Arch Clin Exp Med 2020;5(3):100-105.

DOI:10.25000/acem.740365

o

e-ISSN: 2564-6567

Arastirma makalesi / Research article

o

) Photodynamic action of chlorin e6 against methicillin resistant

staphylococcus aureus with the aid of ethanol

Klorin e6’nin etanol yardimyla metisiline direncli stafilokok aureus iizerindeki

fotodinamik etkisi

Nermin Topaloglu ! Emel Bakay 1, Aziz Kolkiran

Abstract

Aim: The random use of antimicrobials for years has led to bacterial DNA mutation and a result of that, bacteria
have become resistant to antibiotics. Methicillin-resistant Staphylococcus aureus (MRSA) is among these types
of resistant bacteria that can easily infect when the immune system of the host is suppressed, and it significantly
delays the wound healing. Different treatment methods are being investigated to overcome this problem.
Antimicrobial photodynamic therapy is a candidate to become an alternative treatment for the destruction of
MRSA. The aim of this study was to investigate the effect of chlorin e6 for the photoinactivation of MRSA and
the synergetic role of ethanol in this mechanism.

Methods: 655 nm laser light and Chlorin e6 as photosensitizer were examined for the photoinactivation of
MRSA. Besides, 20% ethanol was used to increase the total antimicrobial efficacy with lower light energy
densities and photosensitizer concentrations. The colony counting method was used to determine viable bacterial
cells after each application.

Results: 25 J/cm2 energy density with 20 uM Chlorin e6 and 50 J/cm2 energy density with 10 pM Chlorin e6
showed the highest bactericidal activity. When 20% ethanol was used as an adjuvant, 25 J/cm2 energy dose with
2 uM Chlorin e6 resulted in a better killing effect.

Conclusion: Chlorin e6-mediated photodynamic therapy was successful to destroy MRSA and the addition of
ethanol provided the opportunity to obtain higher antibacterial activity with lower light intensities and
photosensitizer concentrations.
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Oz

Amag: Antibiyotiklerin uzun yillar boyunca kontrolsiiz bir sekilde kullanilmas1 bakteriyel DNA mutasyonuna
yol agmistir ve bunun sonucunda bakteriler antibiyotiklere direngli hale gelmistir. Metisiline direngli Stafilokok
aureus (MRSA) bakterileri, bu tiir direngli bakteriler arasinda olup viicudun bagisiklik sisteminin diigmesi
sonucu kolayca enfeksiyona sebep olabilmekte ve yara iyilesmesini 6nemli olgiide geciktirmektedirler. Bu
sorunun istesinden gelmek icin farkl tedavi yontemleri arastirilmaktadir. Antimikrobiyal fotodinamik tedavi
enfeksiyonlarin yok edilmesine yonelik alternatif bir tedavi olmaya adaydir. Bu ¢aligmanin amaci ise klorin
e6’nin MRSA’nin fotoinaktivasyonu tizerindeki etkisini ve bu mekanizmada etanoliin sinerjik roliinii
aragtirmaktir.

Yontemler: Bu ¢alismada MRSA'nin fotoinaktivasyonu igin 655 nm lazer 15181 ve fotosensitizan olarak Klorin
e6 incelenmistir. Ayrica, % 20 etanol kullanimiyla mekanizmanin antimikrobiyal etkinligi diisiik 151k enerjisi
yogunluklar1 ve fotosensitizan konsantrasyonlar ile arttirilmaya g¢alisilmistir. Her uygulamadan sonra canli
bakteri hiicre sayisini belirlemek i¢in koloni sayma yontemi kullanilmustir.

Bulgular: Uygulamalar arasinda 20 pM Klorin €6 ile 25 J/em2 enerji yogunlugu ve 10 uM Klorin e6 ile 50
J/em2 enerji yogunlugu en yiiksek bakterisidal aktiviteyi saglamistir. %20 etanoliin mekanizmaya eklenmesiyle
en etkili fotosensitizan konsantrasyonu 2 uM’a diisiiriilerek 25 J/cm2 enerji yogunlugu ile birlikte daha etkili bir
sonug elde edilebilmistir.

Sonug: Klorin e6 aracili fotodinamik tedavi, MRSA'y1 yok etmekte basarili olmustur ve etanol ilavesi, daha
diisiik 151k yogunlugu ve fotosensitizan konsantrasyonu ile fotodinamik tedavide daha yiiksek antibakteriyel
aktivite elde etme firsat1 saglamistir.
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Introduction

Bacterial infections can cause serious problems in
different types of wounds, prolong the wound healing process,
and may spread. Thus, infections must be eliminated for
complete wound healing. Wound infections are common and
may result in morbidity and mortality. Methicillin-resistant
Staphylococcus aureus (MRSA) infections, which are common
among these types of infections in the hospital and the
environment, are increasing day by day [1].

MRSA is a gram-positive bacterial species, found in
skin and mucosa by infecting the human body. MRSA, which is
usually found in the hospital environment, has been easily
transferred between patient-doctor and patient-patient, thus it has
become a common pathogen in the hospital and community [2,
3]. Staphylococci are common bacteria of the skin and mucous
membranes. They are usually present in high numbers in these
parts of the body compared to other microorganisms [4].
Therefore, it can cause a rapid pathogenic effect in areas where
the immune system is weakened such as after surgical
operations. More than 90% of the chronic wounds are bacteria-
borne diseases that occur in the oral mucosa, the enteric tract,
and the superficial areas that damage the healing mechanism [5].
MRSA and similar bacteria can appear and infect in any situation
where immune system elements such as B cell, T cell,
antibodies, and neutrophils are repressed [6, 7].

MRSA also has a fast DNA repair mechanism against
applied antiseptic or antibacterial applications. Therefore, they
can easily resist the treatment mechanisms applied. Because of
these reasons, researchers have gone on to explore and develop
various applications to eliminate the toxic effects created by
MRSA. They have carried out various studies on wound
infections. Among these studies, the most common and
traditional method has been antibiotic treatment [8]. From the
past to today, different bacterial agents have been used in the
treatment of bacteria. The result of the production of various
bacterial toxins has had different effects on the host immune
response. In general, agents have been developed to disrupt the
synthesis of bacterial cell walls and other important cell
organelles such as genetic material [9]. In the medical world, the
discovery of antibiotics has made possible the treatment of many
microorganism-borne diseases since the 20th century and
antibiotics play important role in many fields [10]. Over time,
extensive use of antibiotics and rapid mutations of
microorganisms against antibiotics has resulted in antibiotic-
resistant microorganisms and these rapid mutations have
increased the resistance of these microorganisms [11]. Bacterial
resistance is a very important issue as antibiotics become
ineffective as bacteria develop ways to counter antibiotics. In this
way, the lethal pathogenic bacteria develop and regenerate in
poor conditions [12]. As a result of the different and widespread
use of antibiotics by humans, many bacteria have become
resistant to antibiotics used and have had fatal consequences [13,
14]. MRSA is anxiously resistant bacteria nowadays because of
its unique virulence, its ability to cause various infections, and its
ability to adapt easily to different environmental conditions and
have become resistant to many antibiotics with different
mechanisms [15, 16]. When the resistance mechanisms that
occur in MRSA are examined in general; it may limit the drug
intake, modify the drug target, perform horizontal gene transfer,
provide enzymatic inactivation of the drug, or provide the active
efflux of the drug to render the administered antibiotic
ineffective [17]. Despite the recent development of new
antibiotics, MRSA will continue to develop rapid resistance to
existing antibiotics. Therefore, antibiotic therapy does not seem
to be a definite recovery [18]. For this reason, researchers have

begun to develop alternative and effective solutions instead of
traditional  antibiotic  treatment.  The  destruction  of
microorganisms by antimicrobial photodynamic therapy (aPDT)
is an effective and widely prescribed alternative technique today.

aPDT, one of the most innovative and promising
approaches used in this study, is a valuable therapeutic approach
for the elimination of MRSA infections. It is a specific method
involving the interaction of non-toxic drug or dye, which is
known as photosensitizer (PS), with light at the appropriate
wavelength [10]. After light irradiation, the PS jumps from low
energy levels to high energy levels and becomes excited. The PS
transmits the energy to the bio-macromolecules around it through
molecular interaction. High energy transferred from PS to
available oxygen molecules forms various free radicals or
reactive oxygen species (ROS). These products cause irreversible
damage to the bacterial cell [19]. This lethal effect may be in the
form of lipid membrane degradation or deterioration of single or
double-stranded DNA [11]. The rate of formation of ROS and
mechanism of action of aPDT is thought to depend on the
duration of application of the PS, its localization on/in the cell,
and the biological environment applied [19]. aPDT needs three
main elements; oxygen, light, and PS. Among these elements, PS
directly affects the activity of aPDT [20]. To activate the PS at
maximum level, it should have the characteristics of high
chemical stability, good solubility in water, low dark toxicity,
high affinity for microbial cells, preferential accumulation
around the pathogenic microorganism, selectively targeting
specific cells and high photo-toxicity under light illumination.
Porphyrin derivatives, chlorins, phthalocyanine, Rose Bengal,
phenothiazines are commonly used as PSs [11]. Mono-L-
Aspartyl-Chlorin e6 (Ce6) is a second-generation PS with
chemical purity, low dark toxicity, and easy to synthesize with
minimal side effects. It also has the maximum absorption under
the red light that is found in the visible region of the
electromagnetic spectrum  [21]. Since the light absorption
capacity of chlorin and its derivatives is at maximum after the
irradiation with light in the red portion (600-700 nm) of the
visible spectrum, it has been reported that their activity to
produce ROS in the tissue is high in this window after exposure
to red light [22]. For these properties to provide the expected
effect on living microorganism, the chemical properties of the
solvent that is used to dissolve Ce6 play a big role in
photoinactivation process. Solvents that increase the capacity to
generate more ROS in the environment can be preferred where
Ce6 and bacterial cells meet, interact, and then this interaction
results in cell death. Less polar solvents such as ethyl alcohol
have been reported to increase the antibacterial properties of Ce6
[23]. It is also known that ethyl alcohol alone causes destruction
and death on microorganisms [24]. EtOH has an increased
antimicrobial activity in the presence of water and has two main
mechanisms of action that create membrane damage and protein
denaturation on the bacterial cell. In membrane damage
mechanism, the bacterial membrane integrity is impaired due to
the dissolution of membrane lipids in the presence of EtOH. In
the protein denaturation mechanism, EtOH causes the proteins in
the cell to become dysfunctional. Thus it affects cell metabolism
and results in cell lysis at the end [25]. Besides, Pronchnow et al.
claimed that the presence of EtOH reduces the PS aggregation
rate compared to water, resulting in high singlet oxygen
production, and that the half-life of the produced singlet oxygen
in EtOH is 5 times more than the half-life of singlet oxygen
produced in the presence of water [26]. Thus, EtOH seems to be
a good adjuvant to increase the efficacy of the photoinactivation
mechanism because of its antimicrobial properties and being a
proper PS solvent for the high quantum yield of singlet oxygen
[25, 26].
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In this study, it was aimed to analyze the possible effect
of Ce6 as a PS for the photoinactivation of MRSA and the
synergistic action of ethanol to improve the mechanism of aPDT
with Ce6. Because of the low toxicity, easy synthesis and
production, fast and selective accumulation in the target tissue,
and high photosensitizing efficacy, it is thought to be effective in
obtaining efficient results in aPDT applications on MRSA. To
activate Ce6, 655-nm laser light was used as a light source. Then
optimum parameters such as energy dose and PS concentration
were determined to destroy MRSA efficiently. In the second part
of this study, 20% Ethanol (EtOH) was used as an adjuvant to
increase the bactericidal effect of aPDT by lowering the levels of
energy dose and Ce6 concentration.

Material and methods

Bacterial Strain

A clinical isolate of MRSA strain was used to analyze
the bactericidal effect of aPDT. MRSA from -80°C frozen stock
was used in the streaking method to obtain single colonies.
Before each experiment, a single colony of MRSA was incubated
in tryptic soy broth (TSB) at 37°C for 18-24 hours. And then the
suspension was centrifuged and the supernatant was discarded.
Centrifuged bacteria were suspended in phosphate-buffered
saline (PBS) and made ready for application to be around 108
CFU/ml.

Photosensitizer and Ethanol

In this study, the Ce6 agent (Santa Cruz Biotechnology,
Dallas, TX, USA), which is in the cationic structure and the
chlorin class, was used as PS. Ce6 that has C34H36N406
molecular formula and 536.684 g/mole molecular weight is a
second-generation drug that can be used in aPDT applications.
Ce6 solutions have been prepared and kept in the dark because of
the photobleaching problem of the PS in the light environment. It
was dissolved in PBS and applied freshly for each experiment. 1,
2, 5, 10, and 20 pM Ce6 concentrations were used throughout
this study.

EtOH was used as an adjuvant to increase the
effectiveness of Ce6. The Ce6 was dissolved in 20% EtOH
which was obtained by mixing absolute EtOH with distilled
water. Ce6 solutions in 20% EtOH were prepared at specific
concentrations. These solutions were examined at different levels
of activity with light applications.

Optical Setup

A diode-pumped laser device emitting red light at 655
nm of wavelength was used as a light source (PS4 Il1I.LED,
Changchun  New Industries Optoelectronics Co. Ltd.,
Changchun, China). The fiber optic which was used to deliver
the light to the cells was placed perpendicularly to the 96-well
plate where bacteria were seeded on the optical table. The
distance between the optical table and the fiber tip was set to 8.7
cm. The illumination area was 3.14 cm2 on the optical table. The
output power of the light from the optical fiber is 200 milliwatts
(mW) and the power density was 63 mW/cm2. This diode-
pumped laser device has a Gaussian beam distribution. To
irradiate the cells homogenously with laser light, the core part of
the light was used as the illumination area and the energy density
of the laser beam was checked by a power meter (Thorlabs,
Germany) before each light applications. To obtain the desired
antibacterial effect, the optimum laser energy doses were
determined by keeping the power density constant and changing
the application time. The light intensities applied were 25 and 50
Jiem2.

Experimental Procedure

Six different main groups were formed in the aPDT
study using different drug concentrations and different
combinations of light energy doses.

. “Control Group” No light or PS was applied,

. “Laser Group” Only the laser was applied,

. “Ce6 Group” Only PS was applied,

. “EtOH Group” Only 20% EtOH was applied

. “aPDT Group” Light and PS were applied together,

. “aPDT - EtOH Group” Light is applied together with
Ce6 dissolved in 20% EtOH,

At the beginning of each experiment, 50 pL bacterial
solutions were seeded on 96-well plates. All the applications
were performed on these plates. After the addition of bacterial
solution, the following steps were performed; (1) An equal
volume of PBS was mixed with the bacterial solution in Control
and Laser groups. (2) An equal volume of Ce6 solution was
mixed with the bacterial solution in Ce6 and aPDT groups. (3)
An equal volume of Ce6 solution in 20% EtOH was mixed with
the bacterial solution in only EtOH and aPDT-EtOH groups. (4)
Then the bacteria were incubated with these solutions for 15
minutes. (5) After incubation, the light was irradiated on bacteria
in Laser, aPDT, and aPDT-EtOH groups. (6) When these
applications were completed, the serial dilution method was
performed to determine the number of live and dead bacterial
cells.

OO, WN -

Statistical Analysis

Each experimental group was examined with 3 samples
and repeated at least 3 times. All the data obtained from these
experimental groups were normalized by the data of the control
group. These normalized data were firstly analyzed by one-way
ANOVA and then each experimental group was compared with
the control group by the Student’s t-test. The statistical
difference was determined as p < 0.05.

Results

The Effect of Chlorin e6, Light and 20% EtOH on
MRSA

In this study, aPDT with Ce6 was examined on MRSA
and then the role of EtOH was analyzed in Ce6-based aPDT
applications. First of all, MRSA was incubated with different
Ceb6 concentrations (1, 2, 5, 10, and 20 pM) to examine whether
Ceb6 has any dark toxicity on bacteria or not. In these groups
where only the PS was applied, similar results were obtained
with the control group. Maximum reduction in cell viability was
observed with 10 uM Ce6 and it was approximately 9% which
cannot be considered as meaningful dark toxicity. Besides, 20
uM Ce6 concentration caused an increase in the bacterial cell
population with a rate of 27%. These results showed that only
Ce6 application did not have any lethal effects on MRSA
bacterial strain (Figure 1). Then the effect of two different
energy doses (25 and 50 J/cm2) was analyzed on MRSA. 25
J/iem2 light intensity caused a slight increase in cell number. On
the other hand, 50 J/cm2 resulted in only a 1% decrease. Any of
them cannot be considered as an effective treatment on bacterial
cells. According to these results, it was understood that only laser
application with these energy doses had no lethal effect on
MRSA, too (Figure 1). Before aPDT applications, the effect of
20% EtOH was also examined to understand its antibacterial
effect on MRSA. In only 20% EtOH-treated groups, cell viability
decreased by nearly 10%. When it was compared with the
control group, it was understood that the effect of 20% EtOH did
not cause any statistically significant difference in cell viability
(Figure 1).
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Figure 1. Bactericidal activity of different light doses, Ce6
concentrations, and 20% EtOH on the viability S. aureus.

Figure 3. Bactericidal activity of different aPDT doses on the viability
of S. aureus.

Bacterial Cell Viability (%)
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The number of viable cells was counted by colony counting method after laser, Ce6, and
EtOH applications. Data of each experimental group were normalized with the data of the
control group (Light dose: 25 and 50 J cm2 and Ce6 concentrations: 1, 2, 5, 10, and 20 uM).
* shows the statistical significance with respect to the control group and p-value smaller than
0.05 was considered as statistically significant (n > 8).

The Photoinactivation with Ce6 on MRSA

In aPDT applications, 25 J/icm2 light energy was
examined together with 4 different Ce6 concentrations (2, 5, 10,
20 uM). Any of these combinations were successful to eradicate
MRSA with more than 99% mortality rate and they were
statistically significant when they were compared with the data
of the untreated control group. The most efficient application
with a rate of 99.99% was obtained with 25 J/cm2 energy dose
and 20 uM Ce6 concentration (Figure 2).

Figure 2. Bactericidal activity of different aPDT doses on the viability
of S. aureus.
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The number of viable cells was counted by colony counting method after aPDT applications.
Data of each experimental group were normalized with the data of the control group (Light
dose: 25 J cm2 and Ce6 concentrations: 2, 5, 10, and 20 pM).

* shows the statistical significance with respect to the control group and p-value smaller than
0.05 was considered as statistically significant (n > 8).

Then 50 J/cm2 energy dose was applied with 4 different
Ceb concentrations (1, 2, 5, 10 pM) on MRSA. By using more
intense light, Ce6 concentration was reduced to its half which
was 10 uM to obtain the same bactericidal effect with a rate of
99.99% (Figure 3).
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The number of viable cells was counted by colony counting method after aPDT applications.
Data of each experimental group were normalized with the data of the control group (Light
dose: 50 J cm2 and Ce6 concentrations: 1, 2, 5, and 10 pM). Each column indicates
normalized data + standard deviation (n>8).

* shows the statistical significance with respect to the control group and p-value smaller than
0.05 was considered as statistically significant (n > 8).

The Effect
Photoinactivation

To examine the effect of EtOH in the photoinactivation
process, Ce6 solutions were prepared in 20% EtOH. 3 different
Ceb6 concentrations (1, 2, 5 pM) were examined with 25 J/cm2
energy dose. As shown in Table 1, These Ce6 concentrations
were capable to create more than 99% antibacterial activity when
they were in 20% EtOH solution after the irradiation by 25 J/cm2
laser light. The most effective application was performed with 2
uM Ce6 in 20% EtOH. Thus, the adjuvant effect of EtOH on
MRSA has shown a significant lethal effect with less amount of
Ce6 under light illumination (Table 1).

of 20% EtOH in Ce6-based

Table 1. Percentage decrease in the viability of S. aureus after Ce6-
mediated photoinactivation process with/without EtOH.

a4

% Decrease in Cell Viability
Ceb . . aPDT with 25
Concentration 322;5 with 25 32?;2— with 50 Jlem? + 20%
(»M) EtOH
1 uM Ceb - 94.5381 99.9962
2 uM Ceb 99.9884 99.8318 99.9999
5 uM Ce6 99.9947 99.9904 99.9988
10 uM Ce6 99.9963 99.9990 -
20 uM Ce6 99.9999 - -
Discussion

In this study, the photoinactivation capability of Ce6
was examined with a 655 nm laser light on MRSA. Then EtOH
was used to increase the bactericidal effect of this mechanism by
lowering the Ce6 concentration. When any of these parameters
which are PS, light, or EtOH was used alone, it desired not to
cause any bactericidal activity to limit the side effects of this
mechanism. aPDT can be considered as successful when it is
applied to the infected area of the biological tissue without
giving any harm to the neighboring tissue. Different Ce6
concentrations (1, 2, 5, 10, and 20 uM) did not cause any dark
toxicity on MRSA when applied alone. The maximum reduction
in cell viability was obtained with 10 pM Ce6 and it was around
9%. When their impacts were analyzed statistically, none of
them showed any difference from the untreated control group.
Similar results were obtained with the application of only light
(25 and 50 Jlcm2) and only 20% EtOH treatments. Light
treatments resulted in a slight change in bacterial cell viability.
20% EtOH application decreased the cell viability with a rate of
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nearly 10%. None of them were statistically different from the
control groups. It can be concluded that these parameters cannot
cause any significant cell death when they were applied alone.

When the aPDT groups that were received 25 J/cm2
laser irradiation were examined, more than 99% cell death was
achieved with any of the Ce6 concentrations. The most
successful one was the treatment with 20 uM Ce6 irradiated by
25 Jlcm2. This treatment resulted in more than 99.99% cell
death. The general purpose of aPDT is to obtain the maximum
cell death with minimum light energy dose and Ce6
concentration. Among these parameters, the PS is the most
possible toxic element of these applications. So it is always
desired to minimize the concentration level of PSs. To increase
the bactericidal capacity of PS in aPDT with lower
concentrations, light energy dose must be increased [27].
Therefore, light energy was increased to 50 J/cm2 and its effect
was examined with 4 different Ce6 concentrations (1, 2, 5, and
10 uM). 1 uM Ce6 concentration caused a cell death with a rate
of 94% which was quite high but not efficient to eradicate
bacterial population with an acceptable range. When the
concentration of Ce6 was increased slightly, aPDT applications
resulted in more than 99% cell death. Among the Ce6
concentrations used with 50 J/cm2, the best result was obtained
with 10 uM Ce6 concentration.

In aPDT groups using 25 and 50 J/cm2 laser energy
doses, the desired more than 99.99% bacterial viability reduction
was seen in experimental groups containing 20 uM and 10 uM
Ce6 concentrations, respectively. Although 50 J/cm2 is higher
energy level when compared to 25 J/cm2, it showed less
bactericidal activity when its effect was compared with the effect
of PS alone, which means that these energy doses of red light
were not as harmful as PS itself. The aim of the work is to
achieve maximum bacterial cell death at the minimum laser
energy dose and PS concentration and also to avoid the lethal
effect of the PS or laser alone. Therefore, the aPDT group
containing 50 J/cm2 and 10 pM Ce6 concentration was accepted
as the desired doses for the photoinactivation process.

In the second part of this study, EtOH was used as an
adjuvant to increase the effect of aPDT with a lesser amount of
light dose and PS concentration. In this part, 25 J/icm2 energy
dose was examined with 1, 2, and 5 uM Ce6 concentrations.
With the addition of 20% EtOH to the mechanism, more than
99.99% cell death was achieved with any of these Ce6
concentrations. The most efficient antibacterial activity was
obtained with 2 pM Ce6. The use of 20% EtOH provides the
opportunity to decrease PS concentration level in a significant
amount (10X reduction according to the application with 25
J/iem2, 5X reduction according to the application with 25 J/cm2).
So it will be a promising strategy in aPDT applications to avoid
the lethal effect of the drug alone. It is thought that EtOH
increases bacterial wall permeability and penetration capability
of Ce6 into the cells [26].

In conclusion, the aim of this study was to develop an
alternative antibacterial mechanism that can completely destroy
MRSA strains. The desired effects were achieved in both EtOH-
free and EtOH-containing applications with Ce6 and 655-nm
laser light. Significantly high bactericidal effects were obtained
at a lower level of red light and Ce6 concentration in this study.
Achieving the maximum levels of cell death with such low
quantities of Ce6 levels reflects the success of the Ce6-based
aPDT with and without EtOH. Thus, using Ce6 as a PS in the
presence of 655-nm laser light can be a good candidate for the
elimination of local infections caused by MRSA clinically.
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