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Abstract. Infections with pathogens could cause serious health problems, such as septicemia and subsequent
death. Some of these deaths are caused by nosocomial, chronic, or burn-related wound infections.
Photodynamic therapy (PDT) can be useful for the treatment of these infections. Our aim was to investigate
the antibacterial effect of indocyanine green (ICG) and 808-nm laser on a rat abrasion wound model infected
with the multidrug resistant Staphylococcus aureus strain. Abrasion wounds were infected with a multidrug
resistant clinical isolate of S. aureus. ICG concentrations of 500, 1000, and 2000 xg/ml were applied with a
450 J/cm? energy dose. Temperature change was monitored by a thermocouple system. The remaining bac-
terial burden was determined by the serial dilution method after each application. Wounds were observed for 11
days posttreatment. The recovery process was assessed macroscopically. Tissue samples were also examined
histologically by hematoxylin—eosin staining. Around a 90% reduction in bacterial burden was observed after
PDT applications. In positive control groups (ICG-only and laser-only groups), there was no significant reduction.
The applied energy dose did not cause any thermal damage to the target tissue or host environment. Results
showed that ICG together with a 808-nm laser might be a promising antibacterial method to eliminate infections
in animals and accelerate the wound-healing process. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JB0.20.2.028003]
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1 Introduction

Chronic wound infection with multidrug resistant microorgan-
isms can be a life-threatening disease, with serious complica-
tions such as the removal of tissue/organ and mortality.'™
Improper use of antibiotics is one of the main reasons for multi-
drug resistance, which applies a selective pressure and triggers
evolutionary mechanisms of survival for microorganisms,
resulting in the emergence of new resistance pathways. Yet
in terms of treatment, it has become harder to find or develop
new antibiotics in recent decades. Silver preparations or iodine-
containing solutions may be used as antimicrobial agents to
eradicate infections; however, they still have some disadvan-
tages such as being toxic to healthy cells and they are not as
effective as antibiotics to completely eradicate infections. They
are mostly suitable for topical applications, thus they have lim-
ited effect for the treatment of deeper infections. Another anti-
bacterial treatment is surgical removal of the infected part of the
tissue from the body. This method creates new wounds, which
delays the healing process and cannot completely eliminate
infected tissues.®’

Many strains of Staphylococcus aureus are responsible for
nosocomial or superficial skin infections. The multidrug resist-
ant forms, including the methicillin resistant strain, are among
the most difficult to treat, causing thousands of deaths each
year.>!? Thus, development of new and effective treatment
modalities is an urgent and important issue to overcome not
only infection related mortality but also the related economic
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burden to patients and hospitals. Photodynamic therapy (PDT)
could be a promising approach with which to solve this global
health problem.

PDT had been used to destroy some microorganisms in the
early 1900s. After the discovery of penicillin in 1928, the sci-
entific world headed toward using antibiotics, and PDT was dis-
regarded as an antibacterial tool.>!>!* Later, it was investigated
to treat some oncological and ophthalmological diseases. Today,
it is successfully used to treat various cancer types, age-related
macular degeneration, acne problems, etc.”!*!>16-22 Recently,
researchers have started to investigate PDT as an alternative anti-
bacterial tool.”*> So far, investigations have resulted in prom-
ising outcomes.

The mechanism of action of PDT involves light in the range
of the visible or near-infrared spectrum and a suitable substance,
such as a chemical, drug, or dye, which is called a photosensi-
tizer, absorbing a specific wavelength.!!*!6262" There are two
possible mechanisms for PDT at the molecular level. When the
photosensitizer absorbs light, energy transfer occurs between the
photons and photosensitizer and molecules of the photosensi-
tizer levels up to the excited state. Although they go back to
the ground state, energy may be transferred to organic substrates
and radical ions are produced to react with oxygen molecules.
At the end, cytotoxic species are generated to destroy target tis-
sues or cells. This is called the type I mechanism of PDT. In the
type II mechanism, absorbed energy by the photosensitizer may
be transferred to molecular oxygen available in the environment.
This results in the production of reactive oxygen intermediates
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such as singlet oxygens, hydrogen peroxides, or hydroxyl rad-
icals as cytotoxic products.>!0-26.28.29

Suitable wavelengths for PDT are in the visible and near-
infrared regions of the spectrum. Wavelengths between 632.5
and 650 nm are mostly preferred in PDT studies.”® Appropriate
photosensitizers for this range are toluidine blue, chlorine(e6)
conjugates, methylene blue, and porphyrin derivatives. These
photosensitizers are advantageous for antibacterial PDT because
of their cationic nature, which can interact easily with the
anionic surface of bacterial cells.>*3* On the other hand, there
are few antibacterial PDT studies using wavelengths in the near-
infrared spectrum. Yet these studies investigated the efficiency
of PDT using only in vitro conditions.** The appropriate photo-
sensitizer for the near-infrared spectrum is indocyanine green
(ICG). It has a high absorption capacity around 800 nm. In fact
itis a dye approved by the Food and Drug Administration (FDA)
and mainly used for medical imaging to check and monitor
retina, liver and blood vessels and their functions. It is also
widely used in ophthalmological treatments to destroy leaky
blood vessels in the retina. It has become a good alternative to
treat acne vulgaris, too. Its toxicity level is very low; therefore, it
is very suitable for medical purposes.’>® However, its anionic
nature decreases its attractiveness as an antibacterial agent.
Nevertheless, the properties of the wavelengths in near-infrared
spectrum, which are used together with this photosensitizer, may
make this combination more advantageous for applications on
biological tissues. Wavelengths around 780 to 810 nm can pen-
etrate deep inside the tissue, nearly 6 mm, which is nearly twice
the depth that visible light can travel through the tissue.* This
feature may provide an opportunity for eliminating deeper infec-
tions. There are several successful studies indicating that ICG-
PDT could be used to destroy cancerous tissue and a couple of in
vitro antibacterial studies using ICG and near-infrared light
together;*** however, no in vivo antibacterial study has been
reported so far. Omar et al. investigated antibacterial PDT with
ICG and near-infrared laser light on S. aureus, Streptococcus
pyogenes, and Pseudomonas aeruginosa in vitro. This study
was quite successful in the development of the effective antibac-
terial effect of destroying bacteria completely.** Later, our group
reported a study on lethal photosensitization of ICG and 809-nm
diode laser on other strains of S. aureus and P. aeruginosa
in vitro. This study showed that much lower energy doses and
ICG concentration could be efficient to destroy these pathogens
completely other than the energy dose and ICG concentrations
that Omar et al. reported in their study.**** These successful data
obtained from in vitro studies led our group to assess the lethal
photosensitization effect of ICG and near-infrared light on a rat
infected wound model. Here, we report for the first time the
efficiency of PDT with ICG and an 808 nm wavelength on
an abrasion wound model infected with a resistant strain of
S. aureus.

2 Materials and Methods

2.1 Bacterial Strains

A multidrug resistant strain of S. aureus was used to infect
wounds. It was a clinical isolate obtained from Gazi University,
Department of Microbiology, Ankara, Turkey. A single colony
was used to inoculate tryptic soy broth and cultured overnight at
37°C. Bacterial suspension was then centrifuged, the supernatant
was discarded and the pellet was dissolved in phosphate-buffered
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saline (PBS) to approximately 10° to 107 CFU/ml. This suspen-
sion was used to infect wounds on animals.

2.2 Photosensitizer and Light Source

ICG (Pulsion Medical Systems AG, Munich, Germany) solution
was freshly prepared in PBS before each experiment and kept in
the dark to protect it from photobleaching. All the experiments
were also performed in the dark. An 808-nm diode laser was
used as the light source. It is a continuous-mode laser with a
maximum output power of 2 W. Laser light was delivered to
the target tissue with a 1000-um optical fiber that was coupled
to the original fiber of the laser. To illuminate an area of 1 cm?, a
collimator was attached to the end of the 1000-um optical fiber.
The distance between the tip of optical fiber and the target tissue
was fixed and the power of the laser was controlled before each
experiment with a power meter (Newport 1918-C, California).

2.3 Animals and Abrasion Wound Model

Randomly selected Wistar albino female rats, 2- to 3-months
old, weighing 170 to 220 g were used. They were obtained
from Vivarium, Center for Life Sciences and Technologies
Research at Bogazici University. All experiments were approved
by Institutional Ethics Committee for the Local Use of Animals
in Experiments of Bogazici University.

Animals were anesthetized by intraperitoneal (i.p.) injection
of ketamine and xylazine mixture (90 mg/kg ketamine,
10 mg/kg xylazine) before wound creation and laser applica-
tion. The dorsal skin of the animals was shaved by an electric
razor, and then the skin was cleaned by 70% (v/v) alcohol. To
create abrasion wounds, 21-gauge needles were used to scratch
an area of approximately 1 cm? on the upper layer of the epi-
dermis. After creating the wounds, 50 pl of bacterial suspension
was added to the scratched area of the wound with the help of
the tip of a pipette. There was a 30 min of waiting period for
diffusion of bacteria into the wound.

2.4 In Vivo Experiments

In this study, four groups were formed to investigate and com-
pare the effect of ICG-PDT application. Experimental group
comprises “PDT-applied wounds,” which received both laser
light application and ICG. As positive controls, “laser-applied
wounds,” which only received laser light and “ICG-applied
wounds,” which only received ICG were created. In the “control
group,” wounds received neither laser nor ICG as a negative
control. Three wounds were created on each animal; one of
them was assigned for negative control and the other two were
assigned for PDT or positive controls.

In the PDT groups, ICG solution was added to the wounds
after inoculation of bacteria. Immediately after the addition of
ICG solution, irradiation of the wound by laser was started.
First, 10 pl of ICG solution was added and an additional 10 ul
of ICG was added to the wound at 3-min intervals until the total
volume of 50 pl (5 X 10 ul) was reached during laser applica-
tion. Laser irradiation lasted for 15 min in each application. The
output power was 500 mW, therefore, the laser energy dose
transferred to the wound was 450 J/cm?.

In the laser groups, wounds were irradiated with 450 J/cm?
of laser energy without any ICG after the inoculation of bacteria.
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In an ICG group, specific ICG concentrations were added to
the wounds without any laser irradiation and the ICG adminis-
tration was the same as in the PDT groups.

Following these applications, the wounds were removed
using sterile scissors and forceps. Tissue samples were cut at
the boundaries of the wounds and these samples were put in
5 ml of PBS. After the weights of the samples were calculated,
they were compressed in a buffer solution to release viable bac-
teria from the tissue by using a sterile pestle. Viable bacteria in
these solutions were calculated using a serial dilution method.
The aliquots were serially diluted in PBS solution by 1/10 dilu-
tion factor and spread on tryptic soy agar plates and incubated
overnight at 37°C. Colonies counted on these plates were then
multiplied by a dilution factor to calculate the amount of bacteria
within the corresponding tissue sample. Then colony-forming
units (CFU) per gram were calculated for each wound depend-
ing on the weight of the tissue sample extracted from the
animals:

CFU/gram = colonies counted on plates X dilution factor

/weight of tissue sample.

2.5 Wound Healing and Histological Analysis

In order to observe the wound healing period, 2-day, 4-day, 7-
day and 11-day groups were formed with five animals per group
with a single wound per animal. The optimum combination of
ICG concentration and energy dose were used to treat the
infected wound on each animal and then these animals were fol-
lowed for 2, 4, 7, and 11 days. On the treatment day, the initial
size of the wounds was precisely measured by Vernier calipers
and the size of the wounds was measured every day until they
were sacrificed. Wounds were removed after sacrificing for fur-
ther histological analysis. Due to ethical considerations, animals
with untreated wounds were not allowed to live during the heal-
ing process, and were sacrificed immediately after the first day.
They were just used to compare the immediate response of the
experimental group and positive controls in terms of bactericidal
and/or thermal effects. Besides the PDT-treated wounds, the
wounds of five animals were treated with an antibacterial
cream with 2% mupirocin to form a control group for comparing
the antibacterial effect of the conventional treatment with the
effect of ICG-PDT during the healing process. These animals
were followed for 14 days after infection and treatment and
how quickly they were healed after treatment was assessed
by measuring the wound sizes with Vernier calipers.

Removed tissue samples were fixed in 10% PBS-formalin
solution for 2 to 3 days. After fixation, samples were processed
in Tissue Processor (Leica TP 1020). These samples were
embedded in paraffin blocks and sectioned to 6-um thickness
by microtome (Leica RM 2255). These sections were stained
with hematoxylin—eosin. Stained slides were assessed under a
light microscope (Nikon Eclipse 80i, Japan) to observe the epi-
thelial lining, re-epithelialization, inflammation, and collagen
formation.

2.6 Temperature Measurements

Temperature change was monitored by a 20-um K-type thermo-
couple, which has a response time of 0.1 s and measures changes
of 0.1°C. The tip of the thermocouple was inserted into the
wounds created during measurements. First, the temperature
of the wound was measured before laser irradiation. Then the
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temperature increase was measured in the presence and absence
of ICG immediately after illumination.

2.7 Statistical Analysis

All the viable cell count data were normalized by dividing it
with its corresponding data in the control wound. These normal-
ized data were analyzed with one-way analysis of variance and
then two-tailed Student 7 test for statistical significance. p values
lower than 0.05 were considered as significantly different.

3 Results

3.1 Antibacterial Effect of PDT on Infected Abrasion
Wounds

The laser energy dose (450 J/cm?) was applied together with
500, 1000, and 2000 pg/ml of ICG on infected abrasion
wounds. As shown in Fig. 1, a significant reduction in cell
viability was observed in the PDT groups. The reduction was
around 90% and corresponds to 1 to 2 logarithmic decrease
in CFU/gram. In the laser group, viable cell count after irradi-
ation was nearly the same as in the control group. In ICG
groups, a decrease was observed in the bacterial cell count when
compared with the control group. However, the data in this
group were not significantly different from the data in the con-
trol and laser groups. As expected, PDT groups were signifi-
cantly different from all other control groups. But PDT groups
were not significantly different from each other, showing that a
decrease in cell viability did not depend on the ICG concentra-
tions applied in this study.

3.2 Wound Healing

Figure 2 shows the percentage reduction in the size of the PDT
and 2% mupirocin-treated wounds during 14 days. PDT param-
eters chosen for the healing period were 450 J/cm? of energy
dose and 500 ug/ml of ICG. In the first 2 days, the area of
PDT-treated wounds decreased by nearly 40%. Then the healing
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Fig. 1 Bacterial cell viability on abrasion wounds after laser, indocya-
nine green (ICG), and photodynamic therapy (PDT) applications.
Laser output power was 500 mWatt, irradiation time was 15 min, ICG
concentrations used were 500, 1000, and 2000 pg/ml. Asterisk rep-
resents the statistical difference with respect to control (p < 0.05). n >
8 number of wounds in each group.
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Fig. 2 The percentage reduction in size of PDT-treated wounds and 2% mupirocin-treated wounds.

n =5 number of wounds/animals in each group.

process slowed down for 1 to 2 days, and then accelerated again.
After the fifth day, the size of the wounds decreased more than
50%. At the 11th day, wounds were barely visible and their sizes
approached zero.

The area of 2% mupirocin-treated wounds decreased only
20% in the first 6 days. Then the healing process of these
wounds increased and nearly reached to the healing process of
the PDT-treated wounds, however, then it slowed down again
and approximately 75% of the wound healing was observed
on the 11th day. 2% mupirocin-treated wounds were still visible
after 14 days. The healing process of the PDT-treated wounds
was much faster than the 2% mupirocin-treated wounds, as
clearly seen in Fig. 2.

3.3 Histological Analysis

As shown in Fig. 3(a), a disrupted epithelial lining can be clearly
observed on the newly opened wound. The integrity of the epi-
dermis was destroyed because of the scratches with the needles.
In order to assess whether any thermal damage occurred due to
laser irradiation, tissue samples were removed after PDT appli-
cation. Figure 3(b) shows this tissue sample in which the epi-
thelial lining was disrupted as in the tissue sample shown in
Fig. 3(a). Even though a high concentration of ICG was used,
no thermal destruction was observed in the tissue. In Fig. 3(c),
the wound sample removed at day 2 was shown. Tissue was
covered with a thick scab. Beneath the scab, the epithelial lining,

Fig. 3 Histological image of (a) wound that was newly opened and had not yet received ICG or laser;
(b) wound that was immediately removed after PDT application; (c) PDT-treated wound that was
removed at second day after application; (d) PDT-treated wound that was removed at fourth day
after application; (e) PDT-treated wound that was removed at seventh day after application; (f) PDT-
treated wound that was removed at 11th day after application. Hematoxylin—eosin staining; original mag-

nification (mag): (a, b, c, d, e, f) 100x.
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which became thicker, was observed. The integrity of the epi-
dermis was recovered but was not uniform. The numbers of the
fibroblasts increased and were concentrated at the edge of the
wound. At day 4, it was observed that the scab of the wound
almost completely disappeared, but some remnants were still
present. The epithelial lining became thicker, therefore, the
integrity of the epidermis was provided. Fibroblast cells at the
edge of the wound were still high in number [Fig. 3(d)]. At day
7, the scab on the wound disappeared completely. The epithelial
lining started to become thinner than it was at day 4. The integ-
rity of the epidermis was still preserved and the number of fibro-
blast cells decreased. The wound healing process was almost
completed [Fig. 3(e)]. At day 11, the scar of the wound was
nearly invisible. The wound healing process was completed
in 11 days as shown in Fig. 3(f). The epithelial lining reached
its normal thickness, the integrity of the epidermis was uniform
and fewer fibroblasts were observed.

Figure 4 shows the wound morphologies during the healing
process. The sample in Fig. 4(a) is a newly opened wound and
the sample in Fig. 4(b) is a PDT-treated sample. The PDT-treated
sample had a scab on it at the second day [Fig. 4(c)]. The scab on
the wound diminished at the fourth day [Fig. 4(d)]. The scab
totally disappeared, there was only a small redness, and the
wound size remarkably decreased at seven days [Fig. 4(e)].
There were not any scabs or redness, and only small scars were
in the place of the wound at the 11th day [Fig. 4(f)].

3.4 Temperature Measurements

The temperature of the wound before laser irradiation was mea-
sured as 22.54 & 0.29°C. In the absence of ICG, 450 J/cm? of
energy dose caused only a 1.32°C temperature change after 15-
min illumination. In the presence of ICG, the temperature
change was 7.68°C after same duration of illumination (Table 1).
ICG caused more than a 6°C change. During laser illumination,

Table 1 Temperature change after the laser application in the pres-
ence of ICG or without ICG.

Output Energy Application Temperature
power density duration ICG change at the end of
(mWatt)  (J/cm?) (min) (+/-) the application (°C)
500 450 15 - 1.32

500 450 15 + 7.68

the maximum temperature reached was 39.53°C. It was still
below the critical point of 45°C at which hyperthermia begins.*

4 Discussion

PDT is regarded as a promising new antibacterial method and
there are several studies concerning PDT using visible light and
different photosensitizers. Researchers have generally focused
on investigating more successful photosensitizers, which have
a higher affinity to bacterial cells in order to obtain a better bac-
tericidal effect.>*’>? In this study, the near-infrared spectrum
was chosen to take advantage of its deeper penetration capability
through biological tissue.*> The suitable photosensitizer for
808 nm is ICG and it has some disadvantages when applied
on bacterial cells. It has an anionic chemical structure and a rel-
atively big size, which affects the interaction of this molecule
with bacteria and its diffusion through the cell wall.#0-#44533
In addition, it has been reported that ICG molecules have the
capability to bind plasma proteins in 3 to 4 min.>* This situation
causes ICG molecules to lose the ability to absorb enough light
and subsequently to produce efficient reactive oxygen species
for elimination of the bacteria. For this reason, an abrasion
wound model, which has pretty low bleeding, was used to

Fig. 4 Wound appearance of (a) a sample that was newly opened and had not yet received ICG or laser;
(b) sample that was immediately removed after PDT application; (c) PDT-treated sample that was
removed at second day after application; (d) PDT-treated sample that was removed at fourth day
after application; (e) PDT-treated sample that was removed at seventh day after application; (f) PDT-
treated sample that was removed at 11th day after application.
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eliminate the possibility of binding to the plasma proteins in this
study. In addition, ICG solution was applied to the wound with
intervals of 3 min until the total volume of 50 ul (5 X 10 ul) was
reached during laser application. Refreshing the photosensitizer
on the wound every 3 min was thought to decrease the possibil-
ity of plasma protein binding and increase the possibility of light
absorption and subsequent reactive oxygen production.

Optimum parameters to treat abrasion wounds infected with
S. aureus strain could be established. PDT application with a
laser energy dose of 450 J/cm? and ICG concentrations of
500, 1000, and 2000 pg/ml by applying ICG as described
above resulted in a significant reduction of the bacterial cell
count. More than 90% of the bacterial burden was destroyed.
Since the effects of these concentrations were not significantly
different from each other, 500 pg/ml was chosen to observe the
effect of PDT during the healing process to diminish a possible
negative effect of higher ICG concentrations.

The healing process of these wounds was examined and it
was observed that these wounds healed in a shorter time period
than expected. When these wounds were investigated histologi-
cally, recovery could be examined in detail. It was clearly seen
that there was no thermal damage depending on the laser appli-
cation. Success of the treatment was clearly observed on the
images of histological specimens. There was not any observed
thermal damage immediately after laser irradiation or inflamma-
tory reaction during the healing process. The organism has
recovered from infection after treatment in a very short span
of time. The healing period of a superficial wound is known
to be between 15 and 21 days. Dai et al. also studied an abrasion
wound model infected with S. aureus on mice. They showed
that 90% of a 1 cm? of wound area was healed in 11 days.”
In our study, nearly 100% of a 1 cm? of wound area was healed
in 11 days. 808-nm of light and ICG achieved a faster healing
process on the same infected wound model. When we compared
this result with the result of the treatment with an antibacterial
cream (2% mupirocin), it was clearly seen that ICG-PDT treat-
ment was more successful in eradicating infection and acceler-
ating the healing process of the wounds. This antibacterial cream
is commonly used to treat superficial wound infections and
destroy several types of bacteria, including multidrug resistant
strains of S. aureus. This result confirmed our hypothesis about
the advantages of the antibacterial effect of ICG-PDT and its
more efficient healing effect due to near-infrared light.

Depending on the laser energy dose and/or power, irradiation
with near-infrared light may cause thermal damage in the tissue.
Increasing the tissue temperature beyond 45°C causes irrevers-
ible tissue damage, i.e., coagulation, carbonization of the
healthy tissue.**® This could prevent or prolong the healing
process of the biological tissue. Illumination with an output
power of 500 mW for 15 min in the presence of ICG caused
an increase of approximately 8°C on average and the total tissue
temperature was still below the critical point for irreversible tis-
sue damage. Histological analyses also confirmed these results
showing that there was not any thermal damage in the target or
neighboring tissue.

5 Conclusion

It was shown that PDT with ICG and an 808-nm laser light was
successful in rapid eradication of viable bacterial cells, as well as
providing an accelerated healing process compared to conven-
tional antibacterial treatments. This method was also known to
be advantageous since it does not cause any drug-resistance like
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antibiotics and easily destroys antibiotic-resistant strains of
gram-positive bacteria. Besides, this treatment has minimum
side effects, and is not toxic/harmful to healthy, normal cells.

Still further studies are needed to improve this modality to be
successful in the treatment of other types of infected wound
models and destroy any kind of bacteria efficiently. After elimi-
nating the disadvantages depending on anionic nature of ICG,
i.e., doping ICG in nanoparticles and improving the efficiency of
reactive oxygen species, PDT with near-infrared light and ICG
would be a powerful therapy to treat chronic wound infections
with a shorter healing period and minimum side effects, such as
thermal damage.
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