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ABSTRACT

Many studies show that photodynamic inactivation (PDI) is a
powerful tool for the fight against pathogenic, multiresistant
bacteria and the closing of hygiene gaps. However, PDI stud-
ies have been frequently performed under standardized
in vitro conditions comprising artificial laboratory settings.
Under real-life conditions, however, PDI encounters sub-
stances like ions, proteins, amino acids and fatty acids, poten-
tially hampering the efficacy of PDI to an unpredictable
extent. Thus, we investigated PDI with the phenalene-1-one-
based photosensitizer SAPYR against Escherichia coli and
Staphylococcus aureus in the presence of calcium or magne-
sium ions, which are ubiquitous in potential fields of PDI
applications like in tap water or on tissue surfaces. The addi-
tion of citrate should elucidate the potential as a chelator.
The results indicate that PDI is clearly affected by such ubiq-
uitous ions depending on its concentration and the type of
bacteria. The application of citrate enhanced PDI, especially
for Gram-negative bacteria at certain ionic concentrations
(e.g. CaCl2 or MgCl2: 7.5 to 75 mmol L−1). Citrate also
improved PDI efficacy in tap water (especially for Gram-
negative bacteria) and synthetic sweat solution (especially for
Gram-positive bacteria). In conclusion, the use of chelating
agents like citrate may facilitate the application of PDI under
real-life conditions.

INTRODUCTION
Pathogenic viruses and antibiotic-resistant bacteria are serious
threats to our society. Part of the dissemination of dangerous dis-
eases is inter alia nosocomial infections. They can be defined as
hospital-acquired infections (HAIs), occurring during or after

hospital residence. Examples include surgical wounds, primary
bloodstream or urinary tract infections (1).

In Europe, roughly 63.5% of infections with antibiotic-
resistant bacteria are originating from hospital and health care
settings, resulting in 72.4% of attributable deaths (2). With
regards to its impact on the economy, these types of infections
are causing significant losses of approximately EUR 7 billion per
year for the EU (3). Typical examples are infections with
methicillin-resistant Staphylococcus aureus (MRSA), which were
estimated to be responsible for costs up to EUR 1.55 billion in
2011 in Germany alone (4). In the light of antibiotic resistance,
multidrug-resistant bacteria account for a prevalence of 5.7 to
19.1 per 100 patients with HAIs (5).

In health care settings, various measures against HAIs are
designed such as adequate hand hygiene, proper usage of gloves
and face masks and standardized procedures for cleaning and
disinfection of patient-near surfaces (6). However, compliance
with hand hygiene (41%) (7) and surface disinfection (48%) (8)
are persistently insufficient. Both incompliances contribute to the
transmittance of resistant pathogens and HAIs. Another important
topic is the hesitant implementation of antimicrobial stewardship
by which the use of antibiotics should be optimized (9). Thus,
the ongoing fight against HAIs and the increasing resistance of
bacteria against antimicrobials requires new antimicrobials but
also new antimicrobial technologies.

Photodynamic inactivation (PDI) offers a viable alternative to
conventional disinfectants and medical drugs in many relevant
application fields, and could thus slow the pace of resistance
development (10–12). PDI requires three harmless components, a
photosensitizer (PS), visible light and molecular oxygen. Exam-
ples of PS for PDI include molecules like methylene blue, rose
bengal, chlorine e6, TMPyP (5,10,15,20-tetrakis(1-methyl-4-
pyridinio)-porphyrin tetra(p-toluene sulfonate)) or perinaph-
thenone derivatives such as phenalene-1-one. Upon light absorp-
tion in the PS molecule, energy or charge may be transferred to
adjacent molecules to generate reactive oxygen species (ROS),
among which singlet oxygen should play an important role. In
case the PS is in close contact with a bacterial cell, singlet oxy-
gen can attack chemical double bonds of biomolecules like lipids
and proteins leading to cell killing (13). Owing to its mecha-
nisms of action, PDI should not contribute to bacterial resistance
(10–12).
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PDI should be considered a valuable component of new
antimicrobial strategies, but PDI is inherently complex when
compared to standard biocidal technologies. In contrast to a sin-
gle, ready-to-use biocidal molecule, singlet oxygen and other
ROS are produced in situ by the combined action of light, PSs
and oxygen. In addition, PDI uses PSs at different concentrations
and with different absorption coefficients, which show different
quantum yields of ROS production when exposed to light at dif-
ferent wavelengths, intensities and times yielding different radi-
ant exposures.

Firstly, the complexity of biocidal ROS generation in situ fre-
quently hampers the comparison of laboratory experiments,
exemplarily described by the well-known PS TMPyP. PDI of
Escherichia coli resuspended in H2O led to 3 log10 steps of cell
reduction in the presence of 10 μmol L−1 TMPyP at a very small
radiant exposure of 0.079 J cm−2 (14). On contrary, TMPyP
immobilized on a chitosan membrane required a radiant exposure
of up to 172.8 J cm−2 to achieve the same effect with E. coli
resuspended in PBS (15). Another study applied 0.73 μmol L−1

TMPyP only, which was exposed to 2052 J cm−2 of light to
reduce the cell count significantly (16). Furthermore, for a study
targeting several organisms in wastewater, 5 μmol L−1 TMPyP
and 14.4 J cm−2 were applied to reach an inactivation of about 4
log10 steps (17).

Secondly, the situation may worsen when it comes to PDI
applications beyond laboratory tests. The step from laboratory
settings to real-life applications frequently may unfold additional,
technological problems. However, that step is necessary and
worthwhile to leverage PDI in different fields of environmental
and medical applications.

Such a step was recently performed for a new application of
PDI to act as an antimicrobial coating of frequently touched sur-
faces in health care settings and beyond (18–20). After extensive
and successful laboratory tests, a field study should verify
whether the PDI technology keeps its efficacy under real-life
conditions. The field study was performed in two hospitals for
several months and the results of the study clearly proved that
the novel photodynamic coating significantly reduced the bacte-
rial burden on patient-near surfaces, which may reduce the risk
of nosocomial transmission of pathogens (18). Unfortunately,
despite the advantages of PDI coatings and its proven efficacy in
field studies (18,20–22), the use of silver, copper and quaternary
ammoniums are reported to be the major technologies so far,
whereas the role of PDI is almost unmentioned (23,24).

For potential applications of PDI in environmental and medi-
cal fields, we developed three new classes of PSs in the past
years, which are chemically based on natural PSs like phenale-
nones, flavins and curcumins. These PSs showed a clear antimi-
crobial efficacy against various bacteria independent of their type
and resistance profile (18,25–32). The PSs offer features, which
are important when it should come to application in the environ-
ment and medicine. The molecules were patentable and its syn-
thesis is economic. The usual tests showed that the molecules
have no toxic or mutagenic potential being bio-degradable and
safe for the environment.

After the first successful tests of these PSs in bacterial solu-
tions, the use of phenalenones was tested as a potential skin
antimicrobial, which might be applied in the future to decontami-
nate large areas of human skin. The use of PDI to reduce the
bacterial load in skin wounds was already studied using other
PSs (33–35). Ex vivo skin was inoculated with S. aureus,

MRSA, E. coli, or Pseudomonas aeruginosa. The subsequent
irradiation yielded a reduction of bacterial cells of up to 5 log10
steps (36). However, the ex vivo study revealed that the PS con-
centration and the radiant exposure were clearly higher when
compared to experiments in solution. Obviously, the skin surface
may exhibit substances that hamper the photodynamic mecha-
nisms to some extent and among others, different ions like Ca2+,
Mg2+ and HCO3

− might play a role (37–39). Noteworthy, these
ions are also ubiquitous in other environments like tap or waste
water, in both, PDI was already studied to reduce their bacterial
contamination (17,40–44).

Thus, for the present study, we focused on two potential
applications of PDI, which still requires a better understanding of
the parameters under real-life conditions, skin decolonization and
water disinfection. Decolonization of skin and mucosa is an
important measure to reduce cross-contamination and surgical
site infections (45). The decolonization of skin usually involves
biocidal substances like chlorhexidine, triclosan and iodine lead-
ing frequently to insufficient results (46). The mucosa requires
the use of antibiotics like mupirocin. Unfortunately, most of
those substances already evolved a reduced sensitivity or resis-
tance against typical skin pathogens (47).

Also the availability of safe tap water including its disinfec-
tion is an increasing challenge and the United Nations World
Water Development Report stated that nearly 6 billion people
will suffer from clean water scarcity by 2050 (48). While water
disinfection has effectively prevented waterborne diseases, an
unintended consequence is the generation of disinfection byprod-
ucts (49), which may open the door to new and safe technologies
like PDI.

Both potential application fields of PDI have in common that
ions like Ca2+ and Mg2+ are ubiquitous in tap water and on the
skin surface. Some ions already showed a detrimental effect on
PDI that was applied to inactivate P. aeruginosa or S. aureus
(50). It is assumed that such ions interact with the outer environ-
ment of the bacteria (50–52) possibly resulting in a protective
layer.

To overcome the detrimental effects of ions, citrate was tested
as a chelating agent in bacterial solutions. VIS-spectroscopy and
measurements of oxygen concentration in solutions were applied
to investigate any negative effect of citrate on the used PSs. Sub-
sequently, the results of the optimization with citrate obtained for
calcium and magnesium ion solutions were transferred to solu-
tions reflecting possible future fields of application for PDI. With
citrate, an optimized PDI of E. coli and S. aureus was therefore
targeted in tap water and in synthetic sweat solution.

MATERIALS AND METHODS

Bacterial strains. Escherichia coli (DSM 1103) as Gram-negative and S.
aureus (DSM 1104) as Gram-positive model organisms for this study
were purchased from DSMZ (German Collection of Microorganisms and
Cell Culture Lines, Braunschweig, Germany). All organisms were
cultivated on Mueller–Hinton–Medium (53) (Carl Roth GmbH & Co.
KG, Karlsruhe, Germany) at 37°C and 100 rpm overnight.

Preparation of ionic solutions, synthetic sweat and tap water.
Calcium chloride and magnesium chloride, both purchased from Carl
Roth GmbH & Co. KG, were prepared in stock concentrations of 150,
15 and 1.5 mmol L−1. Synthetic sweat solution (54,55) contained
85.56 mmol L−1 sodium chloride (Carl Roth GmbH & Co. KG),
0.72 mmol L−1 calcium chloride (Carl Roth GmbH & Co. KG),
0.13 mmol L−1 magnesium chloride (Carl Roth GmbH & Co. KG),
0.02 mmol L−1 zinc chloride (Merck KgaA, Darmstadt, Germany),
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9.39 mmol L−1
L-histidine (Sigma-Aldrich Cooperation, St. Louis, MO),

6.84 mmol L−1 sodium lactate (Carl Roth GmbH & Co. KG) and
19.65 mmol L−1 urea (Carl Roth GmbH & Co. KG). Additionally, the
synthetic sweat solution was also prepared without histidine. In all cases,
ultra-pure water with a conductance >18 Ω was used as a solvent,
hereafter simply referred to as H2O. The pH value of calcium chloride
and magnesium chloride solutions was adjusted to seven. Then, the
solutions were filled into serum bottles, plugged, sealed, degassed and
gassed with N2 thrice and autoclaved at 121°C for 20 min at 2 bar. The
solutions were then stored in the dark at room temperature. Synthetic
sweat was produced freshly and sterile-filtered using 0.22 μm mixed
cellulose ester-based filters (Carl Roth GmbH & Co. KG) and stored at
4°C for a maximum of 2 days. Tap water was supplied by REWAG,
Regensburg, Germany (56) and sterile filtered as mentioned before. The
ionic composition of the tap water is provided in Table S1.

Photosensitizers. SAPYR—a phenalenone-based PS with a quantum
yield of at least 99% (25)—was purchased from TriOptoTec GmbH
Regensburg, Germany. The PS was dissolved in H2O yielding
concentrations of 10, 20 and 100 μmol L−1. When experiments with
sodium citrate (Merck KgaA) were conducted, the PS was dissolved in
sodium citrate solution (pH = 7) in concentrations of 3, 30 and
300 mmol L−1.

Chemical assays via vis-spectroscopy. To investigate the effect of the
chelating agent in combination with different ion solutions on SAPYR,
chemical assays via vis-spectroscopy were conducted. The 100 μL of
100 μmol L−1 of PS dissolved in 300 mmol L−1 sodium citrate were
mixed with 100 μL of 150 mmol L−1 of CaCl2 or MgCl2 solution, tap
water, or synthetic sweat and pipetted into wells of a 96-well-plate. The
absorption spectrum of the specimens was determined in a wavelength
range from 300 to 550 nm using a spectral photometer (CLARIOStar,
BMG, LABTECH GmbH, Ortenberg, Germany). The measurements were
implemented once without exposure to light and subsequently after 30,
60, 300 and 600 s of illumination. A light source (blue_v, Waldmann
GmbH, Villingen-Schweningen, Germany) with a radiant exposure of
18 mW cm−2 was used (36), resulting in a total radiant exposure of 0.54,
1.08, 5.4 and 10.8 J cm−2. The radiant exposure was measured with a
photosensor PD300-SH (Ophir Optronics GmbH, Nienburg, Germany)
and as a display device the Nova-display (Ophir Optronics GmbH). An
emission spectrum of the used lamp is given in Figure S1.

Oxygen-concentration measurement. To examine, whether the
chelating agents alone or in combination with different ion solutions
influenced the singlet oxygen production of SAPYR, oxygen-
concentration measurements were carried out. The samples were prepared
as described in the section “Chemical assays via Vis-spectroscopy,” but
adding 1 μL of 5 mol L−1 imidazole, which served as a chemical singlet
oxygen quencher (57). To study potential oxygen consumption along
with singlet oxygen generation (58), the measurements were also carried
out without the addition of imidazole. This method ensured that
produced singlet oxygen was readily depleted. The oxygen concentration
in the medium was detected with a fast optical sensor (Microx 4; Presens
Precision Sensing GmbH, Regensburg Germany). For the first 60 s of the
measurement, the sample was illuminated with a blue light source
(blue_v; Waldmann GmbH, Villingen-Schweningen, Germany) with a
radiant exposure of 18 mW cm−2 for 40 s equal to 0.72 J cm−2 and the
quantification was continued for 540 s, which sums up the whole
measurement time to 600 s. The result was recorded as the relative
oxygen saturation before and after illumination [%]. For each condition,
three independent measurements were conducted.

Photodynamic inactivation. The cells were harvested via
centrifugation (13 000 g, 7 min) and suspended in H2O. The cells were
washed twice and resuspended in an ion solution, tap water or synthetic
sweat. The optical density of the specimens was measured using a
photometer (Ultrospec 10; Amersham Biosciences, Little Chalfont, UK)
at a wavelength of 600 nm and adjusted to an OD600 of 0.6. 25 μL of
the bacterial suspension were subsequently mixed with 25 μL of PS
solution in the desired concentration either with or without citrate (150,
15 or 1.5 mmol L−1, depending on the concentration of the ionic
solution). The mixture was incubated for 10 min in absolute darkness
and was later irradiated with the light source (see section “Chemical
assays via Vis-spectroscopy”) at 18 mW cm−2 for 300 s, equal to
5.4 J cm−2. The assays also included an irradiated control of the bacteria
in the respective solvent without PS (light control, later on indicated as
“0 μmol L−1

”), a non-irradiated control of the bacteria in the respective
solvent without PS as an internal reference and a nonirradiated sample

with the highest PS concentration applied (dark control, later on
indicated as “DC”). The 20 μL of the treated samples were transferred to
180 μL of prewarmed liquid MH-medium and incubated at 37°C for
48 h at 150 rpm. The optical density was monitored in a plate reader at
600 nm in 5 min intervals with subsequent calculation of the bacterial
reduction as described and validated in previous literature (31, 39, 59,
60). In brief, the doubling time was calculated as ΔtD at an optical
density between 0.2 and 0.4 in the exponential growth phase, based on
an untreated reference culture. The time difference in reaching the
threshold value of an optical density of 0.2 by the treated samples and
the untreated reference control was determined and termed Δt. The
logarithmic reduction briefly called ρ was then calculated as follows:

ρ ¼ log2
Δt
ΔtD

For each condition to be tested three independent measurements
(n = 3) were conducted and mean as well as standard deviation were cal-
culated. According to a definition by Boyce and Pittet, a reduction of 3
log10 steps was considered “biologically relevant” while 5 log10 steps
correspond to an “effective disinfection” (61). Obtained inactivation val-
ues from three independent measurements were analyzed statistically via
unpaired, two-tailed t-tests assuming a normal distribution and events
were considered statistically significant for P < 0.001. The tested condi-
tions as well as the results of the statistical analysis are given in Table
S2.

RESULTS

Influence of bivalent cations on the PDI

To evaluate whether CaCl2 or MgCl2 may chemically modify
SAPYR without or with illumination, a mixture of ions and
SAPYR was examined using vis-spectroscopy and oxygen con-
centration measurements. The obtained results show that CaCl2
or MgCl2 solutions slightly influence the absorption spectrum of
the PS, independent of the duration of illumination (Fig. 1A,B).
After 600 s of illumination, the loss of PS concentration is
around 7.0% for PS in 75 mmol L−1 CaCl2 solution and 9.3%
for 75 mmol L−1 MgCl2. The change in oxygen concentration
was likewise not strikingly altered by the addition of ions. Due
to the production of singlet oxygen by SAPYR, the oxygen con-
centration decreased by approximately 40% after illumination
(Fig. 1C,D). Dark controls of the vis-spectrum experiments
(Figures S2–S11) show nearly no loss in PS concentration indi-
cating that loss of concentration is mainly due to photobleaching
upon irradiation.

However, the oxygen depletion is solely based on the reaction
of singlet oxygen with imidazole in the experimental setup. Con-
trol measurements, without the addition of the singlet oxygen
scavenger, showed no decline in oxygen concentration in none
of the cases where CaCl2 or MgCl2 was tested with or without
citrate, additionally dark and light controls showed no decline in
oxygen concentration (Figures S12–S23). This also indicates that
the chemical reactions behind the observed PS concentration
depletion described beforehand do not involve oxygen.

Now, similar experiments were carried out with ions and
citrate. As shown in Fig. 2 the combination of citrate with CaCl2
or MgCl2 solutions had some effect on the absorption spectrum
of the PS (Fig. 2A,B) as again a loss in PS concentration of
around 6.8% and 9.3% were observed for CaCl2 solutions and
MgCl2, respectively. The singlet oxygen production of SAPYR
in the presence of 150 mmol L−1 citrate (Fig. 2C,D) was not
strikingly altered as compared to experiments conducted without
citrate. Again, oxygen depletion is only present when imidazole
is added and dark as well as light controls do also not lead to
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oxygen depletion (Figures S12–S23). Citrate might be a promis-
ing chelating agent to optimize PDI as exemplarily investigated
with SAPYR, E. coli as a Gram-negative and S. aureus as a
Gram-positive bacterium.

Firstly, PDI was performed against E. coli at different concen-
trations of CaCl2 or MgCl2 as well as citrate. Concentrations of
5 and 10 μmol L−1 SAPYR and 0.75 mmol L−1 CaCl2 led to a
reduction of 1 and 1.5 log10 steps, respectively, without citrate,
while the addition of citrate clearly increased the efficacy to 3.1
and 4.4 log10 steps, respectively (Fig. 3A). When increasing the
SAPYR concentration to 50 μmol L−1 SAPYR, reduction of
E. coli viability was 6 log10 steps, independent of the presence
of citrate.

The tenfold increased CaCl2 concentration of (7.5 mmol L−1)
revealed a clearer inhibition of PDI against E. coli. SAPYR con-
centrations of 5 and 10 μmol L−1 led to a reduction of less than
1 log10 steps without citrate, while the addition of citrate again
increased the efficacy of PDI (Fig. 3B). The application of
50 μmol L−1 SAPYR again led to an efficient inactivation of up
to 6 log10 steps.

The highest CaCl2 concentration of 75 mmol L−1 clearly ham-
pered PDI for all SAPYR concentrations yielding a maximum of
about 1.7 log10 steps for 50 μmol L−1 PS, while the addition of
citrate caused an increased efficacy of up to 3.2 log10 steps
(Fig. 3C).

The use of MgCl2 instead of CaCl2 showed similar results for
PDI against E. coli. However, the addition of citrate clearly
increased the PDI efficacy (Fig. 3D,E). MgCl2 in a concentration
of 75 mmol L−1 again lowered the efficacy and experiments
without citrate did not result in sufficient inactivation efficacies.
On the contrary, experiments with added citrate achieved cell
reductions of 4.5 log10 steps with 50 μmol L−1 of SAPYR. The
10 μmol L−1 of the PS led to a bacterial reduction of at least 2.5
log10 steps, while lower concentrations did not result in notewor-
thy logarithmic reductions (Fig. 3F). Therefore, in all cases
where E. coli was resuspended in MgCl2 solutions the applica-
tion of citrate and PS led to enhanced photodynamic efficacy.

Secondly, the PDI experiments with E. coli were repeated
with S. aureus cells yielding quite different results. Even the
lowest applied CaCl2 concentrations of 0.75 mmol L−1 caused a
bacterial reduction of 6 log10 steps for 50 μmol L−1 SAPYR,
while the addition of citrate surprisingly reduced the efficacy and
led to a reduction of only 4 log10 steps. The small PS concentra-
tions resulted in small reductions of viability (Fig. 4A). Again,
for 7.5 mmol L−1 CaCl2, 5 and 10 μmol L−1 SAPYR showed no
relevant bacterial reduction, but a slightly increased efficacy was
observed for 10 μmol L−1 when adding citrate. 50 μmol L−1 of
SAPYR resulted in an efficient reduction of about 6 log10 steps
without citrate and at least 6 log10 steps with citrate (Fig. 4B).
For a CaCl2 concentration of 75 mmol L−1 and without citrate,
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Figure 1. Effect of bivalent cations on 50 μmol L−1 SAPYR. The absorption spectrum of SAPYR with 75 mmol L−1 CaCl2 (A) or MgCl2 (B) after dif-
ferent intervals of illumination with a blue light source with a radiant exposure of 18 mW cm−2. Change of the oxygen concentration after 60 s of illu-
mination with a blue light source with a radiant exposure of 18 mW cm−2 of 50 μmol L−1 SAPYR with 75 mmol L−1 CaCl2 (C) or MgCl2 (D). The
time in which the illumination was carried out is displayed as yellow datapoints.
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the bacterial reduction was below log10 step for all SAPYR con-
centrations. The addition of citrate clearly improved bacterial
reduction, especially for the highest PS concentration, and an
increased efficacy with over 5 log10 steps of bacterial reduction
was observed (Fig. 4C).

When 0.75 mmol L−1 of MgCl2 was added to S. aureus sus-
pensions, the addition of citrate did not improve the PDI effect
(Fig. 4D). For 7.5 and 75 mmol L−1 MgCl2, PDI improved in
the presence of citrate (Fig. 4E,F).

Influence of tap water on PDI

A combination of different ions in solution could potentially
inhibit the application of PDI outside any laboratory experi-
ments under real-life conditions. These conditions were gradu-
ally approached by investigating the influence of tap water on
PDI since it contains a variety of ions. Vis-spectroscopy showed
only a small loss of concentration (9.3%) in the spectrum of
SAPYR when tap water was applied (Fig. 5A). However, when
citrate was added to tap water, the PS concentration decreased
by about 20% (Fig. 5B). Concerning the change of oxygen con-
centration after illuminating SAPYR in tap water, there is also
no striking alteration without (Fig. 5C) or with citrate (Fig. 5D).
Measurements conducted without the addition of the artificial

singlet oxygen quencher imidazole show that the oxygen deple-
tion is based on reactions of the produced singlet oxygen with
imidazole, which does not occur in measurements without imi-
dazole and, furthermore, dark as well as light control measure-
ments showed no decline in oxygen concentration
(Figures S24–S29).

PDI against E. coli, being previously suspended in tap water,
showed a better effect in the presence of citrate, achieving 6
log10 steps for 10 and 50 μmol L−1 SAPYR (Fig. 5E). With S.
aureus as the test organism, the result was similar except when
10 μmol L−1 of SAPYR were applied. Here, the antibacterial
effect was partly less efficient when citrate was added. No differ-
ence was detected for the highest PS concentration. (Fig. 5F).

Influence of synthetic sweat on PDI

To further explore the potential clinical use of PDI on the skin,
the experiments were conducted in a synthetic sweat solution
consisting of agents, which are typically present on human skin.
The spectroscopic results indicate that the synthetic sweat
severely interferes with the SAPYR since its absorption spectrum
is dramatically altered after illumination independent of whether
citrate was added or not (Fig. 6A,B). The spectra do not form
isosbestic points as the measured values do not meet the criteria

Wavelength [nm]

A
bs

or
ba

nc
e

0.00

0.10

0.20

0.30

0.40

0.50

300 325 350 375 400 425 450 475

0 s 30 s 60 s 300 s 600 s

Wavelength [nm]

A
bs

or
ba

nc
e

0.00

0.10

0.20

0.30

0.40

0.50

300 325 350 375 400 425 450 475

0 s 30 s 60 s 300 s 600 s
A B

C D

Time [s]

R
el

at
iv

e 
ox

yg
en

 c
on

ce
nt

ra
tio

n

0.50

0.60

0.70

0.80

0.90

1.00

1.10

0 200 400 600

Time [s]

R
el

at
iv

e 
ox

yg
en

 c
on

ce
nt

ra
tio

n

0.50

0.60

0.70

0.80

0.90

1.00

1.10

0 200 400 600

75 mmol l-1 CaCl2
150 mmol l-1 Citrate

50 µmol l-1 PS

75 mmol l-1 MgCl2
150 mmol l-1 Citrate

50 µmol l-1 PS

Figure 2. Effect of citrate in combination with bivalent cations on the PS SAPYR. The absorption spectrum of 50 μmol L−1 SAPYR with
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described elsewhere (62). The change of oxygen concentration
after illuminating SAPYR was not altered (Fig. 6C,D). However,
the decline in oxygen concentration is partly caused by the pre-
sent histidine in the reaction as measurements without imidazole
showed, but still dark controls as well as light controls do not
show any decline in oxygen concentration (Figures S30–S35).
The PDI of E. coli suspended in synthetic sweat was not effec-
tive since the log10 reduction did not exceed 1 log10 step, inde-
pendent of whether citrate was added or not (Fig. 6E). With S.
aureus suspended in synthetic sweat, the bacterial reduction was
slightly higher and with the addition of citrate more efficient than
without (Fig. 6F). In none of the cases, a bacterial reduction
exceeding 3 log10 steps was measured.

Influence of synthetic sweat without histidine on the PDI

To determine which component of the synthetic sweat solution
was responsible for the inhibiting effect, histidine as a known
chemical singlet oxygen quenching molecule was omitted from
the mixture. Then, the experiments shown above were repeated
accordingly. The absorption spectrum of SAPYR was not strik-
ingly altered by the addition of synthetic sweat without histidine
(Fig. 7A). When citrate was added, a slight loss of PS concentra-
tion occurred (Fig. 7B). The change of oxygen concentration
after illuminating the PS was not influenced by the addition of
synthetic sweat without histidine with or without citrate (Fig. 7C,
D). In oxygen depletion measurements without imidazole as well
as in dark and light controls no decline in relative oxygen con-
centration was measurable (Figures S36–S41).

PDI of E. coli, when suspended in synthetic sweat without
histidine, was effective in achieving at least 6 log10 steps of bac-
terial reduction with or without citrate at a PS concentration of
50 μmol L−1. The addition of citrate improved the bacterial inac-
tivation only slightly with a PS concentration of 5 μmol L−1

(Fig. 7E). When the PDI was conducted with S. aureus, cell
reduction was enhanced when citrate was added to the highest
concentrations of SAPYR achieving around 5.5 log10 steps of
bacterial reduction (Fig. 7F).

DISCUSSION
It is known from several investigations that different ubiquitous
ions like Ca2+ can hamper the effectiveness of PDI (50–52).
Thus, the current study aimed at the evaluation of PDI efficacy
in the presence of such ions, as well as the potential improve-
ment of PDI using chelating agents like citrate. Chelating agents
generate complexes with bivalent cations and hence impeding
their interaction with the outer membrane of Gram-negative bac-
teria or the outer cell components of Gram-positive organisms.

In the current study, the efficacy of PDI against E. coli
increased with increasing SAPYR concentrations to a maximum
of 6 log10 steps in the presence of low or moderate ion concen-
trations. However, PDI yielded less than 2 log10 steps in the
presence of high ion concentrations. The addition of citrate
clearly improved PDI in all these settings (Fig. 3).

For S. aureus, the efficacy of PDI also increased with increas-
ing SAPYR concentrations and was less than 2 log10 steps in the
presence of high ion concentrations. However, PDI yielded a

Figure 3. Calculated log10 reduction after the PDI of E. coli in presence of bivalent cations in different concentrations. PDI of E. coli with and without
citrate in presence of 0.75, 7.5 and 75 mmol L−1 CaCl2 (A–C) or MgCl2 (D–F). Blue bars indicate results obtained without the addition of citrate, yel-
low bars indicate the addition of the corresponding citrate concentration of 1.5, 15 or 150 mmol L−1. A and D represent a salt concentration of
0.75 mmol L−1, B and E represent a salt concentration of 7.5 mmol L−1 and C and F represent a salt concentration of 75 mmol L−1. Error bars display
the calculated standard deviation out of three independent experiments. The treatment was carried out with 18 mW cm−2 for 300 s, equal to 5.4 J cm−2.

Photochemistry and Photobiology, 2023, 99 721

 17511097, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/php.13701 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [03/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Figure 4. Calculated log10 reduction after the PDI of S. aureus in the presence of bivalent cations with different concentrations. PDI of S. aureus with
and without citrate in the presence of 0.75, 7.5 and 75 mmol L−1 CaCl2 (A–C) and MgCl2 (D–F). Blue bars indicate results obtained without the addi-
tion of citrate, yellow bars indicate the addition of the corresponding citrate concentration of 1.5, 15 or 150 mmol L−1. A and D represent a salt concen-
tration of 0.75 mmol L−1, B and E represent a salt concentration of 7.5 mmol L−1 and C and F represent a salt concentration of 75 mmol L−1. Error
bars display the calculated standard deviation out of three independent experiments. The treatment was carried out with 18 mW cm−2 for 300 s, equal to
5.4 J cm−2.
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Figure 5. Investigation of the effect of tap water on the PDI. The absorption spectrum of 50 μmol L−1 SAPYR with tap water (A) or tap water com-
bined with 150 mmol L−1 citrate (B) after different intervals of illumination with a blue light source with a radiant exposure of 18 mW cm−2. Change
of the oxygen concentration after 60 s of illumination with a blue light source with a radiant exposure of 18 mW cm−2 (indicated by yellow data points)
of 50 μmol L−1 SAPYR with tap water (C) or tap water combined with 150 mmol L−1 citrate (D). Calculated log10 reduction after the PDI of E. coli
(E) and S. aureus (F) in tap water with or without the addition of 150 mmol L−1 citrate. Error bars display the calculated standard deviation out of three
independent experiments. The treatment was carried out with 18 mW cm−2 for 300 s, equal to 5.4 J cm−2.
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Figure 6. Investigation of the effect of synthetic sweat on the PDI. The absorption spectrum of 50 μmol L−1 SAPYR with synthetic sweat (A) or syn-
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of three independent experiments. The treatment was carried out with 18 mW cm−2 for 300 s, equal to 5.4 J cm−2.
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Figure 7. Investigation of the effect of synthetic sweat without histidine on the PDI. The absorption spectrum of 50 μmol L−1 SAPYR with synthetic
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maximum in the range of about 4 to 6 log10 steps in the presence
of low or moderate ion concentrations. In addition, the use of
citrate showed now diverse results for low and moderate ion con-
centrations and only a clear improvement of PDI in case of high
ion concentrations (Fig. 4).

These results clearly show that the higher the concentrations
of CaCl2 or MgCl2 in a PDI application, the more the effective-
ness of PDI is impaired for both, E. coli and S. aureus. Only
experiments with E. coli showed a clear trend for improving PDI
efficacy upon adding the chelator citrate. In this case, citrate can
increase efficacy especially when cells are suspended in MgCl2
solutions.

The results of the present study generally confirmed that the
presence of calcium or magnesium ions may hamper PDI, but
differently for E. coli and S. aureus. The present findings in
combination with previous studies indicate that PDI should be
most effective when the concentration of such divalent ions is
low or is kept low using chelating substances like citrate.

PDI and chelators

Several strategies have been already investigated by which PDI
efficacy should be enhanced using different substances like the
well-known EDTA. The enhancing effect of EDTA was shown,
for example, Burkholderia cepacia by the application of a
curcumin-based PS whereas EDTA was added to disorganize the
cell membrane (63). The researchers could demonstrate an
increased bacterial reduction in the presence of EDTA by 1 to 4
log10 steps depending on the treatment parameters (63), which is
in good comparison to the results presented in our study. Similar
results were recently obtained by another research group with
Streptococcus mutans (64). Also, PDI with the commercially
available PS photosan benefitted from the presence of EDTA
(65). At present, EDTA is mainly used to facilitate the uptake of
substances such as antimicrobial peptides (66–68), chlorhexidine
(69,70) or quaternary ammonium compounds (71) in several bac-
terial species. But optimization with EDTA seems not to be
favorable in all cases (72,73) and preliminary studies showed
heavy PS degradation in the presence of EDTA (Figure S42).

On one hand, chelating substances can improve the uptake of
substances into bacterial cells because they destabilize the bacte-
rial membrane (74,75). On the other hand, calcium and magne-
sium ions are known as stabilizing factors of the outer
membrane. Magnesium ions for example are also well known to
bind to LPS being a major stabilizing component (76,77). Simi-
lar observations were made for calcium ions (78). Both divalent
ions are known to be necessary to a certain extent to the thermo-
dynamic stability of the outer membrane of Gram-negative bacte-
ria (79). The outer environment of Gram-positive cells is also
capable of binding magnesium or calcium ions to (wall) teichoic
acids (80–82). However, a recently published study described the
inhibitory effects of calcium and magnesium ions toward PDI
independent of the PS used. Findings from this study did not
find any differences in PS uptake in the presence of calcium or
magnesium. This hints at the fact that divalent ions also a shield-
ing effect due to electrostatic effects forcing the PS to bind to
distant cell structures not vital for the survival of the bacteria
(83). It might therefore be speculated that chelating agents not
only destabilize the membrane but also reduce the potential
shielding effect of divalent ions in PDI.

Based on the presented results, it is obvious that the effect of
citrate in the presence of magnesium leads to slightly more
enhanced PDI compared to calcium chloride. This is further sup-
ported by the complex formation constants which were found to
be 1.88 × 10−3 for calcium citrate complexes and 2.19 × 10−3

for magnesium citrate complexes (84).
Beyond the usual destabilization mechanisms of chelating

agents, PDI may benefit from another effect of these agents. PDI
uses positively charged PSs to enable their electrostatic attach-
ment to the negatively charged outside of bacterial cells. After
being generated by SAPYR, the singlet oxygen molecules move
by diffusion in the adjacency of the PS, hopefully reaching cellu-
lar structures of bacteria, whose oxidative damage may lead to
cell death. The range of the diffusion correlates to the diffusion
coefficient and the lifetime of singlet oxygen in the respective
adjacency of SAPYR molecules. The lifetime in pure water is
about 3.5 μs, which might be substantially shortened by any
quenching mechanism, for instance when encountering cellular
constituents. At the same time, the diffusion range can decrease
to 100 nm or even less (85). Thus, it is of great importance that
the PS molecules are getting as close as possible to bacteria by
attaching to the bacterial cell at least. Any process that hampers
this attachment may increase the distance between singlet oxygen
and bacterial cells and therefore decrease the efficacy of PDI.

Since the LPS is one of the outermost parts of a Gram-
negative bacterial cell, an electrostatic repulsion of the cationic
PS should be taken into consideration. It seems that membrane
stability seems to be a major factor in Gram-negatives when it
comes to the binding or even the uptake of the PS. In the case
of Gram-positive bacteria, it seems more likely that electrostatic
repulsions, caused by the accumulation of divalent ions at tei-
choic acids, hinder the PS from efficiently damaging the cells
via PDI. However, scientific literature provides different informa-
tion on whether uptake or binding of cationic PS is necessary for
efficient antimicrobial inactivation. While some researchers claim
that cationic PSs need to be taken up by the bacterial cells (86),
others state that intracellular uptake is not necessary for efficient
inactivation (87). Interestingly, for the cationic PS methylene
blue reports show that the presence of divalent ions inhibits the
binding or uptake of the PS (86).

Further attempts in optimizing PDI of bacteria were carried
out by Hamblin and co-workers demonstrating a beneficial effect
of iodide, thiocyanate, azide and nitrite (88–91). The addition of
antimicrobial peptides in combination with PSs has proven to be
effective as well (92,93). Nonetheless, the findings concerning
the inhibitory effect seem not to be ubiquitous as some PS (espe-
cially negatively charged ones) appear to have increased antimi-
crobial efficacy in the presence of divalent ions (94).

PDI in tap water

The results of PDI in tap water clearly showed the potential of
SAPYR to inactivate Gram-negative bacteria like E. coli and the
efficacy was even enhanced when using citrate (Fig. 5). Note-
worthy, most of the bacterial contaminants in drinking water are
Gram-negative representatives (95,96). In addition, the use of
chelating substances allows the use of rather low SAPYR con-
centrations (e.g. 5 μmol L−1) yielding about 3 log10 steps for
E. coli although the applied tap water contained significant
amounts of calcium and chloride ions. Typically, drinking water
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contains calcium ions in a concentration of 0.03 to 10 mmol L−1

(97–100) and magnesium ions in a concentration of 0.065 to
0.62 mmol−1 (101–103).

These inactivation efficacy differences in tap water (Fig. 5E,
F), compared to the experiments carried out in calcium chloride
solutions, could potentially be explained by concurring effects of
various other ions in tap water (Table S1). Many of the sub-
stances in tap water remain largely uninvestigated in detail in the
light of PDI, but they might bind to spaces around the bacterial
envelope, consequently leading to diminished detrimental effects
of the calcium ions in tap water. However, it should be noted
that the tested organisms described in this study are not native to
tap water but are fecal contaminants. Organisms native to drink-
ing water such as Legionella pneumophila, Mycobacterium
avium or P. aeruginosa are less susceptible to disinfection
approaches, for example, chlorine compared to E. coli (104–
106). These findings are in consistent with the fact that efficient
PDI of microorganisms in drinking water was already demon-
strated by several researchers, however, most studies had to
apply higher radiant exposures. Lesar et al. for example demon-
strated efficient PDI toward L. pneumophila with porphyrin-
based PSs applying radiant exposures of around 12 J cm−2

(107,108) which is more than twice the radiant exposure com-
pared to our study (5.4 J cm−2).

PDI on skin surfaces

Tissue surfaces like skin or mucosa can be colonized by different
bacteria among them also pathogens like S. aureus (109). In case
such pathogens enter deeper skin layers due to the disruption of
the skin barrier, these bacteria frequently cause skin infections.
Both, colonization and infection of human skin with pathogens
pose a health hazard to humans. Therefore, decolonization and
the therapy of superficial skin infections is a frequent and impor-
tant procedure (110), which might be a worthwhile application
for PDI (36).

In case of PDI on the skin, the PS can be applied as an emul-
sion to the surface. Thus, the PS molecules have the chance to
come into contact with the pathogens at the stratum corneum or
even in deeper layers of the epidermis. Already on intact skin,
the PS molecules and the generated singlet oxygen inevitably
encounter not only bacteria on the skin surface but also other
substances like sweat residues and terminally differentiated ker-
atinocytes (corneocytes) of the stratum corneum. These sub-
stances may comprise different ions, residual proteins and amino
acids. For instance, calcium and magnesium are particularly
highly concentrated in the stratum corneum, the epidermal region
with the lowest metabolism, showing concentrations of up to 30
and 70 mmol kg−1, respectively (111,112). For instance, Ca2+

plays an important role in the regulation of keratinocyte differen-
tiation in the epidermis and Mg2+ plays a role in the induction
of skin barrier repair mechanisms (113,114). Also, sweat con-
tains calcium and magnesium with concentrations ranging from
0.2 to 2 mmol L−1 and 0.02 to 0.4 mmol L−1, respectively, but
also other substances like sodium and chloride ions (115).

The results of the present study indicate that citrate can
enhance PDI in the presence of synthetic sweat substances con-
taining different ions, sodium lactate, urea and amino acids in
the case of S. aureus (up to 2.5 log10 steps) but not E. coli
(Fig. 6). Besides the fact that histidine is an effective quencher
of singlet oxygen, the presence of histidine in combination with

SAPYR additionally leads to a chemical alteration of the PS
when illuminated. When removing histidine from the synthetic
sweat solution, PDI efficacy clearly increased with increasing
SAPYR concentration comparable to solutions with magnesium
or calcium ions (Figs. 3 and 4) up to 6 log10 steps and the citrate
showed again an enhancing effect. However, the inactivation
data shown for experiments with synthetic sweat with or without
histidine (Figs. 6E,F and 7E,F) differ from the ones obtained for
tap water. A potential explanation hereby is that synthetic sweat
contains less divalent ions than tap water leading to a better
complexation and therefore destabilization of the cell envelope.
Although the literature provides evidence that divalent ions con-
tribute to the integrity of the cell envelope of Gram-negatives
(79) as well as Gram-positives (82,116,117), these mechanisms
are not fully understood yet (82).

Noteworthy, the results were achieved with rather low radiant
exposure (5.4 J cm−2) and low SAPYR concentration
(≤50 μmol L−1). Published studies already showed that PDI
in vivo mouse models (33) or ex vivo human skin models (36)
required higher radiant exposures and higher PS concentrations
to accomplish efficient inactivation of bacteria. Due to the detri-
mental effect of histidine on PDI, such strategies like increased
PS concentration or higher radiant exposure as well as thorough
rinsing of the respective treatment site might be necessary for an
application on the human skin. Nevertheless, the present results
provide clear evidence that chelating substances like citrate
should be added to PDI on the skin to improve the antibacterial
effect.

CONCLUSION
The presented results indicate that the application of citrate can
enhance the PDI influenced by certain concentrations of ionic
solutions. Especially when the most abundant species are
expected to be Gram-negative and concentrations of around 7.5–
75 mmol L−1 CaCl2 or MgCl2 are present, the application of
citrate in PDI might be beneficial. Furthermore, photodynamic
treatment of tap water is efficient especially when applied against
Gram-negative bacteria. In synthetic sweat, the main inhibitory
substances for PDI should be amino acids like histidine followed
by the ions. Nevertheless, citrate may also support the bacteria
killing on skin surfaces, in particular for Gram-positive organ-
isms like S. aureus, which is a major skin pathogen worldwide.
The results shown in this work will serve as the basis for future
research which will attempt to optimize the PDI in much more
realistic environments on the human skin.

Acknowledgement—Open Access funding enabled and organized by
Projekt DEAL.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of the article:

Table S1. Composition of the tap water used for the PDI
(Provided by REWAG Regensburger Energie- und Wasserver-
sorgung AG & Co KG, Regensburg, Germany).

Table S2. Results of the statistical analysis of the microbio-
logical inactivation data. Two conditions at a time were com-
pared via unpaired, two-tailed t-tests assuming a normal
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distribution. Events were considered statistically significant for
P < 0.001. Not significant P-values are marked in red, signifi-
cant P-values are marked in green and values exactly at the
0.001 thresholds are unmarked. The abbreviations are explained
at the end of the table.

Figure S1. Emission spectrum of the used lamp and absorp-
tion spectrum of the used photosensitizer SAPYR. The Y-axis
indicates the normalized absorption/emission while the X-axis
indicates the wavelength in nanometre (36).

Figure S2. Absorption spectrum of 50 μmol L−1 SAPYR with
75 mmol L−1 CaCl2, the dark blue line indicates the nonirradi-
ated control, the purple line represents the dark control which
was kept in the dark for 600 s and the pink line represents the
sample with SAPYR irradiated for 600 s with a blue light source
with a radiant exposure of 18 mW cm−2.

Figure S3. Absorption spectrum of 50 μmol L−1 SAPYR with
75 mmol L−1 MgCl2, the dark blue line indicates the nonirradi-
ated control, the purple line represents the dark control which
was kept in the dark for 600 s and the pink line represents the
sample with SAPYR irradiated for 600 s with a blue light source
with a radiant exposure of 18 mW cm−2.

Figure S4. Absorption spectrum of 50 μmol L−1 SAPYR with
75 mmol L−1 CaCl2 and 150 mmol L−1 citrate, the dark blue
line indicates the nonirradiated control, the purple line represents
the dark control which was kept in the dark for 600 s and the
pink line represents the sample with SAPYR irradiated for 600 s
with a blue light source with a radiant exposure of 18 mW cm−2.

Figure S5. Absorption spectrum of 50 μmol L−1 SAPYR with
75 mmol L−1 MgCl2 and 150 mmol L−1 citrate, the dark blue
line indicates the nonirradiated control, the purple line represents
the dark control which was kept in the dark for 600 s and the
pink line represents the sample with SAPYR irradiated for 600 s
with a blue light source with a radiant exposure of 18 mW cm−2.

Figure S6. Absorption spectrum of 50 μmol L−1 SAPYR with
tap water, the dark blue line indicates the nonirradiated control,
the purple line represents the dark control which was kept in the
dark for 600 s and the pink line represents the sample with
SAPYR irradiated for 600 s with a blue light source with a radi-
ant exposure of 18 mW cm−2.

Figure S7. Absorption spectrum of 50 μmol L−1 SAPYR with
tap water and 150 mmol L−1 citrate, the dark blue line indicates
the nonirradiated control, the purple line represents the dark con-
trol which was kept in the dark for 600 s and the pink line repre-
sents the sample with SAPYR irradiated for 600 s with a blue
light source with a radiant exposure of 18 mW cm−2.

Figure S8. Absorption spectrum of 50 μmol L−1 SAPYR with
synthetic sweat, the dark blue line indicates the nonirradiated
control, the purple line represents the dark control which was
kept in the dark for 600 s and the pink line represents the sample
with SAPYR irradiated for 600 s with a blue light source with a
radiant exposure of 18 mW cm−2.

Figure S9. Absorption spectrum of 50 μmol L−1 SAPYR with
synthetic sweat and 150 mmol L−1 citrate, the dark blue line
indicates the nonirradiated control, the purple line represents the
dark control which was kept in the dark for 600 s and the pink
line represents the sample with SAPYR irradiated for 600 s with
a blue light source with a radiant exposure of 18 mW cm−2.

Figure S10. Absorption spectrum of 50 μmol L−1 SAPYR
with synthetic sweat without histidine, the dark blue line indi-
cates the nonirradiated control, the purple line represents the dark
control which was kept in the dark for 600 s and the pink line

represents the sample with SAPYR irradiated for 600 s with a
blue light source with a radiant exposure of 18 mW cm−2.

Figure S11. Absorption spectrum of 50 μmol L−1 SAPYR
with synthetic sweat without histidine and 150 mmol L−1 citrate,
the dark blue line indicates the nonirradiated control, the purple
line represents the dark control which was kept in the dark for
600 s and the pink line represents the sample with SAPYR irra-
diated for 600 s with a blue light source with a radiant exposure
of 18 mW cm−2.

Figure S12. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR with 75 mmol L−1 CaCl2. The time in
which the illumination was carried out is displayed as yellow
datapoints. Y-axis indicates the relative oxygen concentration and
X-axis the time in seconds.

Figure S13. Change of the oxygen concentration without irradi-
ation (dark control) in the presence of 50 μmol L−1 SAPYR with
75 mmol L−1 CaCl2. The time in which the illumination was car-
ried out is displayed as yellow datapoints. Y-axis indicates the rela-
tive oxygen concentration and X-axis the time in seconds.

Figure S14. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 without PS but with 75 mmol L−1 CaCl2 (Light
control). The time in which the illumination was carried out is
displayed as yellow datapoints. Y-axis indicates the relative oxy-
gen concentration and X-axis the time in seconds.

Figure S15. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR with 75 mmol L−1 MgCl2. The time in
which the illumination was carried out is displayed as yellow
datapoints. Y-axis indicates the relative oxygen concentration and
X-axis the time in seconds.

Figure S16. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with 75 mmol L−1 MgCl2. The time in which the illumination
was carried out is displayed as yellow datapoints. Y-axis indi-
cates the relative oxygen concentration and X-axis the time in
seconds.

Figure S17. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 without PS but with 75 mmol L−1 MgCl2 (Light
control). The time in which the illumination was carried out is
displayed as yellow datapoints. Y-axis indicates the relative oxy-
gen concentration and X-axis the time in seconds.

Figure S18. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR with 75 mmol L−1 CaCl2 and
150 mmol L−1 citrate. The time in which the illumination was
carried out is displayed as yellow datapoints. Y-axis indicates the
relative oxygen concentration and X-axis the time in seconds.

Figure S19. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with 75 mmol L−1 CaCl2 and 150 mmol L−1 citrate. The time in
which the illumination was carried out is displayed as yellow
datapoints. Y-axis indicates the relative oxygen concentration and
X-axis the time in seconds.

Figure S20. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of

726 Daniel B. Eckl et al.

 17511097, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/php.13701 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [03/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



18 mW cm−2 without PS but with 75 mmol L−1 CaCl2 and
150 mmol L−1 citrate (Light control). The time in which the illu-
mination was carried out is displayed as yellow datapoints. Y-
axis indicates the relative oxygen concentration and X-axis the
time in seconds.

Figure S21. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR with 75 mmol L−1 MgCl2 and
150 mmol L−1 citrate. The time in which the illumination was
carried out is displayed as yellow datapoints. Y-axis indicates the
relative oxygen concentration and X-axis the time in seconds.

Figure S22. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with 75 mmol L−1 MgCl2 and 150 mmol L−1 citrate. The time
in which the illumination was carried out is displayed as yellow
datapoints. Y-axis indicates the relative oxygen concentration and
X-axis the time in seconds.

Figure S23. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 without PS but with 75 mmol L−1 MgCl2 and
150 mmol L−1 citrate (Light control). The time in which the illu-
mination was carried out is displayed as yellow datapoints. Y-
axis indicates the relative oxygen concentration and X-axis the
time in seconds.

Figure S24. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR with tap water. The time in which the
illumination was carried out is displayed as yellow datapoints. Y-
axis indicates the relative oxygen concentration and X-axis the
time in seconds.

Figure S25. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with tap water. The time in which the illumination was carried
out is displayed as yellow datapoints. Y-axis indicates the relative
oxygen concentration and X-axis the time in seconds.

Figure S26. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 without PS but with tap water (Light control). The
time in which the illumination was carried out is displayed as
yellow datapoints. Y-axis indicates the relative oxygen concentra-
tion and X-axis the time in seconds.

Figure S27. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR with tap water and 150 mmol L−1

citrate. The time in which the illumination was carried out is dis-
played as yellow datapoints. Y-axis indicates the relative oxygen
concentration and X-axis the time in seconds.

Figure S28. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with tap water and 150 mmol L−1 citrate. The time in which the
illumination was carried out is displayed as yellow datapoints. Y-
axis indicates the relative oxygen concentration and X-axis the
time in seconds.

Figure S29. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 without PS but with tap water and 150 mmol L−1

citrate (Light control). The time in which the illumination was
carried out is displayed as yellow datapoints. Y-axis indicates

the relative oxygen concentration and X-axis the time in
seconds.

Figure S30. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR and synthetic sweat. The time in which
the illumination was carried out is displayed as yellow data-
points. Y-axis indicates the relative oxygen concentration and X-
axis the time in seconds.

Figure S31. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with synthetic sweat. The time in which the illumination was
carried out is displayed as yellow datapoints. Y-axis indicates the
relative oxygen concentration and X-axis the time in seconds.

Figure S32. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 with synthetic sweat but without PS (Light con-
trol). The time in which the illumination was carried out is dis-
played as yellow datapoints. Y-axis indicates the relative oxygen
concentration and X-axis the time in seconds.

Figure S33. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR, synthetic sweat and 150 mmol L−1

citrate. The time in which the illumination was carried out is dis-
played as yellow datapoints. Y-axis indicates the relative oxygen
concentration and X-axis the time in seconds.

Figure S34. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with synthetic sweat and 150 mmol L−1 citrate. The time in
which the illumination was carried out is displayed as yellow
datapoints. Y-axis indicates the relative oxygen concentration and
X-axis the time in seconds.

Figure S35. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 with synthetic sweat and 150 mmol L−1 citrate but
without PS (Light control). The time in which the illumination
was carried out is displayed as yellow datapoints. Y-axis indi-
cates the relative oxygen concentration and X-axis the time in
seconds.

Figure S36. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light
source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR, synthetic sweat without histidine. The
time in which the illumination was carried out is displayed as
yellow datapoints. Y-axis indicates the relative oxygen concentra-
tion and X-axis the time in seconds.

Figure S37. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with synthetic sweat without histidine. The time in which the
illumination was carried out is displayed as yellow datapoints. Y-
axis indicates the relative oxygen concentration and X-axis the
time in seconds.

Figure S38. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 with synthetic sweat without histidine and without
PS (Light control). The time in which the illumination was car-
ried out is displayed as yellow datapoints. Y-axis indicates the
relative oxygen concentration and X-axis the time in seconds.

Figure S39. Change of the oxygen concentration in the
absence of imidazole after 60 s illumination with a blue light

Photochemistry and Photobiology, 2023, 99 727
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source with a radiant exposure of 18 mW cm−2 in the presence
of 50 μmol L−1 SAPYR, synthetic sweat without histidine but
with 150 mmol L−1 citrate. The time in which the illumination
was carried out is displayed as yellow datapoints. Y-axis indi-
cates the relative oxygen concentration and X-axis the time in
seconds.

Figure S40. Change of the oxygen concentration without irra-
diation (dark control) in the presence of 50 μmol L−1 SAPYR
with synthetic sweat without histidine but with 150 mmol L−1

citrate. The time in which the illumination was carried out is dis-
played as yellow datapoints. Y-axis indicates the relative oxygen
concentration and X-axis the time in seconds.

Figure S41. Change of the oxygen concentration after 60 s
illumination with a blue light source with a radiant exposure of
18 mW cm−2 with synthetic sweat without histidine but with
150 mmol L−1 citrate and without PS (Light control). The time
in which the illumination was carried out is displayed as yellow
datapoints. Y-axis indicates the relative oxygen concentration and
X-axis the time in seconds.

Figure S42. Absorption spectrum of SAPYR in the presence
of 300 mmol L−1 EDTA after different intervals of illumination.
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26. Späth, A., C. Leibl, F. Cieplik, K. Lehner, J. Regensburger, K. A.
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30. Späth, A., A. Graeler, T. Maisch and K. Plaetzer (2018)
CureCuma–cationic curcuminoids with improved properties and
enhanced antimicrobial photodynamic activity. Eur. J. Med. Chem.
159, 423–440.

31. Eckl, D. B., H. Huber and W. Bäumler (2020) First report on pho-
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