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Abstract: Due to the increasing development of antibiotic resistances in recent years, scientists search
intensely for new methods to control bacteria. Photodynamic treatment with porphyrins such as
chlorophyll derivatives is one of the most promising methods to handle bacterial infestation, but their
use is dependent on illumination and they seem to be more effective against Gram-positive bacteria
than against Gram-negatives. In this study, we tested chlorophyllin against three bacterial model
strains, the Gram-positive Bacillus subtilis 168, the Gram-negative Escherichia coli DH5α and E. coli
strain NR698 which has a deficient outer membrane, simulating a Gram-negative “without” its outer
membrane. Illuminated with a standardized light intensity of 12 mW/cm2, B. subtilis showed high
sensitivity already at low chlorophyllin concentrations (≤105 cfu/mL: ≤0.1 mg/L, 106–108 cfu/mL:
0.5 mg/L), whereas E. coli DH5α was less sensitive (≤105 cfu/mL: 2.5 mg/L, 106 cfu/mL: 5 mg/L,
107–108 cfu/mL: ineffective at ≤25 mg/L chlorophyllin). E. coli NR698 was almost as sensitive as
B. subtilis against chlorophyllin, pointing out that the outer membrane plays a significant role in
protection against photodynamic chlorophyllin impacts. Interestingly, E. coli NR698 and B. subtilis
can also be inactivated by chlorophyllin in darkness, indicating a second, light-independent mode of
action. Thus, chlorophyllin seems to be more than a photosensitizer, and a promising substance for
the control of bacteria, which deserves further investigation.

Keywords: chlorophyll; photosensitization; antimicrobial photodynamic therapy; aPDT;
alternative antibiotics

1. Introduction

The enormous proliferation of bacteria together with efficient mechanisms for horizontal gene
transfer such as conjugation enable fast adaptation to arduous environmental conditions. In the
competition for food sources, antibiotic production by some microorganisms appears to be important
for survival. Antibiotics can be seen as significant impediment for bacterial growth. The use of
antibiotics to destroy harmful microorganisms represented fundamental progress in medicine, resulting
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in the treatment of previously incurable diseases [1,2]. However, if a certain antibiotic is constantly
present in the environment it is only a matter of time until mutations and gene transfer processes will
select bacterial strains, which develop resistance and transmit this resistance genes e.g., via conjugation
to other possibly harmful bacteria [3]. Boosted by a careless use of antibiotics in medicine [4,5], livestock
breeding [6,7], or aquaculture [8], resistances against almost all known antibiotics have developed.
In particular, the use of antibiotics in sub-inhibitory concentrations in animal farms is regarded as
an important factor of resistance development in bacteria [9]. Certain bacteria such as Staphylococcus
aureus are very efficient recipients of R(esistance)-plasmids, making them immune against a complete
set of antibiotics (multidrug resistance; MDR) [10]. This is an enormous problem in hospitals, especially
in intensive care units, which are hot spots of resistance generation, because bacteria are in almost
constant contact with various antibiotics here. Due to infections with mostly MDR hospital germs, in
the United States every year nearly two million people were infected from which about 99,000 die [11].
Also in the European Union (EU), antimicrobial resistance causes 25,000 deaths per year [12]. A recent
EU-wide statistic found the annual burden of these infections is similar to the combined burden of
influenza, tuberculosis, and HIV [13]. For long time carbapenems, broad spectrum agents with high
bactericidal activity, were considered as “last-resort” antimicrobials in therapy of infections caused
by MDR pathogens [14]. Nevertheless, first carbapenem-resistant Enterobacteriaceae such as some
Klebsiella pneumoniae strains have emerged as a major threat during recent years [15]. In addition,
most recently, a previously unrecognized spread of nearly pan-drug-resistant, hospital-adapted
lineages of Staphylococcus epidermidis was uncovered [16]. Due to the lack of active antimicrobials,
infections can reach mortality rates of 23 to 75% [17]. The number of deaths caused by antimicrobial
resistance is expected to increase to 10 million deaths a year worldwide by 2050 [18]. Thus, it is no
wonder that the growing prevalence of pathogens resistant to most or even all currently available
antimicrobial agents heralds the potential risk of an upcoming “post-antibiotic era” for many
scientists [19–24].

To cope with the adaptation of bacteria to a remedy, one strategy is to identify new antibiotics
with new target structures. For example, teixobactin was recently isolated from a soil bacterium. So far,
no resistance of certain pathogenic bacteria strains against teixobactin could be induced [25]. Another
promising approach is the light-dependent inactivation of bacteria via antimicrobial photodynamic
therapy (aPDT; also called antimicrobial chemotherapy, PACT) (see Table 1) [26]. In a photodynamic
reaction, a light-sensitive molecule (photosensitizer) is supplied, which becomes reactive in the
presence of light. A prominent group of photosensitizers are porphyrins and among them, chlorophyll
is probably the one with the highest abundance, the easiest to obtain and therefore the cheapest.
In particular, for metalloporphyrins it has been shown that they are accumulated very effectively
by bacteria via heme uptake systems [27]. Photoactivation of photosensitizers leads to formation of
reactive oxygen species (ROS). Upon light excitation an electron of the photosensitizer molecule is
transferred from the ground state to an activated singlet state. This state has a short lifetime and
the excited electron returns to the ground state again via internal conversion releasing the excitation
energy as fluorescence photon or heat, respectively. The other possibility is the conversion via
intersystem-crossing to the less energetic but long-living triplet state. From there the electrons return to
the ground state by emitting a phosphorescence photon (longer wavelength compared to fluorescence)
or may interact with oxygen in two different ways: (1) In a Type I photochemical reaction, the transfer
of the activated electron onto an oxygen molecule leads to the formation of superoxide radicals,
which forms a variety of other ROS, such as hydrogen peroxide (H2O2) or highly reactive hydroxyl
radicals (•OH). (2) In a Type II photochemical reaction, an exclusive transfer of energy onto molecular
oxygen, leads to formation of high-reactive singlet oxygen (1O2) [28,29]. Both mechanisms can occur
simultaneously but, in most cases, aPDT proceeds via a Type II reaction. Introduced to a cell, damages
on various levels can occur, possibly resulting in cell death [30]. Bactericidal antibiotics were also
associated with ROS as a prolonged production of ROS during bacterial killing was assumed [31],
but ROS alone cannot explain the antibiotic activity [32,33].
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In general, Gram-negative bacteria are less susceptible to aPDT compared to Gram-positive species.
While Gram-positives are surrounded by a thick but porous peptidoglycan layer, in Gram-negatives
the complex and impermeable outer membrane with lipopolysaccharides limits the entrance of anionic
or neutral-charged molecules [34]. Cationic photosensitizers may penetrate this permeability barrier,
but low water solubility and aggregation often counteract phototoxicity by reduced singlet oxygen
quantum yields [35]. Type I reactions are favored when targeting Gram-negative bacteria because
these cells were found to be more susceptible to •OH than to 1O2 [36].

Due to a self-produced polymeric matrix, bacteria biofilms are much more resistant to
antimicrobial agents compared to planktonic cultures [37]. Experiments with monospecies biofilms by
Enterococcus faecalis and Actinomyces naeslundii as well as with polymicrobial biofilms clearly indicated
that phenalenone-based aPDT can be a promising method to control bacteria biofilms (Table 1) [38,39].
The photosensitizer SAPYR (2-((4-pyridinyl)methyl)-1H-phenalen-1-one chloride) destroyed bacteria,
embedded in extracellular polymeric substance to an extent that is regarded as disinfection [38].
In addition, methylene blue in combination with a low-intensity laser was successfully used to control
cariogenic-like biofilms formed by Streptococcus mutans [40].

Table 1. Approaches for antimicrobial photodynamic therapies.

Photosensitizer Bacteria Gram Results Ref.

Riboflavin,
FLASH-01a,
FLASH-07a

MRSA + FLASH-01a and -07a
destroyed bacteria very
effectively; no effect on human
keratinocytes

[41]EHEC −
Pseudomonas aeruginosa −
Acinetobacter baumannii −

Hyperforin

PRSA/MRSA + Growth inhibition in all
Gram-positive bacteria, but
not Gram-negative bacteria
and Candida albicans

[42]Enterococcus faecalis +

Corynebacterium
diphtheriae +

Pseudomonas aeruginosa −

Toluidine blue O
+ blue LED light;
Porphyrin
+ red LED light

Prevotella
melaninogenica −

Reduced survival rate [43]
Porphyromonas
gingivalis −

Aggregatibacter
actinomycetemcomitans −

Phenalen-1-one
derivatives
(e.g., SAPYR)

S. aureus, MRSA + Pronounced antimicrobial
efficacy of different
phenalen-1-one derivatives

[44]Escherichia coli −
Pseudomonas aeruginosa −
{Enterococcus faecalis + SAPYR is effective against

in vitro biofilms in light [38]Actinomycesnaes lundii} +

{Actinomyces naeslundii + SAPYR exhibits neither
uptake nor strong attachment
toward bacteria

[39]Fusobacterium
nucleatum −

Porphyromonas
gingivalis} −

Cationic porphyrins Escherichia coli − Inactivation of localized cells [45]

Pseudomonas syringe −

In vitro: strong effect after
about 15 min of irradiation
(≥107-fold cfu decrease);
Ex vivo: about 103-fold cfu
decrease

[46]
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Table 1. Cont.

Photosensitizer Bacteria Gram Results Ref.

meso-substituted
cationic porphyrins

Escherichia coli −
Chemical composition of
external structures seems to
have stronger effect on aPDT
efficacy than complexity and
the number of layers of the
bacterial coating.

[47]

Aeromonas salmonicida −
Aeromonas hydrophila −
Rhodopirellula sp. −
Staphylococcus aureus +

Truepera radiovictrix +

Deinococcus
geothermalis +

Deinococcus radiodurans +

Hematoporphyrin,
Chlorophyll a
encapsulated in DOTAP,
DPPC, or DMPC vesicles

MRSA +

Encapsulated chlorophyll has
no significant effect of bacteria
development (in contrast to
free chlorophyll)

[48]

Chlorin e6

Staphylococcus aureus +
Photoinactivation, [49]
decreased biofilm formation
ability [50]

Pseudomonas aeruginosa − Photoinactivation

Escherichia coli − Minor effect

Salmonella enterica
sv. Typhimurium − Minor effect

Chlorophyllin
Listeria monocytogenes + Photoinactivation [51]

Bacillus cereus + Photoinactivation [52]

Escherichia coli − Photoinactivation in presence
of ZnO nanoparticles [53]

cfu: colony-forming unit(s); DOTAP: N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride; DMPC:
L-α-dimiristoyl-phosphatidyl-choline; DPPC: DL-α-dipalmitoyl-phosphatidyl-choline; EHEC: enterohemorrhagic
E. coli; LED: light-emitting diode; MRSA: methicillin-resistant S. aureus; PRSA: penicillin-resistant S. aureus; { . . .
} biofilm.

Initially, our group investigated the possible use of chlorophyllin, a hydrophilic chlorophyll
derivative with a singlet oxygen quantum yield of Φ∆ = 0.3 [54], against fish parasites, snails, and
mosquito larvae in vitro and in situ [55,56]. The results were promising and designated chlorophyllin
for application in aquaculture as well as against waterborne vectors for human parasites such as snails
(e.g., schistosomiasis) or mosquitoes (e.g., malaria or various arboviroses).

In the current study, we dealt with the major thread of spreading resistances in pathogenic
bacteria. Therefore, we wanted to take a closer look into the possible use of chlorophyllin-based
photosensitization to control the growth of Gram-positive and Gram-negative bacteria. For our
investigations we used model strains: Bacillus subtilis 168, Escherichia coli DH5α, and the E. coli mutant
strain NR698 with a deficient outer membrane mimicking a “Gram-positive cell envelope”.

2. Materials and Methods

2.1. Bacteria Strains and Cell Culture

Experiments were performed with E. coli DH5α (Invitrogen, Carlsbad, CA, USA), E. coli NR698
(MC4100 lptD4213; kindly provided by M. Grabowicz, Princeton University, NJ, USA) [57] and B.
subtilis 168 (trpC2; laboratory stock). Bacteria cells were grown in standard lysogeny broth (LB)
medium [58] overnight in an incubator (37 ◦C, 150 rpm). Prior to the experiments, cell concentration
was determined optically at 590 nm and set to OD590 = 0.1 before cells were diluted in LB as required.
During the experiments, cells were grown on/in LB at 37 ◦C if not indicated otherwise. Cells were
placed on a bright surface and temperature was constantly controlled inside a climate cabinet to
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avoid sample heating upon illumination. Prior to the experiment, the temperature within the cabinet
was measured simultaneously at 5 points and the airflow modified until homogenous temperature
was achieved.

2.2. Illumination

Bacteria were irradiated with the LED grow light PRAKASA 300 W (Green Tech Direct Ltd.,
Harrow, Middlesex, UK). Distance to samples was adjusted to achieve a photon flux of 560 µE/(s ×
m2) which corresponds to a light intensity of 12 mW/cm2. The spectral radiation of the light source
in shown in Figure 1. Lower light intensity was regulated with neutral density filters (Lee-Filters,
Andover, Hampshire, UK).Microorganisms 2019, 7 FOR PEER REVIEW  5 
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Figure 1. Light emission spectrum for PRAKASA 300 W.

2.3. Chlorophyllin Extraction

Chlorophyll from frozen spinach leaves was extracted at room temperature in darkness with
100% methanol (MeOH; VWR International, Radnor, PA, USA) (Figure 2A). To 1 kg plant material
5 g CaCO3 (Carl Roth, Karlsruhe, Germany) was added to avoid acidification. The filtrate was mixed
with petroleum benzene (boiling range 40–60 ◦C; Carl Roth). Chlorophyll became enriched in the
upper lipophilic phase, which was separated using a separation funnel. 5 mL of 100 mM methanolic
KOH (AppliChem, Darmstadt, Germany) were added to convert chlorophyll into water-soluble
chlorophyllin, which moved from the benzene phase into the MeOH/KOH phase. Concentration of
chlorophyllin was determined spectrophotometrically using the empiric formulas of Lichtenthaler
and Wellburn [59]. Spectra did not indicate other substances absorbing in UV or visible wavelength
range (data not shown). Aliquots were stored in darkness at −20 ◦C prior to use. To avoid transfer of
MeOH to the samples, volumes which contained the amount of chlorophyllin needed for experiments
were evaporated in darkness. Remaining chlorophyllin powder was dissolved in LB medium to a
working solution of 50 mg/L without the pH changing. The successive steps of this isolation procedure
(different phases and chlorophyll-modification in the final step) make the method very suitable to
obtain pure chlorophyllin.
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Figure 2. Overview of experimental procedures. (A) Chlorophyllin extraction from spinach.
(B) Determination of chlorophyllin stability in light. (C) Experimental setup to test the effects of
chlorophyllin on the growth and viability of different bacteria. (D) 96-well matrix plate layout for
Colony-forming units (CFU) assays and the determination of minimum inhibitory chlorophyllin
concentrations (MIC test). The final volume of each well was 200 µL. After inoculation, the plate was
incubated at 37 ◦C in large plastic bags, saturated with water vapor. Parts of the figure were drawn by
using pictures from Servier Medical Art, licensed under a Creative Commons Attribution 3.0 Unported
License (https://creativecommons.org/licenses/by/3.0/).

To verify that the observed effects are chlorophyllin-dependent some additional experiments were
conducted with commercially available chlorophyll (Sigma-Aldrich, Steinheim, Germany), which was
converted into chlorophyllin as described.

2.4. Chlorophyllin Stability in Light

Chlorophyllin (25 mg/L) in LB medium was illuminated with 12 mW/cm2. Samples were drawn
at several time points (0 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h). Absorption spectra were recorded with
a UV-2550 spectrophotometer (Shimadzu, Kyōto, Japan). In addition, chlorophyllin concentrations
were determined as previously described by Wohllebe et al. [56] (Figure 2B).

2.5. Growth Experiments

Preliminary experiments were performed with 50 mL LB cell suspension in 100 mL Erlenmeyer
flasks inside a waterbath shaker at 37 ◦C (n = 2) (Figure 2C). Samples for dark incubation were covered
with aluminum foil. Initial cell concentration was adjusted to 106 cells/mL. Initial chlorophyllin
concentration was kept at 22 mg/L (0.04 mM). Light intensity for illuminated samples was 12 mW/cm2.
Samples were drawn in defined time intervals and measured photometrically at 590 nm.

For further growth experiments cells were incubated in 1 mL polystyrene cuvettes (Sarstedt,
Nümbrecht, Germany). Different chlorophyllin concentrations (0.01–25 mg/L; 0.1–100 mg/L for E.
coli DH5α) were tested (n = 3). Cell-free LB medium with corresponding chlorophyllin concentrations
served as blanks. Cuvettes were put in a sterile plastic bag to avoid contamination. They were
illuminated (12 mW/cm2) or protected from light, incubated on a shaker at 37 ◦C. Cell growth was

https://creativecommons.org/licenses/by/3.0/


Microorganisms 2019, 7, 59 7 of 23

determined photometrically at 590 nm (OD590) prior to exposure (0 min), and subsequently after
30 min, 60 min, 120 min, 180 min, and 24 h.

2.6. Determination of Effective Chlorophyllin Concentrations

Determination of minimum inhibitory concentrations (MICs) were performed in 96-well plates
(Sarstedt). Cells, chlorophyllin solution (50 mg/L) and LB medium were mixed in different proportions
into the wells of the matrix plate (n = 3) (see Figure 2D). Dark control plates were covered with
aluminum foil. To avoid evaporation all plates were inserted in plastic bags together with a humid
towel, leaving a sufficient air reservoir. Bags were placed on a shaker (150 rpm) inside an incubator
(37 ◦C, or 28 ◦C/42 ◦C for temperature experiments) and illuminated at 12 mW/cm2. After 24 h (total
light dose: ~1000 J/cm2) plates were analyzed optically for bacteria growth.

Using a cell number of 106 cfu/mL, the necessary exposure to light for different chlorophyllin
concentrations was determined. E. coli DH5α cells in LB medium with different concentrations of
chlorophyllin were filled into petri dishes (Sarstedt) and exposed to light (12 mW/cm2). Samples were
drawn in regular time intervals and mixed with fresh LB medium, then incubated overnight at 37 ◦C.
The test point at which no cell growth was detected (clear LB medium after incubation) was regarded
as the minimal time of exposure for complete inactivation.

To determine the effects of different light intensities, E. coli DH5α (cell number: 106 cfu/mL) was
incubated in LB with 25 mg/L (0.04 mM) chlorophyllin and filled in petri dishes. To reduce the light
intensities some of the samples were covered with neutral density filters (Lee-Filters; transmission:
70%, 50%, 25% and 12.5%, respectively). In regular time intervals, samples were drawn, mixed with
fresh LB medium and incubated overnight at 37 ◦C as described above.

2.7. Colony-Forming Units (CFU) Assay

Samples were prepared in 96-well plates (Sarstedt) (each 200 µL cell suspension per well).
Following cell concentrations were prepared for all bacteria strains: 108, 107 and 106 cfu/mL.
Concentrations of chlorophyllin was between 0–25 mg/L (plate preparation see Figure 1D).
Two identical 96-well plates were pipetted, one served as light experiment the other one (covered with
aluminum foil) served as dark exposure experiment. The plates were incubated at 37 ◦C under light
(12 mW/cm2). Prior to exposure (0 min), and to defined time points (30 min, 60 min, 90 min, 120 min,
180 min, 24 h) volumes of 2.5 µL from each well were withdrawn and transferred on rectangular LB
agar plates. After 24 h of incubation at 37 ◦C (darkness) the plates were scanned for colonies.

2.8. Fluorescence Microscopy

To visualize chlorophyllin uptake in E. coli, cells were cultured in LB medium in presence of
25 mg/L chlorophyllin for 20 min. Cells were harvested by centrifugation and washed with fresh
LB medium twice before they were visualized using the Biozero BZ-8000 closed digital and inverted
fluorescence microscope (Keyence, Osaka, Japan). Fluorescence images were taken with a 100× oil
immersion objective, an excitation wavelength of 450–490 nm and an emission cut-off at 510 nm.

2.9. Data Evaluation and Statistics

The optical densities of corresponding blanks were subtracted from the optical densities of the
samples. Subsequently mean values as well as standard deviation of the triplicates were calculated
and presented graphically. To analyze differences between samples and controls, corresponding
means of controls were subtracted by samples means. In addition, differences between samples and
corresponding controls were determined with an independent-samples t-test using the IBM SPSS
Statistics 23.0 software (IBM Deutschland GmbH, Ehningen, Germany). p < 0.05 was considered as
statistically significant.
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Cell numbers were calculated assuming that OD590 of 0.1 corresponds to 0.8 × 108 cfu/mL.
Growth rate from one time point (t1) to the next (t2) was determined using Equation (1).

divisions t2 − t1 =
log(t2)− log(t1)

log(2)
, (1)

divisions, where divisions t2 − t1 = number of duplications, t2 = new time point, t1 = previous
time point.

Determination of EC50-values: The means of all related LB controls were calculated.
The inhibition-values in all particular sample values and the single LB controls of the corresponding
experiment compared to the LB-means were determined according to following formula:

Inhib(%) = −(
(

sample value
LB−mean

× 100
)
− 100) (2)

All corresponding inhibition-values were used to calculate dose-effect relationships and EC50
values by using a sigmoid equation with three parameters:

y =
a

1 + e−(
x−x0

b )
, (3)

where y is the response variable (inhibition of a given parameter), a is the difference between maximum
and minimum values in the curve, b is the slope of the curve, x is the corresponding chlorophyllin
concentration, x0 is a vertical shift factor. Data were processed using the software SigmaPlot 8.0
for Windows 2000 (IBM, Armonk, NY, USA). SigmaPlot delivered the best approximation for a, b,
and x0. To determine the EC50-values, respectively the formula was solved for x. With y = 50% x is the
EC50-concentration:

x = −
(

a
y
− 1

)
× b + x0 (4)

3. Results

3.1. A Question of Gram: Effects of Chlorophyllin on the Early Growth Behavior of Different Bacteria

In a first approach to determine the effects of purified chlorophyllin on different bacteria species,
growth of the Gram-negative model strain E. coli DH5α and the Gram-positive model strain B. subtilis
168 were investigated under different conditions starting with a cell concentration of 106 cfu/mL:

• illuminated cells in LB
• non-illuminated cells in LB
• illuminated cells in LB with evaporated solvent (MeOH/KOH)
• illuminated cells in the presence of 22 mg/L chlorophyllin
• non-illuminated cells in the presence of 22 mg/L chlorophyllin

Optical density of the samples was measured in regular time intervals up to 6 h. Growth of E. coli
and B. subtilis was slightly affected by illumination compared to the dark exposed cultures, although
this effect was smaller for B. subtilis than for E. coli (Figure 3A,B). In presence of chlorophyllin and light,
proliferation of Gram-negative E. coli was completely inhibited, whereas chlorophyllin in darkness
seemed to support growth (Figure 3A). Gram-positive B. subtilis in contrast was completely inactivated
by chlorophyllin both in light and in darkness (Figure 3B).
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Figure 3. Effect of chlorophyllin on the early growth phase of (A) Escherichia coli DH5α, (B) Bacillus
subtilis 168, and (C) Escherichia coli NR698. Liquid cultures of bacteria (initial cell number: 106 cfu/mL)
were incubated in Erlenmeyer flasks in standard LB medium (red) and in presence of a chlorophyllin
concentration of 22 mg/L (green). Cells grew either illuminated with 12 mW/cm2 (bright plots, upper
row) or in darkness (grey plots, lower row). Depicted are measured values (circles) and fitted curves
(solid lines) with corresponding 95% confidence limits (red and green areas). Dashed lines describe
growth of example cultures in LB medium + MeOH/KOH (solvent of chlorophyllin).

As we supposed that the outer membrane of Gram-negative bacteria may be a barrier for
chlorophyllin uptake, we additionally tested E. coli NR698, which has a defective outer membrane.
This strain also showed a much slower proliferation in light. Similar to B. subtilis, growth of E. coli
NR698 was inhibited in presence of chlorophyllin both in illuminated cultures and in cultures protected
from light (Figure 3C).

3.2. Determination of the Minimal Inhibitory Chlorophyllin Concentration

After the promising results of the preliminary growth experiments, the sensitivity of the three
bacterial strains (E. coli DH5α, B. subtilis 168 and E. coli NR698) against different chlorophyllin
concentration was determined in light (total light dose: ~1000 J/cm2) and darkness. At high cell
densities (107-108 cfu/mL), growth of the E. coli “wildtype” strain DH5α was not completely inhibited
even at the highest concentration used (25 mg/L), while growth of B. subtilis and E. coli NR698
was inhibited both in light and in darkness (Table 2). To exclude effects of the extract not related
to chlorophyllin, experiments with chlorophyllin made of commercial purified chlorophyll were
performed, which showed very similar results although the effect was slightly stronger (Table 3).
To clarify if the photodynamic effect of chlorophyllin in killing bacteria does require an aerobic milieu,
matrix plates with E. coli were cultured both under aerobic and anaerobic conditions. Here we could
detect no difference between the MICs of aerobic and anaerobic culturing (data not shown).
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Table 2. MIC values of chlorophyllin extracted from spinach against Gram-negative and Gram-positive
model strains. The exposure time to chlorophyllin was 24 h at 37 ◦C in LB. MICs were determined in
light (total light dose: ~1000 J/cm2, bright columns) or darkness (grey columns).

Titer
[cfu/mL]

Escherichia coli DH5α Bacillus subtilis 168 Escherichia coli NR698
Light Dark Light Dark Light Dark

1 × 108 >25 mg/L >25 mg/L 0.5 mg/L 5 mg/L 1 mg/L >25 mg/L
1 × 107 >25 mg/L >25 mg/L 0.5 mg/L 2.5 mg/L 0.5 mg/L >25 mg/L
1 × 106 0.5–1 mg/L >25 mg/L 0.5 mg/L 2.5 mg/L 0.5 mg/L 5 mg/L
1 × 105 ≤0.1 mg/L >25 mg/L ≤0.1 mg/L 2.5 mg/L ≤0.1 mg/L 2.5 mg/L
1 × 104 ≤0.1 mg/L >25 mg/L ≤0.1 mg/L 2.5 mg/L ≤0.1 mg/L 2.5 mg/L
1 × 103 ≤0.1 mg/L >25 mg/L ≤0.1 mg/L 2.5 mg/L ≤0.1 mg/L 2.5 mg/L
1 × 102 ≤0.1 mg/L >25 mg/L ≤0.1 mg/L 2.5 mg/L ≤0.1 mg/L 2.5 mg/L

Table 3. MIC values of chlorophyllin converted from commercial chlorophyll, determined in light
(bright columns) or darkness (grey columns).

Titer
[cfu/mL]

Escherichia coli DH5α Bacillus subtilis 168
Light Dark Light Dark

1 × 108 7.5 mg/L 12.5 mg/L <0.1 mg/L 2.5 mg/L
1 × 106 5 mg/L 12.5 mg/L <0.1 mg/L 2.5 mg/L
1 × 105 5 mg/L 12.5 mg/L <0.1 mg/L 2.5 mg/L

To investigate inactivation time, CFU ability of the three bacterial strains at different cell numbers
and chlorophyllin concentrations was tested in subsequent time intervals. At each time point aliquots
of the cell suspensions were transferred to LB agar plates. After overnight incubation, growth of
colonies was analyzed. In case colony growth was visibly impaired (smaller colony size compared
to control) cells were regarded as affected. The lowest concentration at which no more colonies were
found (or colonies were impaired) are visualized in Figure 4. At 108 cfu/mL E. coli DH5α was not
affected by chlorophyllin neither in light (Figure 4A) nor during incubation in darkness (Figure 4D).
At lower cell numbers (106–107 cfu/mL) increasing incubation time in light resulted in decreasing CFU
ability of cells, beginning with high chlorophyllin concentrations to low concentrations. After 180 min
of exposure only at 0.1 mg/L chlorophyllin colonies were found. Less dense cultures (106 cfu/mL)
were already affected by light without presence of chlorophyllin. In darkness, no detrimental growth
effect was observed.

Already after short time (60 min) B. subtilis samples were affected at all chlorophyllin
concentrations when illuminated (Figure 4B). In darkness, B. subtilis was less sensitive against
chlorophyllin. At a cell number of 108 cfu/mL colony formation was inhibited at 15–20 mg/L
chlorophyllin. Less dense cultures (106 cfu/mL and 107 cfu/mL) formed colonies at all concentrations
≤25 mg/L (Figure 4E).

E. coli NR698 is more sensitive against chlorophyllin compared to E. coli DH5α. In light, colony
formation became stronger inhibited over time. After 180 min also at the lowest concentration no
colony growth was detected in 106 cfu/mL samples. 107 cfu/mL samples showed colonies below
0.5 mg/L and at cell number of 108 cfu/mL threshold was below 5 mg/L chlorophyllin (Figure 4C).
Protected from light, cell suspensions with 107 cfu/mL and 106 cfu/mL were inhibited at 25 mg/L or
7.5 mg/L, 108 cfu/mL samples formed colonies at all chlorophyllin concentrations (Figure 4F).
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Figure 4. Schematic presentation of evaluation of CFU ability after incubation to chlorophyllin.
Differently dense liquid cultures of (A) Escherichia coli DH5α, (B) Bacillus subtilis 168, and (C) Escherichia
coli NR698 were supplemented with different chlorophyllin concentrations between 0.1 and 25 mg/L.
Cells grew in 96-well matrix plates either illuminated with 12 mW/cm2 (A–C) or protected from light
(D–F). Samples (2.5 µL) were drawn at different time points and transferred onto LB agar plates. After
overnight incubation at 37 ◦C in the dark, colony growth was analyzed. Dot size quantifies colony
growth. Original pictures of the agar plates can be found in Figure S1.

3.3. Examining the Limits of a Photodynamic Therapy With Chlorophyllin

3.3.1. Chlorophyllin Concentration

To test the concentration-dependent effect of chlorophyllin on the growth of E. coli DH5α, E. coli
NR698 and B. subtilis 168, cell suspension cultures were adjusted to an OD590 of 0.1 (initial cell number
of about 108 cfu/mL) and incubated in presence of different chlorophyllin concentrations between 0.1
and 25 mg/L.

For E. coli DH5α no inhibition of cell growth was found within 3 h of incubation treated with
≥25 mg/L chlorophyllin (Figure 5A). In contrast, in the presence of higher chlorophyllin concentrations
an increased growth was observed. After 24 h of incubation in light samples treated with ≥0.5 mg/L
chlorophyllin showed a reduced cell number compared to the controls. In darkness, a slight reduction
in cell number was observed only at the highest concentration tested (25 mg/L) (Figure 5A). Even at
excessive chlorophyllin concentrations (50–100 mg/L) no significant differences between chlorophyllin
samples and controls were detected in the first 3 h (Figure 5D). Consistent with the lower concentrations
the illuminated chlorophyllin samples showed a reduced cell number after 24 h (Figure 5D).
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Figure 5. Influence of different chlorophyllin concentrations on the growth of (A) Escherichia coli DH5α,
(B) Bacillus subtilis 168 and (C) Escherichia coli NR698 (initial cell number: ~108 cfu/mL). Bacteria were
cultured for 24 h at 37 ◦C exposed to light (12 mW/cm2; bright plots, upper row) or in darkness (grey
plots, lower row). To determine the lower limit of efficacy, additional chlorophyllin concentrations
were tested: (D) Escherichia coli DH5α, 20↑100 mg/L (E) Bacillus subtilis 168, 1.0↓0.01 mg/L and (F)
Escherichia coli NR698, 1.0↓0.01 mg/L. Depicted are means (growth curves) together with corresponding
95% confidence limits (bar charts). Blue numbers indicate respective chlorophyllin concentrations.
* p < 0.05 vs. control culture without chlorophyllin.
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Growth of B. subtilis was almost completely suppressed in illuminated cultures at all chlorophyllin
concentrations down to 0.5 mg/L (Figure 5B). At very low concentrations in the range of 0.01 and
0.25 mg/L we found a delayed cell growth between 3 and 24 h (Figure 5E). In darkness, growth
inhibition was found starting from a chlorophyllin concentration of 5 mg/L. EC50-values were
calculated in ranges of 0.01–0.001 mg/L for light-exposed samples (depending on exposure time) and
0.8–2.7 mg/L for samples protected from light (Table 4).

Table 4. EC50 values for chlorophyllin in mg/L, determined in light (bright columns) or darkness (grey
columns).

Exposure
[h]

Escherichia coli DH5α Bacillus subtilis 168 Escherichia coli NR698
Light Dark Light Dark Light Dark

1 n.d. n.d. 0.00 2.68 0,01 2.21
2 n.d. n.d. 0.00 1.74 0.09 1.25
3 n.d. n.d. 0.01 0.82 0.01 0.71
24 n.d. n.d. 0.29 0.99 0.25 n.d.

n.d.: EC50 could not be determined.

Effect of chlorophyllin on B. subtilis and E. coli NR698 was almost identical. Compared to DH5α,
E. coli NR698 was much more sensitive against chlorophyllin both in light and in darkness. In light,
bacterial growth was almost completely inhibited at all tested concentrations down to 0.5 mg/L
(Figure 5C,F). In darkness, growth inhibition became obvious already at chlorophyllin concentrations
of 0.5-1 mg/L within the first 3 h before the inhibitory effect was reduced after 24 h, similar to
observations made with B. subtilis (Figure 5C). At this time growth is even enhanced by chlorophyllin
concentrations between 0.25 and 1 mg/L (Figure 5F). The calculated EC50-values for the different time
points are shown in Table 4.

3.3.2. Chlorophyll Degradation

In vivo, chlorophyll molecules are embedded in a defined complex of proteins, which provide
a supply of electrons as substitute for the ones passed on to the electron transport chain, and other
pigments, which absorb surplus energy. In vitro, these vectoral electron transport and safety functions
are missing, and chlorophyll degrades upon illumination in the presence of oxygen [60]. This is
indicated by a gradual loss of its green color, as the molecules break down to smaller colorless moieties.
The most prominent among them are glycerol, carbonic acids (lactic, succinic, oxalic, malonic, and
citric acid), alanine, and methyl ethyl maleimide [61]. To evaluate the lifetime of the chlorophyllin
preparation (Figure 6A), we irradiated 25 mg/L in LB medium with different intensities for four
hours and measured the concentration of intact chlorophyllin as a function of the absorption. The
alterations of chlorophyllin’s absorption spectrum in LB medium exposed to/protected from light are
shown in Figure 6B,C. A quick decrease in chlorophyllin concentration occurred in the first 60 min of
illumination regardless of its treatment before the decline slowed down (Figure 6D). The dark control
decreased also markedly, which is probably caused by oxidation.
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Figure 6. (A) Chemical structure of isolated chlorophyllin. (B) Alterations of chlorophyllin’s absorption
spectrum in darkness and (C) exposed to light with 12 mW/cm2. (D) Reduction of chlorophyllin
concentration exposed to different light intensities. (E) Required light exposure times to sterilize an E.
coli DH5α suspension culture initial cell number: ~106 cfu/mL) with a light intensity of 12 mW/cm2

using different chlorophyllin concentrations. (F) Required light exposure times to sterilize an E. coli
DH5α suspension culture (initial cell number: ~106 cfu/mL) with a chlorophyllin concentration of 25
mg/L and different light intensities. For 12.5% light intensity no sterilization was observed within 300
min. Depicted are means ± standard deviation.

3.3.3. Light Exposure Time

In a next step we determined the necessary light exposure time for sterilization using different
chlorophyllin concentrations. With an initial chlorophyllin concentration of 25 mg/L an exposure
time to light of about 1 h (42 J/cm2) was necessary for complete bacteria inactivation. At lower
concentrations, the necessary exposure time increased to 2 h (10 mg/L) and 3 h (7.5 or 5 mg/L)
(Figure 6E).

3.3.4. Light Intensity

At high light intensities of 12 mW/cm2 (no filter) and 8.4 mW/cm2 (T = 70%) the necessary
exposure time for complete inactivation (no cell growth after overnight incubation) was about 1 h
(Figure 6F). At a lower light intensity of 6 mW/cm2 (T = 50%) about 2 h were necessary and at
3 mW/cm2 (T = 25%) about 4 h of exposure were necessary to inactivate the cells. At 1.5 mW/cm2,
no inactivation was observed within 5 h (Figure 6F).

3.3.5. Temperature

To investigate a possible temperature-dependent efficacy of chlorophyllin, we analyzed bacterial
growth of the most sensitive strain B. subtilis 168 additionally at 28 ◦C and 42 ◦C. Cells were incubated
in LB with different concentrations of chlorophyllin and exposed to light (12 mW/cm2). We observed
a tended decrease of chlorophyllin MICs at 28 ◦C and an increase at 42 ◦C in darkness (Table 5).
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Table 5. Temperature-dependent MIC values of extracted chlorophyllin against Bacillus subtilis 168.
MICs were determined in light (bright column) or darkness (grey column).

Temp. Titer
[cfu/mL]

Bacillus subtilis 168
Light Dark

28 ◦C
1 × 108 H ≤0.1 mg/L H 2.5 mg/L
1 × 106 H ≤0.1 mg/L 2.5 mg/L
1 × 105 ≤0.1 mg/L 2.5 mg/L

37 ◦C
1 × 108 0.5 mg/L 5 mg/L
1 × 106 0.5 mg/L 2.5 mg/L
1 × 105 ≤0.1 mg/L 2.5 mg/L

42 ◦C
1 × 108 0.5 mg/L N 12.5 mg/L
1 × 106 H ≤0.1 mg/L N 7.5 mg/L
1 × 105 ≤0.1 mg/L N 5 mg/L

H decrease, N increase compared to 37 ◦C.

4. Discussion

4.1. Photodynamic Treatment with Porphyrins

Experiments dealing with aPDT of bacteria yield very promising results. In particular, experiments
with porphyrins against pathogens such as methicillin-resistant Staphylococcus aureus showed that
porphyrins are very effective in bacteria inactivation [48]. The antimicrobial activity is based on
the chemical properties of porphyrins, e.g., the ability to transfer electrons, catalyze peroxidase,
and oxidase reactions, absorb photons, generate ROS and the partition into lipids of bacterial
membranes [27]. In a recent experiment, Buchovec et al. [62] could clearly demonstrate that the
photodynamic effect of chlorophyllin on Salmonella enterica is mainly caused by oxidative stress,
because addition of NaN3 (a known quencher of singlet oxygen) drastically increases the survival rate.
In the same study, transcription of 33 stress-related genes was investigated by quantitative RT-PCR,
indicating expression changes or genes involved in oxidative stress [62].

In 2008, Maclean et al. [63] reported that the photoinactivation of S. aureus is highly dependent
on the oxygen concentration. They postulated that at higher bacterial concentrations oxygen may be
consumed faster than it is resupplied by diffusion through the sample surface and this would lead to a
lower bacterial photoinactivation. This we could not detect and consistent with our result, dissolved
oxygen seemed not to affect the success of photoinactivation of Vibrio fischeri using a tricationic
meso-substituted porphyrin in aquaculture [64].

4.2. The Outer Membrane Is a Barrier That Often Impedes Photodynamic Therapies

The outer membrane of Gram-negative bacteria is a barrier for many hydrophobic and larger
hydrophilic substances (>600 Da) [65] what especially impacts the activity of several antibiotics:
Macrolides, novobiocin, rifamycin, lincomycin, clindamycin, or fusidic acid are highly effective against
Gram-positives, but show only negligible efficacy against Gram-negative bacteria [66]. Consequently,
infections with Gram-negative bacteria have been much more prevalent, even in modern hospitals for
quite some time [67]. Beyond that, the efficacy of porphyrin-based aPDT is influenced by the outer
membrane. Early approaches with hematoporphyrin demonstrated that a concentration of 0.1–1 mg/L
can inactivate more that 99.9% of Streptococcus faecalis bacteria in culture, when they are incubated
for 10 min in white light [68,69]. Similar results were obtained with other Gram-positives such as
S. aureus, Streptococcus pyogenes, Bacillus cereus, Propionibacterium acnes, Enterococcus hirae, as well as
with mycoplasmas and yeast cells [70–72]. In contrast, Gram-negative bacteria seemed to be resistant
to these treatments [73,74]. Banfi et al. [75], who synthesized and tested various tetraaryl-porphyrin
molecules on different bacteria strains, also found higher sensitivity of Gram-positive bacteria against
porphyrin-based substances: the Gram-positive S. aureus was much more sensitive compared to the
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Gram-negative E. coli and P. aeruginosa strains. Our experiments confirmed that E. coli is far less
sensitive against chlorophyllin treatment compared to the Gram-positive B. subtilis. The reason for
the lower sensitivity of Gram-negative bacteria is most likely the outer membrane, as E. coli NR698
showed a comparable sensitivity against chlorophyllin as B. subtilis indicating that this membrane
prevents accumulation of chlorophyllin in the cytoplasmic membrane. First hints for the imputation of
the outer membrane were gathered by Nitzan et al. [76], who combined polymyxin nonapeptide as a
membrane-destabilizing agent with deuteroporphyrin, demonstrating a light-dependent activity of a
porphyrin against E. coli and P. aeruginosa for the first time.

To avoid this permeability problem, today, porphyrin-based photosensitization of Gram-negatives
is often combined it with other antimicrobial or membrane-destabilizing treatments. First success
was reported for a chlorophyllin-chitosan complex in the treatment of S. enterica [62,77]. In addition
to chitosan, positively charged substances such as ethylenediaminetetraacetic acid (EDTA), large
cationic molecules, or polymers such as compound 48/80 can disorganize the outer membrane of
Gram-negative bacteria [78] counteracting the negatively charged cell wall and lipopolysaccharides
(LPS). This way, they can act as door openers for photosensitizers. Polyethyleneimine (PEI), an aliphatic
polycationic polymer increases membrane permeability but did not affect viability of the bacteria [79].
Dei et al. [80] used a PEI-chlorin e6 conjugate to treat MRSA-infected skin abrasion wounds of
mice successfully.

Wainwright et al. [81] have synthesized derivatives of the photosensitizer methylene blue.
Some of these exhibited a strong effect in light as well as in darkness, while others such as
3-(bis(3-(dimethyl-amino)-propyl)amino)-7-(di-n-propylamino) phenothiazinium iodide showed
activity only in light. Using water-soluble zinc pyridinium phthalocyanine (PPC) as a photodynamic
agent, both E. coli and P. aeruginosa could be inactivated in light. The presence of 10 mg/L PPC
resulted in a 5 log10 decrease of cell survival in E. coli after 60 min illumination (1 mW/cm2 in the
range 600–700 nm). In P. aeruginosa, 25 mg/L PPC were necessary to induce the same reduction under
identical light conditions.

Toluidine blue O and porphyrin were successfully tested in bacteria (Prevotella melaninogenica,
Porphyromonas gingivalis, and Aggregatibacter actinomycetemcomitans) responsible for periodontitis,
an infection of the gums [43]. By means of portable LED illumination, survival rate of the
three Gram-negative strains could be reduced significantly, although no complete disinfection was
achieved. This was a very promising result as Gram-negatives are most likely less sensitive to
photodynamic treatment.

The porphyrin TDPyP (5-[4-(1-dodecanoylpyridinium)]-10,15,20-triphenyl-porphyrinyl chloride)
did not show drastic effects on bacteria survival if applied directly. In contrast, incorporation in
a polycationic liposome with DOTAP (N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium
methyl-sulfate) increased deactivation enormously. Already after 5 min incubation with 5 µM of
DOTAP-bound TDPyP, 10 min irradiation with 50-100 mW/cm2 resulted in dramatic decrease in
cell survival [48]. The study by Banfi et al. [75] found that three of the tested tetraaryl-porphyrins
showed considerably strong effects on survival rate of E. coli, S. aureus and P. aeruginosa.
5,10,15,20-Tetra(N-benzyl-4-pyridyl)-porphyrin tetrachloride was the most effective compound.

4.3. Chlorophyllin Is Not Only a Photosensitizer: The Two Modes of Action

The discovery that chlorophyll acts as a photosensitizer and can kill bacteria is not completely
new [62,82]. Nevertheless, our data clearly confirmed that even the water-soluble derivative
chlorophyllin inactivates both Gram-positive and Gram-negative bacteria strains upon irradiation.
Gram-positives such as B. subtilis are more susceptible to this inactivation. A completely new finding
was that beyond photosensitization B. subtilis also showed a considerable inactivation in darkness.
This was supported by results obtained with E. coli NR698 comprising a deficient outer membrane,
indicating that the “dark-active” component of chlorophyllin cannot pass the outer membrane of
Gram-negatives (Figure 7).
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Figure 7. Fluorescence microscopic images of (A) Escherichia coli DH5α and (B) Escherichia coli NR698
after exposure to chlorophyllin (red fluorescence). Assumed modes of action of chlorophyllin against
Gram-positive and Gram-negative bacteria. (C) Chlorophyllin (Chl) molecules cannot pass the intact
outer membrane of Gram-negative bacteria. (D) Chlorophyllin is degraded in light. Degradation
products can enter both Gram-negative and Gram-positive cells. The red crosses indicate cell death.

The lower chlorophyllin sensitivity found for B. subtilis cultured at 42 ◦C seems to be consistent
with current observations that an increase in temperature of 10 ◦C can be associated with an increase
in antibiotic resistance of common pathogens [83]. This effect could be explained on the one hand by
temperature-dependent modifications of bacterial metabolism (regardless of the mechanism of action
of the antibiotic agent used) or on the other hand by alterations in proteins and/or LPS. Similar effects
were observed with the uptake of antibiotics in Stenotrophomonas (Xanthomonas) maltophilia [84]. For this
species, a correlation between the LPS pattern and a decreased susceptibility to aminoglycosides was
found that strongly suggested that the growth temperature affects the LPS composition challenging
the binding or the uptake of macromolecules. The photodynamic effect of chlorophyllin on bacteria
seems to be more complex as the quick decrease in chlorophyllin concentration did not reflect in the
growth curves. In addition, the growth-promoting effect of chlorophyllin in concentrations between
0.25 and 1.0 mg/L that was found in 24 h experiments with E. coli NR698 requires further analyses. The
degradation of chlorophyllin to different carbonic acids, glycerol and alanine [61] which can be used as
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nutrients in a sub-toxic environment could possibly explain the positive effect on cell growth. A further
interesting observation was the OD-reduction of E. coli NR698 and B. subtilis cultures treated with
chlorophyllin in light (see Figure 5B,C). This indicates not only a bactericidal effect but also the lysis of
cells. There is still some debate about whether extracellular or intracellular ROS is more effective in
killing bacteria by aPDT. ROS formation may affect cells on various levels such as membranes, proteins
and DNA [66]. However, it has been described that uptake of a photosensitizer is not always necessary
to inactivate bacteria [39]. So far, it is still unclear whether chlorophyllin needs to enter the cells to
develop cytotoxic effects, but it is very likely that proximity of chlorophyllin to the cells is important
(e.g., to bind to the cell membrane). Microscopic images indicate that chlorophyllin (red fluorescence) is
accumulated inside or next to the bacteria (Figure 7A,B). Further studies will be employed to elucidate
chlorophyllin’s mechanism of action, both for the light-dependent and the light-independent effects.

One great advantage of chlorophyllin is the approval for food coloring (EU license number
E140), reflecting the harmlessness of this substance for humans. Consequently, chlorophyllin-based
photosensitization has already been recommended for food decontamination [77,82,85,86]. Scientists
still must spend some effort to overcome the outer membrane of Gram-negatives but safety and high
capacity in bacteria inactivation make formulations with chlorophyllin (and possibly chlorophyll) a
very promising remedy also against bacterial infections of the body surface. Already in 1945, Smith et
al. found that chlorophyllin supported healing of wounds, which were infected with Staphylococcus
pyogenes C-209 in Guinea pigs [87]. Our finding that chlorophyllin killed the Gram-positive B. subtilis
also in a light-independent way could open new possibilities, e.g., leading to an application against
inner infections. In darkness we found that B. subtilis cells were killed at chlorophyllin concentrations
of 2.5 mg/L. In the pre-antibiotics era Gruskin [88] described successful treatment of persons suffering
from Streptococcus septicemia, if 250 mL of a 2 g/L chlorophyllin solution was injected every day (500 mg
per day) for several subsequent days. For treatment of pancreatitis Yoshida et al. injected a daily
dose of 5–20 mg of chlorophyllin per day for 1–2 weeks [89]. As chlorophyll is believed not to exert
significant toxicity (if strong light is avoided) it is possible that the acceptable dose for humans is
higher than that for bacteria.

Because there is more than one uptake pathway for heme in most pathogens, the development
of resistance mechanisms against porphyrins or porphyrin-antibiotic conjugates is—in contrast to
other photosensitizers such as methylene blue [90]—highly unlikely [91,92]. Also, a combination of
chlorophyllin-application with variations of physical parameters (such as temperature, light intensity
or wavelength) may increase killing rate of bacteria. Buchovec et al. [62] described that pulses of strong
UV (peak 260 nm, 0,29 J/cm2) along with blue light (405 nm, 46.1 J/cm2) are more than 10,000-fold
more effective than blue light alone to kill S. enterica in the presence of 1.5 × 10−5 M chlorophyllin.

5. Conclusions

Photodynamic treatment using chlorophyll seems a very promising approach. So far, no bacterial
resistance mechanism against porphyrins is known, and it is unlikely that such a mechanism will
develop in near future. The harmlessness of chlorophyllin allows universal application. We could
show that chlorophyllin in combination with light is very effective to control Gram-positive as well as
Gram-negative bacteria, but the latter to a lower extent since the outer membrane of Gram-negatives
impedes chlorophyllin uptake. Additionally, we could demonstrate that chlorophyllin is more than a
photosensitizer killing bacteria such as B. subtilis or E. coli NR698 in darkness. This suggests a second
mechanism of action, which still needs to be elucidated by further studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/7/2/59/s1,
Figure S1: LB agar plates for the evaluation of CFU ability after incubation to chlorophyllin.

Author Contributions: Conceptualization, M.K., P.R, M.L. and E.S.; methodology, M.K. and P.R.; validation, M.K.,
P.R. and S.M.S.; formal analysis and data curation, M.K. and P.R.; investigation, M.K., P.R., A.N., C.A.A. and T.M.;
resources, M.L. and A.B.; writing—original draft preparation, M.K., P.R. and S.M.S.; writing—review and editing,
M.K., P.R., S.M.S., A.B. and S.S.; visualization, M.K., S.M.S.; project administration and funding acquisition, M.L.

http://www.mdpi.com/2076-2607/7/2/59/s1


Microorganisms 2019, 7, 59 19 of 23

Funding: This research was mainly funded by Staedtler-Stiftung and partially funded by the German Space
Agency (DLR) on behalf of the BMBF, grant 50WB1128.

Acknowledgments: We like to thank Marcin Grabowicz, Princeton University, NJ, USA for kindly providing
E. coli NR698. We gratefully acknowledge the technical assistance of Florian Wieder, Sebastian Hensel and
Martin Richter.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jori, G.; Brown, S.B. Photosensitized inactivation of microorganisms. Photochem. Photobiol. Sci. 2004, 3,
403–405. [CrossRef] [PubMed]

2. Tünger, O.; Dinc, G.; Ozbakkaloglu, B.; Atman, U.C.; Algün, U. Evaluation of rational antibiotic use.
Int. J. Antimicrob. Agents 2000, 15, 131–135. [CrossRef]

3. Blair, J.M.; Webber, M.A.; Baylay, A.J.; Ogbolu, D.O.; Piddock, L.J. Molecular mechanisms of antibiotic
resistance. Nat. Rev. Microbiol. 2015, 13, 42–51. [CrossRef] [PubMed]

4. Goossens, H.; Ferech, M.; Vander Stichele, R.; Elseviers, M. Outpatient antibiotic use in Europe and
association with resistance: A cross-national database study. Lancet 2005, 365, 579–587. [CrossRef]

5. Annual Report of the European Antimicrobial Resistance Surveillance Network (EARS-Net). In Surveillance of
Antimicrobial Resistance in Europe; European Centre for Disease Prevention and Control: Stockholm, Sweden,
2017. Available online: http://ecdc.europa.eu/sites/portal/files/documents/AMR-surveillance-Europe-
2016.pdf (accessed on 31 December 2018).

6. Schmithausen, R.M.; Schulze-Geisthoevel, S.V.; Stemmer, F.; El-Jade, M.; Reif, M.; Hack, S.; Meilaender, A.;
Montabauer, G.; Fimmers, R.; Parcina, M.; et al. Analysis of Transmission of MRSA and ESBL-E among Pigs
and Farm Personnel. PLoS ONE 2015, 10, e0138173. [CrossRef] [PubMed]

7. Wegener, H.C. Antibiotics in animal feed and their role in resistance development. Curr. Opin. Microbiol.
2003, 6, 439–445. [CrossRef]

8. Cabello, F.C. Heavy use of prophylactic antibiotics in aquaculture: A growing problem for human and
animal health and for the environment. Environ. Microbiol. 2006, 8, 1137–1144. [CrossRef] [PubMed]

9. Ghosh, S.; LaPara, T.M. The effects of subtherapeutic antibiotic use in farm animals on the proliferation and
persistence of antibiotic resistance among soil bacteria. ISME J. 2007, 1, 191–203. [CrossRef] [PubMed]

10. Nikaido, H. Multidrug resistance in bacteria. Annu. Rev. Biochem. 2009, 78, 119–146. [CrossRef] [PubMed]
11. Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Phram. Ther. 2015, 40, 277–283.
12. ECDC/EMEA Joint Working Group. ECDC/EMEA Joint Technical Report: The Bacterial Challenge: Time to

React; European Centre for Disease Prevention and Control: Stockholm, Sweden, 2009; Available online: http:
//www.ecdc.europa.eu/en/publications/Publications/Forms/ECDC_DispForm.aspx?ID=444 (accessed
on 31 December 2018).

13. Cassini, A.; Högberg, L.D.; Plachouras, D.; Quattrocchi, A.; Hoxha, A.; Simonsen, G.S.; Colomb-Cotinat, M.;
Kretzschmar, M.E.; Devleesschauwer, B.; Cecchini, M.; et al. Attributable deaths and disability-adjusted
life-years caused by infections with antibiotic-resistant bacteria in the EU and the European Economic Area
in 2015: A population-level modelling analysis. Lancet Infect. Dis. 2018, 19, 56–66. [CrossRef]

14. Papp-Wallace, K.M.; Endimiani, A.; Taracila, M.A.; Bonomo, R.A. Carbapenems: Past, Present, and Future.
Antimicrob. Agents Chemother. 2011, 55, 4943–4960. [CrossRef] [PubMed]

15. Iovleva, A.; Doi, Y. Carbapenem-Resistant Enterobacteriaceae. Clin. Lab. Med. 2017, 37, 303–315. [CrossRef]
[PubMed]

16. Lee, J.Y.H.; Monk, I.R.; Gonçalves da Silva, A.; Seemann, T.; Chua, K.Y.L.; Kearns, A.; Hill, R.; Woodford, N.;
Bartels, M.D.; Strommenger, B.; et al. Global spread of three multidrug-resistant lineages of Staphylococcus
epidermidis. Nat. Microbiol. 2018, 3, 1175–1185. [CrossRef] [PubMed]

17. Tzouvelekis, L.S.; Markogiannakis, A.; Psichogiou, M.; Tassios, P.T.; Daikos, G.L. Carbapenemases in
Klebsiella pneumoniae and other Enterobacteriaceae: An evolving crisis of global dimensions. Clin. Microbiol.
Rev. 2012, 25, 682–707. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/b311904c
http://www.ncbi.nlm.nih.gov/pubmed/15122355
http://dx.doi.org/10.1016/S0924-8579(00)00158-8
http://dx.doi.org/10.1038/nrmicro3380
http://www.ncbi.nlm.nih.gov/pubmed/25435309
http://dx.doi.org/10.1016/S0140-6736(05)70799-6
http://ecdc.europa.eu/sites/portal/files/documents/AMR-surveillance-Europe-2016.pdf
http://ecdc.europa.eu/sites/portal/files/documents/AMR-surveillance-Europe-2016.pdf
http://dx.doi.org/10.1371/journal.pone.0138173
http://www.ncbi.nlm.nih.gov/pubmed/26422606
http://dx.doi.org/10.1016/j.mib.2003.09.009
http://dx.doi.org/10.1111/j.1462-2920.2006.01054.x
http://www.ncbi.nlm.nih.gov/pubmed/16817922
http://dx.doi.org/10.1038/ismej.2007.31
http://www.ncbi.nlm.nih.gov/pubmed/18043630
http://dx.doi.org/10.1146/annurev.biochem.78.082907.145923
http://www.ncbi.nlm.nih.gov/pubmed/19231985
http://www.ecdc.europa.eu/en/publications/Publications/Forms/ECDC_DispForm.aspx?ID=444
http://www.ecdc.europa.eu/en/publications/Publications/Forms/ECDC_DispForm.aspx?ID=444
http://dx.doi.org/10.1016/S1473-3099(18)30605-4
http://dx.doi.org/10.1128/AAC.00296-11
http://www.ncbi.nlm.nih.gov/pubmed/21859938
http://dx.doi.org/10.1016/j.cll.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28457352
http://dx.doi.org/10.1038/s41564-018-0230-7
http://www.ncbi.nlm.nih.gov/pubmed/30177740
http://dx.doi.org/10.1128/CMR.05035-11
http://www.ncbi.nlm.nih.gov/pubmed/23034326


Microorganisms 2019, 7, 59 20 of 23

18. The Review on Antimicrobial Resistance, Chaired by Jim O’Neill. Antimicrobial Resistance: Tackling a Crisis
for the Health and Wealth of Nations. 2014. Available online: http://www.jpiamr.eu/wp-content/uploads/
2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2.pdf (accessed on
31 December 2018).

19. Falagas, M.E.; Bliziotis, I.A. Pandrug-resistant Gram-negative bacteria: The dawn of the post-antibiotic era?
Int. J. Antimicrob. Agents 2007, 29, 630–636. [CrossRef] [PubMed]

20. Livermore, D.M. Has the era of untreatable infections arrived? J. Antimicrob. Chemother. 2009, 64 (Suppl. 1),
i29–i36. [CrossRef] [PubMed]

21. Hornsey, M.; Ellington, M.J.; Doumith, M.; Hudson, S.; Livermore, D.M.; Woodford, N. Tigecycline resistance
in Serratia marcescens associated with up-regulation of the SdeXY-HasF efflux system also active against
ciprofloxacin and cefpirome. J. Antimicrob. Chemother. 2010, 65, 479–482. [CrossRef]

22. Diene, S.M.; Merhej, V.; Henry, M.; El Filali, A.; Roux, V.; Robert, C.; Azza, S.; Gavory, F.; Barbe, V.; La
Scola, B.; et al. The rhizome of the multidrug-resistant Enterobacter aerogenes genome reveals how new “killer
bugs” are created because of a sympatric lifestyle. Mol. Biol. Evol. 2013, 30, 369–383. [CrossRef]

23. Linkevicius, M.; Sandegren, L.; Andersson, D.I. Mechanisms and fitness costs of tigecycline resistance in
Escherichia coli. J. Antimicrob. Chemother. 2013, 68, 2809–2819. [CrossRef]

24. Rasheed, J.K.; Kitchel, B.; Zhu, W.; Anderson, K.F.; Clark, N.C.; Ferraro, M.J.; Savard, P.; Humphries, R.M.;
Kallen, A.J.; Limbago, B.M. New Delhi metallo-beta-lactamase-producing Enterobacteriaceae, United States.
Emerg. Infect. Dis. 2013, 19, 870–878. [CrossRef] [PubMed]

25. Ling, L.L.; Schneider, T.; Peoples, A.J.; Spoering, A.L.; Engels, I.; Conlon, B.P.; Mueller, A.; Schaberle, T.F.;
Hughes, D.E.; Epstein, S.; et al. A new antibiotic kills pathogens without detectable resistance. Nature 2015,
517, 455–459. [CrossRef] [PubMed]

26. Wainwright, M. Photodynamic antimicrobial chemotherapy (PACT). J. Antimicrob. Chemother. 1998, 42, 13–28.
[CrossRef]

27. Stojiljkovic, I.; Evavold, B.D.; Kumar, V. Antimicrobial properties of porphyrins. Expert Opin. Investig. Drugs
2001, 10, 309–320. [CrossRef]

28. Wainwright, M.; Maisch, T.; Nonell, S.; Plaetzer, K.; Almeida, A.; Tegos, G.P.; Hamblin, M.R.
Photoantimicrobials-are we afraid of the light? Lancet Infect. Dis. 2017, 17, e49–e55. [CrossRef]

29. Redmond, R.W.; Gamlin, J.N. A compilation of singlet oxygen yields from biologically relevant molecules.
Photochem. Photobiol. 1999, 70, 391–475. [CrossRef] [PubMed]

30. Cieplik, F.; Deng, D.; Crielaard, W.; Buchalla, W.; Hellwig, E.; Al-Ahmad, A.; Maisch, T. Antimicrobial
photodynamic therapy—What we know and what we don’t. Crit. Rev. Microbiol. 2018, 44, 571–589.
[CrossRef]

31. Kohanski, M.A.; Dwyer, D.J.; Hayete, B.; Lawrence, C.A.; Collins, J.J. A common mechanism of cellular death
induced by bactericidal antibiotics. Cell 2007, 130, 797–810. [CrossRef]

32. Keren, I.; Wu, Y.; Inocencio, J.; Mulcahy, L.R.; Lewis, K. Killing by bactericidal antibiotics does not depend
on reactive oxygen species. Science 2013, 339, 1213–1216. [CrossRef]

33. Liu, Y.; Imlay, J.A. Cell death from antibiotics without the involvement of reactive oxygen species. Science
2013, 339, 1210–1213. [CrossRef]

34. Minnock, A.; Vernon, D.I.; Schofield, J.; Griffiths, J.; Parish, J.H.; Brown, S.B. Mechanism of uptake of
a cationic water-soluble pyridinium zinc phthalocyanine across the outer membrane of Escherichia coli.
Antimicrob. Agents Chemother. 2000, 44, 522–527. [CrossRef] [PubMed]

35. Konan, Y.N.; Gurny, R.; Allémann, E. State of the art in the delivery of photosensitizers for photodynamic
therapy. J. Photochem. Photobiol. B 2002, 66, 89–106. [CrossRef]

36. Huang, L.; Xuan, Y.; Koide, Y.; Zhiyentayev, T.; Tanaka, M.; Hamblin, M.R. Type i and type ii mechanisms of
antimicrobial photodynamic therapy: An in vitro study on gram-negative and gram-positive bacteria. Lasers
Surg. Med. 2012, 44, 490–499. [CrossRef] [PubMed]

37. Taraszkiewicz, A.; Fila, G.; Grinholc, M.; Nakonieczna, J. Innovative strategies to overcome biofilm resistance.
Biomed. Res. Int. 2013, 2013, 150653. [CrossRef] [PubMed]

38. Cieplik, F.; Pummer, A.; Regensburger, J.; Hiller, K.-A.; Späth, A.; Tabenski, L.; Buchalla, W.; Maisch, T.
The impact of absorbed photons on antimicrobial photodynamic efficacy. Front. Microbiol. 2015, 6, 706.
[CrossRef] [PubMed]

http://www.jpiamr.eu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2.pdf
http://www.jpiamr.eu/wp-content/uploads/2014/12/AMR-Review-Paper-Tackling-a-crisis-for-the-health-and-wealth-of-nations_1-2.pdf
http://dx.doi.org/10.1016/j.ijantimicag.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17306965
http://dx.doi.org/10.1093/jac/dkp255
http://www.ncbi.nlm.nih.gov/pubmed/19675016
http://dx.doi.org/10.1093/jac/dkp475
http://dx.doi.org/10.1093/molbev/mss236
http://dx.doi.org/10.1093/jac/dkt263
http://dx.doi.org/10.3201/eid1906.121515
http://www.ncbi.nlm.nih.gov/pubmed/23731823
http://dx.doi.org/10.1038/nature14098
http://www.ncbi.nlm.nih.gov/pubmed/25561178
http://dx.doi.org/10.1093/jac/42.1.13
http://dx.doi.org/10.1517/13543784.10.2.309
http://dx.doi.org/10.1016/S1473-3099(16)30268-7
http://dx.doi.org/10.1111/j.1751-1097.1999.tb08240.x
http://www.ncbi.nlm.nih.gov/pubmed/10546544
http://dx.doi.org/10.1080/1040841X.2018.1467876
http://dx.doi.org/10.1016/j.cell.2007.06.049
http://dx.doi.org/10.1126/science.1232688
http://dx.doi.org/10.1126/science.1232751
http://dx.doi.org/10.1128/AAC.44.3.522-527.2000
http://www.ncbi.nlm.nih.gov/pubmed/10681312
http://dx.doi.org/10.1016/S1011-1344(01)00267-6
http://dx.doi.org/10.1002/lsm.22045
http://www.ncbi.nlm.nih.gov/pubmed/22760848
http://dx.doi.org/10.1155/2013/150653
http://www.ncbi.nlm.nih.gov/pubmed/23509680
http://dx.doi.org/10.3389/fmicb.2015.00706
http://www.ncbi.nlm.nih.gov/pubmed/26236292


Microorganisms 2019, 7, 59 21 of 23

39. Cieplik, F.; Steinwachs, V.S.; Muehler, D.; Hiller, K.A.; Thurnheer, T.; Belibasakis, G.N.; Buchalla, W.; Maisch, T.
Phenalen-1-one-mediated antimicrobial photodynamic therapy: Antimicrobial efficacy in a periodontal
biofilm model and flow cytometric evaluation of cytoplasmic membrane damage. Front. Microbiol. 2018,
9, 688. [CrossRef] [PubMed]

40. Esteban Florez, F.L.; Mendonca de Oliveira, M.R.; de Oliveira Junior, O.B.; Hiers, R.D.; Khajotia, S.S.;
Pretel, H. Bioluminescence analysis of antibacterial photodynamic therapy using methylene blue mediated
by low-intensity level laser against cariogenic biofilms. Photomed. Laser Surg. 2018, 36, 258–265. [CrossRef]

41. Maisch, T.; Eichner, A.; Späth, A.; Gollmer, A.; König, B.; Regensburger, J.; Bäumler, W. Fast and effective
photodynamic inactivation of multiresistant bacteria by cationic riboflavin derivatives. PLoS ONE 2014,
9, e111792. [CrossRef]

42. Schempp, C.M.; Pelz, K.; Wittmer, A.; Schopf, E.; Simon, J.C. Antibacterial activity of hyperforin from st
john’s wort, against multiresistant Staphylococcus aureus and gram-positive bacteria. Lancet 1999, 353, 2129.
[CrossRef]

43. Jiang, X.; Fan, Z.; Yu, Y.; Shao, C.; Suo, Y.; Wei, X.; Zhou, Y. Toluidine blue o and porphyrin-mediated
photodynamic therapy on three main pathogenic bacteria of periodontitis using portable led phototherapy
device. J. Innov. Opt. Health Sci. 2014, 8, 1550017. [CrossRef]

44. Muehler, D.; Sommer, K.; Wennige, S.; Hiller, K.A.; Cieplik, F.; Maisch, T.; Späth, A. Light-activated
phenalen-1-one bactericides: Efficacy, toxicity and mechanism compared with benzalkonium chloride.
Future Microbiol. 2017, 12, 1297–1310. [CrossRef] [PubMed]

45. Caminos, D.A.; Durantini, E.N. Photodynamic inactivation of escherichia coli immobilized on agar surfaces
by a tricationic porphyrin. Bioorg. Med. Chem. 2006, 14, 4253–4259. [CrossRef] [PubMed]

46. Martins, D.; Mesquita, M.Q.; Neves, M.; Faustino, M.A.F.; Reis, L.; Figueira, E.; Almeida, A. Photoinactivation
of Pseudomonas syringae pv. Actinidiae in kiwifruit plants by cationic porphyrins. Planta 2018. [CrossRef]
[PubMed]

47. Pereira, M.A.; Faustino, M.A.; Tome, J.P.; Neves, M.G.; Tome, A.C.; Cavaleiro, J.A.; Cunha, A.; Almeida, A.
Influence of external bacterial structures on the efficiency of photodynamic inactivation by a cationic
porphyrin. Photochem. Photobiol. Sci. 2014, 13, 680–690. [CrossRef] [PubMed]

48. Ferro, S.; Ricchelli, F.; Monti, D.; Mancini, G.; Jori, G. Efficient photoinactivation of methicillin-resistant
Staphylococcus aureus by a novel porphyrin incorporated into a poly-cationic liposome. Int. J. Biochem. Cell
Biol. 2007, 39, 1026–1034. [CrossRef]

49. Park, J.H.; Moon, Y.H.; Bang, I.S.; Kim, Y.C.; Kim, S.A.; Ahn, S.G.; Yoon, J.H. Antimicrobial effect of
photodynamic therapy using a highly pure chlorin e6. Lasers Med. Sci. 2010, 25, 705–710. [CrossRef]

50. Park, J.H.; Ahn, M.Y.; Kim, Y.C.; Kim, S.A.; Moon, Y.H.; Ahn, S.G.; Yoon, J.H. In vitro and in vivo
antimicrobial effect of photodynamic therapy using a highly pure chlorin e6 against Staphylococcus aureus
xen29. Biol. Pharm. Bull. 2012, 35, 509–514. [CrossRef]

51. Luksiene, Z.; Buchovec, I.; Paskeviciute, E. Inactivation of several strains of Listeria monocytogenes attached to
the surface of packaging material by Na-chlorophyllin-based photosensitization. J. Photochem. Photobiol. B
2010, 101, 326–331. [CrossRef]

52. Luksiene, Z.; Buchovec, I.; Paskeviciute, E. Inactivation of Bacillus cereus by Na-chlorophyllin-based
photosensitization on the surface of packaging. J. Appl. Microbiol. 2010, 109, 1540–1548. [CrossRef]

53. Aponiene, K.; Luksiene, Z. Effective combination of led-based visible light, photosensitizer and photocatalyst
to combat gram (−) bacteria. J. Photochem. Photobiol. B 2015, 142, 257–263. [CrossRef]

54. Fiedor, L.; Gorman, A.A.; Hamblett, I.; Rosenbach-Belkin, V.; Salomon, Y.; Scherz, A.; Tregub, I. A pulsed
laser and pulse radiolysis study of amphiphilic chlorophyll derivatives with pdt activity toward malignant
melanoma. Photochem. Photobiol. 1993, 58, 506–511. [CrossRef] [PubMed]

55. Erzinger, G.S.; Wohllebe, S.; Vollrath, F.; Souza, S.C.; Richter, P.; Lebert, M.; Häder, D.P. Optimizing conditions
for the use of chlorophyll derivatives for photodynamic control of parasites in aquatic ecosystems. Parasitol.
Res. 2011, 109, 781–786. [CrossRef] [PubMed]

56. Wohllebe, S.; Richter, R.; Richter, P.; Häder, D.P. Photodynamic control of human pathogenic parasites in
aquatic ecosystems using chlorophyllin and pheophorbid as photodynamic substances. Parasitol. Res. 2009,
104, 593–600. [CrossRef] [PubMed]

57. Ruiz, N.; Falcone, B.; Kahne, D.; Silhavy, T.J. Chemical conditionality: A genetic strategy to probe organelle
assembly. Cell 2005, 121, 307–317. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fmicb.2018.00688
http://www.ncbi.nlm.nih.gov/pubmed/29681899
http://dx.doi.org/10.1089/pho.2017.4326
http://dx.doi.org/10.1371/journal.pone.0111792
http://dx.doi.org/10.1016/S0140-6736(99)00214-7
http://dx.doi.org/10.1142/S1793545815500170
http://dx.doi.org/10.2217/fmb-2016-0229
http://www.ncbi.nlm.nih.gov/pubmed/29063786
http://dx.doi.org/10.1016/j.bmc.2006.01.058
http://www.ncbi.nlm.nih.gov/pubmed/16481175
http://dx.doi.org/10.1007/s00425-018-2913-y
http://www.ncbi.nlm.nih.gov/pubmed/29752536
http://dx.doi.org/10.1039/c3pp50408e
http://www.ncbi.nlm.nih.gov/pubmed/24549049
http://dx.doi.org/10.1016/j.biocel.2007.02.001
http://dx.doi.org/10.1007/s10103-010-0781-1
http://dx.doi.org/10.1248/bpb.35.509
http://dx.doi.org/10.1016/j.jphotobiol.2010.08.002
http://dx.doi.org/10.1111/j.1365-2672.2010.04780.x
http://dx.doi.org/10.1016/j.jphotobiol.2014.11.011
http://dx.doi.org/10.1111/j.1751-1097.1993.tb04922.x
http://www.ncbi.nlm.nih.gov/pubmed/8248323
http://dx.doi.org/10.1007/s00436-011-2322-7
http://www.ncbi.nlm.nih.gov/pubmed/21448572
http://dx.doi.org/10.1007/s00436-008-1235-6
http://www.ncbi.nlm.nih.gov/pubmed/19009310
http://dx.doi.org/10.1016/j.cell.2005.02.014
http://www.ncbi.nlm.nih.gov/pubmed/15851036


Microorganisms 2019, 7, 59 22 of 23

58. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual; Cold Spring Harbor
Laboratory Press: Cold Spring Harbor, NY, USA, 1989; pp. xxxviii + 1546.

59. Lichtenthaler, H.K.; Wellburn, A.R. Determinations of total carotenoids and chlorophylls a and b of leaf
extracts in different solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [CrossRef]

60. Jen, J.J.; Mackinney, G. On the photodecomposition of chlorophyll in vitro reaction rates. Photochem. Photobiol.
1970, 11, 297–302. [CrossRef] [PubMed]

61. Llewellyn, C.A.; Mantoura, R.F.C.; Brereton, R.G. Products of chlorophyll photodegradation–2. Structural
identification. Photochem. Photobiol. 1990, 52, 1043–1047. [CrossRef]

62. Buchovec, I.; Lukseviciute, V.; Kokstaite, R.; Labeikyte, D.; Kaziukonyte, L.; Luksiene, Z. Inactivation of
gram (-) bacteria Salmonella enterica by chlorophyllin-based photosensitization: Mechanism of action and
new strategies to enhance the inactivation efficiency. J. Photochem. Photobiol. B 2017, 172, 1–10. [CrossRef]

63. Maclean, M.; Macgregor, S.J.; Anderson, J.G.; Woolsey, G.A. The role of oxygen in the visible-light inactivation
of Staphylococcus aureus. J. Photochem. Photobiol. B 2008, 92, 180–184. [CrossRef]

64. Alves, E.; Faustino, M.A.F.; Tomé, J.P.C.; Neves, M.G.P.M.S.; Tomé, A.C.; Cavaleiro, J.A.S.; Cunha, Â.;
Gomes, N.C.M.; Almeida, A. Photodynamic antimicrobial chemotherapy in aquaculture: Photoinactivation
studies of Vibrio fischeri. PLoS ONE 2011, 6, e20970. [CrossRef]

65. Nikaido, H. Prevention of drug access to bacterial targets: Permeability barriers and active efflux. Science
1994, 264, 382–388. [CrossRef] [PubMed]

66. Sperandio, F.F.; Huang, Y.Y.; Hamblin, M.R. Antimicrobial photodynamic therapy to kill gram-negative
bacteria. Recent Pat. Antiinfect. Drug Discov. 2013, 8, 108–120. [CrossRef] [PubMed]

67. Nikaido, H.; Vaara, M. Molecular basis of bacterial outer membrane permeability. Microbiol. Rev. 1985, 49,
1–32. [CrossRef] [PubMed]

68. Bertoloni, G.; Salvato, B.; Dall’Acqua, M.; Vazzoler, M.; Jori, G. Hematoporphyrin-sensitized
photoinactivation of Streptococcus faecalis. Photochem. Photobiol. 1984, 39, 811–816. [CrossRef] [PubMed]

69. Venezio, F.R.; DiVincenzo, C.; Sherman, R.; Reichman, M.; Origitano, T.C.; Thompson, K.; Reichman, O.H.
Bactericidal effects of photoradiation therapy with hematoporphyrin derivative. J. Infect. Dis. 1985, 151,
166–169. [CrossRef] [PubMed]

70. Bertoloni, G.; Reddi, E.; Gatta, M.; Burlini, C.; Jori, G. Factors influencing the haematoporphyrin-sensitized
photoinactivation of Candida albicans. J. Gen. Microbiol. 1989, 135, 957–966. [CrossRef] [PubMed]

71. Malik, Z.; Hanania, J.; Nitzan, Y. Bactericidal effects of photoactivated porphyrins—An alternative approach
to antimicrobial drugs. J. Photochem. Photobiol. B 1990, 5, 281–293. [CrossRef]

72. Shawar, R.; Cooper, B.H. Comparative kinetics of hematoporphyrin derivative uptake and susceptibility
of Bacillus subtilis and Streptococcus faecalis to photodynamic action. Photochem. Photobiol. 1990, 52, 825–830.
[CrossRef]

73. Nitzan, Y.; Ladan, H.; Gozansky, S.; Malik, Z. Characterization of hemin antibacterial action on Staphylococcus
aureus. FEMS Microbiol. Lett. 1987, 48, 401–406. [CrossRef]

74. Nitzan, Y.; Ladan, H.; Malik, Z. Growth-inhibitory effect of hemin on staphylococci. Curr. Microbiol. 1987, 14,
279–284. [CrossRef]

75. Banfi, S.; Caruso, E.; Buccafurni, L.; Battini, V.; Zazzaron, S.; Barbieri, P.; Orlandi, V. Antibacterial activity
of tetraaryl-porphyrin photosensitizers: An in vitro study on gram negative and gram positive bacteria.
J. Photochem. Photobiol. B 2006, 85, 28–38. [CrossRef] [PubMed]

76. Nitzan, Y.; Gutterman, M.; Malik, Z.; Ehrenberg, B. Inactivation of gram-negative bacteria by photosensitized
porphyrins. Photochem. Photobiol. 1992, 55, 89–96. [CrossRef] [PubMed]

77. Buchovec, I.; Lukseviciute, V.; Marsalka, A.; Reklaitis, I.; Luksiene, Z. Effective photosensitization-based
inactivation of gram (-) food pathogens and molds using the chlorophyllin-chitosan complex: Towards
photoactive edible coatings to preserve strawberries. Photochem. Photobiol. Sci. 2016, 15, 506–516. [CrossRef]
[PubMed]

78. Vaara, M. Agents that increase the permeability of the outer membrane. Microbiol. Rev. 1992, 56, 395–411.
[PubMed]

79. Helander, I.M.; Alakomi, H.L.; Latva-Kala, K.; Koski, P. Polyethyleneimine is an effective permeabilizer of
gram-negative bacteria. Microbiology 1997, 143 Pt 10, 3193–3199. [CrossRef]

http://dx.doi.org/10.1042/bst0110591
http://dx.doi.org/10.1111/j.1751-1097.1970.tb06002.x
http://www.ncbi.nlm.nih.gov/pubmed/5423164
http://dx.doi.org/10.1111/j.1751-1097.1990.tb01824.x
http://dx.doi.org/10.1016/j.jphotobiol.2017.05.008
http://dx.doi.org/10.1016/j.jphotobiol.2008.06.006
http://dx.doi.org/10.1371/journal.pone.0020970
http://dx.doi.org/10.1126/science.8153625
http://www.ncbi.nlm.nih.gov/pubmed/8153625
http://dx.doi.org/10.2174/1574891X113089990012
http://www.ncbi.nlm.nih.gov/pubmed/23550545
http://dx.doi.org/10.1128/MMBR.67.4.593-656.2003
http://www.ncbi.nlm.nih.gov/pubmed/2580220
http://dx.doi.org/10.1111/j.1751-1097.1984.tb08864.x
http://www.ncbi.nlm.nih.gov/pubmed/6431458
http://dx.doi.org/10.1093/infdis/151.1.166
http://www.ncbi.nlm.nih.gov/pubmed/3155547
http://dx.doi.org/10.1099/00221287-135-4-957
http://www.ncbi.nlm.nih.gov/pubmed/2689595
http://dx.doi.org/10.1016/1011-1344(90)85044-W
http://dx.doi.org/10.1111/j.1751-1097.1990.tb08688.x
http://dx.doi.org/10.1111/j.1574-6968.1987.tb02632.x
http://dx.doi.org/10.1007/BF01568137
http://dx.doi.org/10.1016/j.jphotobiol.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16737820
http://dx.doi.org/10.1111/j.1751-1097.1992.tb04213.x
http://www.ncbi.nlm.nih.gov/pubmed/1534909
http://dx.doi.org/10.1039/C5PP00376H
http://www.ncbi.nlm.nih.gov/pubmed/26947225
http://www.ncbi.nlm.nih.gov/pubmed/1406489
http://dx.doi.org/10.1099/00221287-143-10-3193


Microorganisms 2019, 7, 59 23 of 23

80. Dai, T.; Tegos, G.P.; Zhiyentayev, T.; Mylonakis, E.; Hamblin, M.R. Photodynamic therapy for
methicillin-resistant Staphylococcus aureus infection in a mouse skin abrasion model. Lasers Surg. Med.
2010, 42, 38–44. [CrossRef]

81. Wainwright, M.; Antczak, J.; Baca, M.; Loughran, C.; Meegan, K. Phenothiazinium photoantimicrobials with
basic side chains. J. Photochem. Photobiol. B 2015, 150, 38–43. [CrossRef]

82. Kreitner, M.; Wagner, K.H.; Alth, G.; Ebermann, R.; Foißy, H.; Elmadfa, I. Haematoporphyrin- and sodium
chlorophyllin-induced phototoxicity towards bacteria and yeasts—A new approach for safe foods. Food
Control 2001, 12, 529–533. [CrossRef]

83. MacFadden, D.R.; McGough, S.F.; Fisman, D.; Santillana, M.; Brownstein, J.S. Antibiotic resistance increases
with local temperature. Nat. Clim. Chang. 2018, 8, 510–514. [CrossRef]

84. Rahmati-Bahram, A.; Magee, J.T.; Jackson, S.K. Temperature-dependent aminoglycoside resistance in
Stenotrophomonas (xanthomonas) maltophilia; alterations in protein and lipopolysaccharide with growth
temperature. J. Antimicrob. Chemother. 1996, 37, 665–676. [CrossRef]

85. Luksiene, Z.; Paskeviciute, E. Microbial control of food-related surfaces: Na-chlorophyllin-based
photosensitization. J. Photochem. Photobiol. B 2011, 105, 69–74. [CrossRef] [PubMed]

86. Luksiene, Z.; Paskeviciute, E. Novel approach to the microbial decontamination of strawberries:
Chlorophyllin-based photosensitization. J. Appl. Microbiol. 2011, 110, 1274–1283. [CrossRef] [PubMed]

87. Smith, L.W.; Livingston, A.E. Wound healing: An expe rimental study of water soluble chlorophyll
derivatives in conjunction with various antibacterial agents. Am. J. Surg. 1945, 67, 30–39. [CrossRef]

88. Gruskin, B. Chlorophyll—Its therapeutic place in acute and suppurative disease: Preliminary report of
clinical use and rationale. Am. J. Surg. 1940, 49, 49–55. [CrossRef]

89. Yoshida, A.; Yokono, O.; Oda, T. Therapeutic effect of chlorophyll-a in the treatment of patients with chronic
pancreatitis. Gastroenterol. Jpn. 1980, 15, 49–61. [CrossRef] [PubMed]

90. Tegos, G.P.; Hamblin, M.R. Phenothiazinium antimicrobial photosensitizers are substrates of bacterial
multidrug resistance pumps. Antimicrob. Agents Chemother. 2006, 50, 196–203. [CrossRef]

91. Schryvers, A.B.; Stojiljkovic, I. Iron acquisition systems in the pathogenic Neisseria. Mol. Microbiol. 1999, 32,
1117–1123. [CrossRef] [PubMed]

92. Wandersman, C.; Stojiljkovic, I. Bacterial heme sources: The role of heme, hemoprotein receptors and
hemophores. Curr. Opin. Microbiol. 2000, 3, 215–220. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/lsm.20887
http://dx.doi.org/10.1016/j.jphotobiol.2014.12.017
http://dx.doi.org/10.1016/S0956-7135(01)00057-3
http://dx.doi.org/10.1038/s41558-018-0161-6
http://dx.doi.org/10.1093/jac/37.4.665
http://dx.doi.org/10.1016/j.jphotobiol.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21807530
http://dx.doi.org/10.1111/j.1365-2672.2011.04986.x
http://www.ncbi.nlm.nih.gov/pubmed/21410603
http://dx.doi.org/10.1016/0002-9610(45)90322-9
http://dx.doi.org/10.1016/S0002-9610(40)90685-7
http://dx.doi.org/10.1007/BF02773704
http://www.ncbi.nlm.nih.gov/pubmed/6153629
http://dx.doi.org/10.1128/AAC.50.1.196-203.2006
http://dx.doi.org/10.1046/j.1365-2958.1999.01411.x
http://www.ncbi.nlm.nih.gov/pubmed/10383753
http://dx.doi.org/10.1016/S1369-5274(00)00078-3
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bacteria Strains and Cell Culture 
	Illumination 
	Chlorophyllin Extraction 
	Chlorophyllin Stability in Light 
	Growth Experiments 
	Determination of Effective Chlorophyllin Concentrations 
	Colony-Forming Units (CFU) Assay 
	Fluorescence Microscopy 
	Data Evaluation and Statistics 

	Results 
	A Question of Gram: Effects of Chlorophyllin on the Early Growth Behavior of Different Bacteria 
	Determination of the Minimal Inhibitory Chlorophyllin Concentration 
	Examining the Limits of a Photodynamic Therapy With Chlorophyllin 
	Chlorophyllin Concentration 
	Chlorophyll Degradation 
	Light Exposure Time 
	Light Intensity 
	Temperature 


	Discussion 
	Photodynamic Treatment with Porphyrins 
	The Outer Membrane Is a Barrier That Often Impedes Photodynamic Therapies 
	Chlorophyllin Is Not Only a Photosensitizer: The Two Modes of Action 

	Conclusions 
	References

