensitizer IRDye 700DX. We have 
previously shown that the immunoconjugate 1D9-700DX specifically 
binds to the staphylococcal surface protein IsaA and, upon activation 

Fig. 4. KI empowers 1D9-700DX-mediated aPDT and overcomes antioxidant activity of HSA. CA-MRSA AH4807 was grown to exponential phase and ~ 1 × 107 

CFU/mL were incubated with or without KI (7.5, 15 and 30 μM) (A), KI 120 μM (B and C) and/or 1.3 mg⋅mL− 1 HSA (C). Photo-activated killing was assessed by 
incubating the bacteria with or without 1.5 μM of 1D9-700DX in the presence or absence of light (30 J.cm− 2). Numbers of surviving bacteria (Log10[CFU/mL]) are 
represented in the figures. Data are presented as the mean ± SEM of three independent experiments performed in triplicates. Kruskal-Wallis tests with subsequent 
Dunn’s multiple-comparison tests were used for statistical analysis. Significant differences compared with the control group (no photosensitizer, no light, no KI and 
no HSA) are marked with blue asterisks as follows: * P < 0.03; **P < 0.002; ***P < 0.0002; ****P < 0.0001. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Specific toxicity of aPDT with 1D9-700DX combined with KI towards S. aureus in a co-culture with K. oxytoca. Photo-activated killing was assessed by 
incubating S. aureus and or K. oxytoca with or without 1.5 μM 1D9-700DX in the presence or absence of KI 30 μM. Bacteria were either kept in the dark or irradiated 
with 30 J⋅cm− 2 of red light. After 16 h on BA plates at 37 ◦C, S. aureus forms relatively small colonies, while K. oxytoca forms distinctive colonies that are relatively 
large. Some typical S. aureus colonies are marked with a blue arrow in the co-culture plates (A). Numbers of surviving bacteria (Log10[CFU/ mL]) of S. aureus and 
K. oxytoca are represented in panels B and C, respectively, representing either the mono- or co-culture conditions. Data are presented as the mean ± SEM of three 
independent experiments performed in triplicates. Kruskal-Wallis tests with subsequent Dunn’s multiple-comparison tests were used for statistical analysis. Sig
nificant differences compared with the control group (no photosensitizer, no light and no KI) are marked with blue asterisks as follows: ***P < 0.0002. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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with red light, produces sufficient ROS to kill MRSA [22]. However, the 
efficacy of aPDT with the 1D9-700DX immunoconjugate is challenged 
by antioxidants in the host, as was exemplified by aPDT studies in 
human plasma [22]. Here, we sought to define the molecular basis of the 
aPDT-antagonizing activity in plasma and to optimize a KI-based 
approach for enhancing the bactericidal impact of aPDT with 1D9- 
700DX. 

Previous research has shown that HSA is an important antioxidant 
that mediates the scavenging of ROS through its conserved Cys-34 res
idue which, in fact, represents the most abundant thiol portion in human 
plasma [28]. Oxidation of the free sulfhydryl group of Cys-34 leads to 
the formation of sulfenic acid, which is responsible for ROS scavenging 
[43]. Our present study shows that a 20-fold lower concentration of HSA 
compared to the HSA concentration in human plasma (i.e. ~43 
mg⋅mL− 1) [44], can already completely block 1D9-700DX-mediated 
aPDT against CA-MRSA. Importantly, we show that HSA’s antioxidant 
activity can be inhibited by the alkylating agents IAA and NEM, which 
react with free thiols and monitor changes in the redox state of proteins 
[45,46]. Thus, we were able to correlate free thiols of HSA in our 
experimental setup to the efficacy of aPDT with 1D9-700DX. The 
important conclusion from these findings is that HSA represents a major 
aPDT-antagonizing factor in the eradication of MRSA. 

Due to their general toxicity, alkylating agents cannot be applied to 
potentiate aPDT for clinical applications and, consequently, alternative 
solutions are needed to overcome antioxidant activities in the human 
host. Therefore, we evaluated the possible use of KI in the context of our 
targeted aPDT approach. The non-toxic inorganic salt KI has already 
been explored for the possible potentiation of non-targeted aPDT in the 
treatment of infections [27,47,48]. Importantly, saturated KI solutions 
have been approved by the US Food and Drug Administration (FDA) for 
oral administration to block the absorption of radioactive iodine-131 by 
the thyroid gland in case of radiation emergencies, and for the treatment 
of fungal infections, such as subcutaneous zygomycosis [49,50]. We 
previously showed that the combination of KI with 1D9-700DX allows 
the eradication of high loads of CA-MRSA, even in the presence of blood 
plasma [22]. In the present study, we employed a defined setup where 
plasma was replaced by HSA to determine the optimal concentrations of 
1D9-700DX and KI for targeted aPDT to eradicate MRSA. Importantly, 
our findings show that the required concentration of our immuno
conjugate can be reduced 6-fold for effective aPDT of CA-MRSA per
formed in the presence of 30 μM KI. This dose of KI is still ~13,000-fold 
below the FDA-approved KI dose of 130 mg of KI for adults weighing 70 

kg or more [51]. Moreover, we show that the red light irradiation time 
may be halved in the presence of KI. We anticipate that the optimization 
of these aPDT settings in terms of agent concentration and red light 
exposure will be instructive for the possible clinical translation of aPDT 
with 1D9-700DX, as it will minimize possible damage to the tissues 
surrounding a site of infection [39]. Moreover, lower doses of a photo
sensitizer allow faster clearance from the body, which can reduce skin 
photosensitivity from weeks to days [52]. As new iodine-reactive species 
result from the reaction of KI with the 1O2 produced upon aPDT, it was 
also necessary to evaluate whether our aPDT approach with 1D9-700DX 
still targets MRSA specifically. Indeed, this is the case, as demonstrated 
by negligible side effects towards other non-targeted co-cultured bac
teria and mammalian cells. This shows that, also in the presence of the 
non-targeted KI, the immunoconjugate 1D9-700DX retains its target 
specificity for S. aureus. 

Altogether, we conclude that the antioxidant activity of HSA towards 
the ROS produced upon aPDT with 1D9-700DX can be overcome by the 
application of KI. Moreover, in the presence of this inorganic salt it is 
possible to drastically reduce both the immunoconjugate concentration 
and irradiation time. Importantly, the iodine and ROS produced upon 
aPDT with 1D9-700DX combined with KI, selectively kill the targeted 
bacteria without affecting surrounding cells and other bacteria. Our 
findings thus suggest that targeted aPDT with bacteria-specific photo- 
activatable immunoconjugates that produce high yields of singlet oxy
gen, such as 1D9-700DX, represents a promising approach that may 
complement the currently applied antimicrobial therapy of MRSA in
fections. Conceivably, a combination of aPDT with KI, if applied topi
cally, may be implemented in future treatments of skin or implant- 
associated infections. In particular, infected implants often need to be 
removed by revision surgery with debridement of surrounding infected 
tissue if conventional antibiotic therapy fails. In such a surgical setting, 
aPDT may have added therapeutic value, because it could be applied to 
eliminate any residual bacteria. However, the presence of blood around 
the infected implant and tissue would limit the efficacy of the aPDT due 
to the antioxidant activity of HSA. Here, the topical administration of KI 
may serve to enhance the efficacy of aPDT for eliminating the targeted 
infectious microorganisms, as evidenced in the present study. 

Fig. 6. (Photo-)cytotoxicity of 1D9-700DX towards MRSA-infected HeLa cells. A. CA-MRSA AH4807 was grown to exponential phase in RPMI medium and incubated 
with 30,000 HeLa cells (MOI = 10), 0.15 μM of 1D9-700DX and/or PBS and/or KI (50 mM). After 30 min incubation, cells were either irradiated with red light (30 
J⋅cm− 2) or kept in the dark. Numbers of surviving bacteria (Log10[CFU/mL]) are represented in the Fig. B. (Photo-)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 infected with MRSA and mock-treated with 
PBS in the dark. Cells treated with 1% SDS were used as a control for cell killing. Data are presented as mean ± SEM of three independent experiments performed in 
triplicates. Ordinary one-way ANOVA tests with subsequent Holm-Sidak’s multiple-comparison tests were used for statistical analysis. Significant differences 
compared with the control group (no photosensitizer, no light and no KI) are marked with blue asterisks as follows: *P < 0.03; ****P < 0.0001. 
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4. Materials and Methods 

4.1. Conjugation of the 1D9 Monoclonal Antibody with IRDye 700DX- 
NHS 

The human mAb 1D9 was produced as previously described [18] by 
transient transfection of Expi293F cells (Life Technologies). IRDye® 
700DX (LiCor Biosciences) was cross-linked to the human mAb 1D9 via 
activated N-hydroxysuccinimide ester chemistry according to the man
ufacturer’s instructions. 

4.2. Effect of Human Plasma on 1D9-700DX Integrity 

1D9-700DX was incubated with or without CA-MRSA for 30 min, 
followed by incubation with human plasma for 90 min, at 37 ◦C, under 
shaking. LDS-PAGE analysis of the 1D9-700DX immunoconjugate was 
performed using a 10% Bis-Tris gel (NuPAGE gels, Life Technologies) 
followed by fluorescence imaging with an Amersham™ Typhoon™ 
Biomolecular Imager (GE Healthcare). A reducing agent (NuPAGE, 
ThermoFisher) was employed to separate the heavy and light chains, 
and to improve the band resolution. 

4.3. Evaluation of the Antioxidant Capacity of Different Serum Albumins 

The CA-MRSA strain AH4807 was derived from the CA-MRSA LAC 
strain AH126353, where the P. luminescens lux operon was modified for 
Gram-positive bacterial expression and integrated at the φ11 attachment 
site on a plasmid of the host strain [53]. Bacteria were grown in Tryptic 
Soy Broth (TSB) to exponential phase (OD600 = 0.5) as previously 
described by Bispo et al. [22]. The bacteria were 10-fold diluted and 50 
μL aliquots (~2 × 107 CFU/ml) were incubated with 50 μL of a cocktail 
mixture of 1D9-700DX (3.3 μM) or PBS and/or HSA or BSA (Sigma- 
Aldrich; 1.3, 2.5 and 5 mg⋅mL− 1) in a 96-well plate in the dark for 30 
min at room temperature (RT). Afterwards, bacteria were illuminated 
with a high-output LED device that emits red light at 690 nm, at a 
radiance of 30 J.cm− 2 (100 mW⋅cm− 2, 5 min) [54]. After treatment, 
bacteria were serially diluted in PBS, plated on blood-agar (BA) plates 
and then incubated aerobically for 16 h at 37 ◦C for CFU counting. 

4.4. Blocking Thiols of Serum Albumins with Iodoacetamide or N- 
ethylmaleimide 

To determine whether blocking free thiols of serum albumin can 
restore the aPDT effect, HSA or BSA were incubated with the alkylating 
agents IAA or NEM. First, toxicity dose-response studies with 2-fold 
increasing concentrations of IAA (Sigma-Aldrich) or NEM (Sigma- 
Aldrich) and the CA-MRSA strain were conducted. After determining the 
highest concentrations of NEM and IAA that are not toxic to this S. aureus 
strain, 50 μL (≈2 × 107 CFU/ml) bacterial suspensions were incubated 
with 50 μL of mixtures of 1D9-700DX (1.5 or 3.3 μM) or PBS, in the 
presence or absence of HSA or BSA (1.3 mg⋅mL− 1) and with or without 
IAA or NEM (0.8 and 0.3 mg⋅mL− 1, respectively), in the dark for 30 min 
at RT. Following incubation, bacteria were illuminated with 30 J⋅cm− 2 

of red light. After treatment, bacteria were serially diluted in PBS, plated 
on BA plates and then incubated aerobically for 16 h at 37 ◦C for CFU 
counting. 

4.5. Quantification of Reduced Thiol Groups of HSA 

The assay for thiol measurement in native HSA in the absence of 
presence of NEM was adapted from the Ellman’s assay [37], following 
the recommendations by Tong et al. [55]. In this assay, 5,5′-dithiobis, 2- 
nitrobenzoic acid (DTNB, Thermo Scientific™) will react with free thiols 
in HSA, resulting in the formation of 2-nitro-5-thiobenzoate (TNB− ) by 
disulphide bond cleavage and subsequent formation of TNB2− [37]. 100 
μL of HSA (0.03–0.5 mg⋅mL− 1) were incubated with 100 μL PBS and/or 

1.2 mg⋅mL− 1 of NEM [45,55] prepared in ethanol in a 96-well plate for 
30 min. Hundred microlitres of aliquots from this mixture were then 
transferred to separate wells and incubated for 15 min with 100 μL of 14 
mM DTNB prepared in ethanol. The generation of TNB2− was monitored 
by reading the absorbance at 412 nm with a microplate spectropho
tometer (Synergy™ HT, Biotek instruments). Each experiment was 
performed in triplicate at least three times. 

4.6. Potentiation of 1D9-700DX-aPDT with Potassium Iodide 

Bacterial suspensions (2 × 107 CFU/mL) of CA-MRSA AH4807 were 
incubated with several concentrations of KI (7.5, 15 and 30 μM; Sigma- 
Aldrich) or PBS and 1.5 μM of 1D9-700DX or PBS to determine the 
optimal KI concentration to eradicate the bacteria. After 30 min incu
bation in the dark, at RT, bacteria were irradiated with 30 J⋅cm− 2 of red 
light. To determine the optimal irradiation dosage, 120 μM of KI were 
incubated with the bacteria and 1D9-700DX, for 30 min, at RT, in the 
dark. Afterwards the samples were subjected to red light at a radiance 
exposure that ranged between 0 and 30 J⋅cm− 2. To assess the ability of 
KI to rescue the aPDT effect in the presence of HSA, CA-MRSA was 
incubated with mixtures of 1D9-700DX or PBS, and/or KI or PBS, and/or 
HSA (1.3 mg⋅mL− 1) and kept in the dark for 30 min, at RT. Bacteria were 
subsequently illuminated with 30 J⋅cm− 2 of red light. Lastly, the bac
teria were serially diluted in PBS, plated on BA plates and then incu
bated aerobically for 16 h at 37 ◦C for CFU counting. 

4.7. 1D9-700DX aPDT Combined with KI in a Co-culture of S. aureus 
and K. oxytoca 

Clinical isolates of S. aureus and K. oxytoca obtained from a used 
bandage from a chronic wound of a Dutch patient with Junctional EB 
[41] were grown overnight in TSB under vigorous shaking at 37 ◦C. The 
cultures were then diluted to an OD600 of 0.1 in TSB and grown to 
exponential phase (OD600 = 0.5) for 1.5 h. Monocultures were started 
with an initial OD600 of 0.05 while co-cultures were inoculated with an 
OD600 of 0.025 of each isolate to a total of 0.05. After centrifugation of 
150 μL of bacterial mono- or co-cultures, at 16,200 ×g for 2 min, the 
collected bacterial cells were incubated with 1.5 μM of 1D9-700DX, for 
30 min, at RT. The bacteria were washed once with PBS to remove the 
unbound conjugate and the pellet was further resuspended in 150 μL of 
PBS with or without 30 μM of KI. The bacteria were then transferred to a 
96-well plate for irradiation with red light, at 30 J⋅cm− 2. After this 
treatment, the bacteria were serially diluted in PBS, plated on BA plates 
and then incubated aerobically for 16 h at 37 ◦C for CFU counting. 

4.8. Toxicity of KI Towards HeLa Cells 

The human cervical cancer HeLa cell line (ATCC) was cultured in 
Dulbecco’s Modified Eagle Medium (DMEM)-GlutaMAX medium 
(Gibco™) supplemented with 10% of fetal bovine serum (Gibco™) at 
37 ◦C and 5% CO2. 0.25% Trypsin-EDTA (Gibco™) was used to detach 
adherent cells for subculturing. Cells were then seeded into 96-well cell 
culture plates at a density of 3 × 104 cells/well. Twenty-four hours after 
seeding, 3 × 104 cells were incubated with 2-fold increasing concen
trations of KI (up to 100 mM) for 30 min. Metabolic activity of the HeLa 
cells was subsequently determined with the MTT assay, which measures 
the cells’ ability to reduce MTT (Sigma-Aldrich) to colored formazan 
crystals. To this end, the cells were washed twice with Dulbecco’s 
phosphate-buffered saline (DPBS), and incubated with 0.5 mg⋅mL− 1 of 
MTT for 3 h, at 37 ◦C and 5% CO2. 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. Each experi
ment was performed in triplicate at least three times. 
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4.9. (Photo-)cytotoxicity of 1D9-700DX Against MRSA-infected HeLa 
Cells 

HeLa cells were cultured and seeded as described above. 24 h after 
seeding, the cells were infected with 50 μL of CA-MRSA AH4807 with a 
multiplicity of infection of 10. Figty microlitres of 1D9-700DX (0.2 μM) 
or DPBS), and KI (50 mM) or DPBS were also added to the cells in the 
dark, for 30 min. Irradiation with 30 J⋅cm− 2 of red light was subse
quently performed. The bacteria present in the supernatant were serially 
diluted in PBS, plated on BA plates and then incubated aerobically for 
16 h at 37 ◦C for CFU counting. Cell metabolic activity upon aPDT was 
determined with the MTT assay as described above. 

4.10. Statistics 

The results are presented as the mean ± the standard error of the 
mean (S.E.M.). All statistical analyses were performed with GraphPad 
Prism 8.0.1. Variables in three or more unmatched groups were assessed 
with Kruskal-Wallis tests and subsequently by the Dunn’s or the Dun
nett’s multiple comparisons tests or Ordinary one-way ANOVA with a 
subsequent Holm-Sidak’s multiple-comparison test depending on the 
Gaussian distribution of residues. P-values <0.05 were considered 
significant. 

4.11. Study Approval 

Blood donations from healthy volunteers were collected with 
approval of the medical ethics committee of the UMCG (approval n◦

METc 2016/621) and after written informed consent, in accordance to 
the Helsinki Guidelines and local regulations. 
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