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THE USE OF ANTIMICROBIAL PHOTODYNAMIC THERAPY MEDIATED
BY MC540 IN THE INFECTED WOUND MODEL
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Photodynamic therapy (PDT) is an alternative to conventional therapies of infections. It can kill drug-resistant bacteria without
damaging host tissues. In the present work we use the multiresistant strain PA27 of Pseudomonas aeruginosa to model a
wound infection in mice and study the effect of PTD mediated by aqueous solutions of the anionic photosensitizer merocyanine
540 (solubilized in water and in 0.25 M sodium chloride) on bacterial decontamination and wound healing. To assess a
therapeutic effect of PDT, we monitored bacterial contamination of the wound, measured the wound size in two planes using
a caliper and carried out a histopathological examination of infected tissue sections. Our study reveals that PDT mediated by
MC540 in the sodium chloride solution can induce bacterial death, inhibit bacterial re-growth and accelerate wound healing.
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NMPUMEHEHUE AHTUMWKPOBHOW ®OTOANHAMWUYECKOWN TEPAMNUN
HA OCHOBE ML|540 K MOLENN PAHEBON NHOEKLIAN

T. A. Lmurons™3, K. A. CobsaHnH?, M. B. Mpycak-Motos!, C. M. LenbikanuHa®, E. B. HesexuH®, C. A. Epmonaesa?,
B. B. Herpebeuxkuin'

T OTAeN MeaNLMHCKOM XMMUI 1 TOKCUKONOMKN, POCCUIACKINIA HAaLMOHabHBIA MCCNenoBaTenbCKi MeAULIMHCKMA YHMBepcuTeT umenn H. V1. Muporosa, Mocksa

2 JTabopatopusi B1UONOrN4ECKX UCMbITaHWIA, VIHCTUTYT TRaHCASIUMOHHOM MeauLMHbI, POCCUIACKIIA HaLWOHaNbHbI NCCNeaoBaTeNbCKNA MEAUUMHCKIMIA YHNBEPCUTET
vmenn H. V1. Muporosa, Mockea

3 Kadhenpa MeauUMHCKON KNBEPHETUKM 1 MHEDOPMATNKM, MEAKO-O1ONOrMYecKIii hakynsTeT, POCCUMCKINIA HALMOHAbHbIA NCCNeaoBaTeNbCKNA MEANLMHCKAN
yHuBepcuTeT nmenn H. . Muporosa, Mocksa

4 Jlabopatopus aKonornm Bosdyautenen MHhekLni, HaumoHanbHbIn MCCNeaoBaTensCKUii LEHTP SNAEMUONOrn 1 MUKpobronorim nmenn H. ®. famanen, Mocksa

doTtognHammdeckas Tepanust (PLT) aBnseTca anstepHaTVBHbIM METOOOM NIEHEHVS NHAEKLMIA, MO3BONAIOLLMM yomBaTh Ne-
KapCTBEHHO-YCTON4MBbIE HakTepu 6e3 NOBPEXOEHVA TKaHM X03arHa. B HacTosALeM nccnegoBaHn NCNonb30BaH NOMpe-
3UCTEHTHbBIV KIIMHUYECKNA LWiTamm Pseudomonas aeruginosa PA21 (P aeruginosa) B MOOENV PAHEBON NHEKLMM HA MbILLIAX
0119 n3ydenus sanaHua GOT (B BOOHbIX pacTBOpax aHNMOHHOro dhotoceHcubumaatopa MepoupmanmHa 540 (MLU540): B Boge
1 0,25 M NaCl) Ha 6akTepuranbHyO MHaKTUBALIMIO U 3axK1BNeHVe paH. Mocne nposeneHns GOT rubens 6akTepuii oLeHnBanm
nyTeMm onpeneneHns BaKTeproNorM4eCKOn Harpyskn B paHax, NpoLEeCcC 3aKMBIEHNUS PaH KOHTPOMMPOBAIM NPSMbIM 13Me-
PEHVEM LUTAHMEHLMPKYEM B ABYX MPOEKLMSX, a TakxKe MPOBEeAeHNEM NaTOMOP(ONOrMHECKNX UCCAEA0BAHWNA MOCTONHbBIX
CPe30B NHPULIMPOBaHHBIX paH. [onyyeHHble pedynstaTtel nokasanu, yto GAT B npucyteteum ML540 B pactBope xnopvaa
HaTpust (HO He MLI540 B Boae) cnocobHa Bbi3biBaTh MMbenb 6akTepum, MPensaTCTBOBATL VX BOCCTAHOBAEHWIO Y 3HAYUTENBHO
YCKOPATb MPOLECC 3DKNBEHNS PaH.

Knto4yeBble cnoBa: aHTUMUKPOOHas hoTognHaMm4eckast Tepanust, MoMPE3NCTEHTHBIA KITMHUYECKNIA LUTaMM Pseudomonas
aeruginosa, NHMEKLINS KOXN U MATKUX TKaHe, 3aKVMBREHNE paH, MepoumanvH 540, paHeBas MHekums
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Skin is the body’s natural physical barrier and the first line of
defense against pathogens. Damaged skin can end up getting
infected. Inturn, infection can delay wound healing, compromise
a person’s general health and even increase the risk of death.
Antibiotics once revolutionized the therapy of infections, but
today the growing incidence of resistant bacteria compels the

search for new alternatives to the conventional management
of localized infections. One of the promising solutions here is
photodynamic therapy (PDT) that is normally used in cancer
treatment [1-3] but has been recently proposed to combat
bacterial infections [4-7]. Antimicrobial PDT relies on the use
of photosensitizers (PS), non-toxic dyes that can be activated
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by a specific wavelength of light. The PS is introduced into the
infected wound that is subsequently exposed to a source of
monochromatic light with a required wavelength [8-9]. Once
activated, PS starts producing free radicals and/or singlet
oxygen that are lethal for pathogens.

The aim of this study was to investigate the effect of MC540-
mediated PDT on bacterial growth in the wound and wound
healing in a murine model. BALB/c mice were infected with
the multidrug resistant clinical strain PA27 of Pseudomonas
aeruginosa. To assess a therapeutic effect of PDT, we
monitored bacterial contamination of the wound, measured
the wound size in two planes using a caliper and carried out a
histopathological examination of infected tissue sections.

METHODS
Photosensitizer

The stock solution of 1x10° M anionic dye merocyanine 540
(Sigma-Aldrich, Switzerland) was prepared in 96% ethanol
on the day of the experiment. MC540 concentrations were
determined spectrophotometrically based on the extinction
coefficient of MC540 in water ¢,,, = 63 000 M~'cm™. The
stock solution was diluted with water or 0.25 M sodium
chloride solution (ACROS, USA) to reach working MC540
concentrations of 25 pM.

Bacterial culture

The multiresistant strain PA21 of Pseudomonas aeruginosa
used in our study was obtained from a collection of Gamaleya
Federal Research Center for Epidemiology and Microbiology.

P, aeruginosa cells were incubated overnight at 37 °C in the
Brain Heart Infusion broth (BHI Difco, USA), diluted 100-fold
in the fresh medium, and grown until they reached the optical
density OD,,, of 1, which corresponds to the concentration of
10° CFU/ml. The culture was washed twice in PBS (pH = 7.4)
(Ecoservice, Russia) and applied onto the wound in 50 pl
aliquots.

Bacterial burden in the wounds

Swabs were taken from wound surfaces using cotton balls.
Then the balls were placed into the test tube containing 0.9 ml
normal saline, which was subsequently used to prepare a
series of dilutions: 1:10, 1:100, and 1:1000. Each dilution was
seeded onto two dishes treated with agarized media (BHI Difco,
USA). Twenty-four hours later, the colonies were harvested and
counted; the counts were converted to log CFU/ml.

Antimicrobial photodynamic therapy

All manipulations were performed using aseptic techniques
and gentle anesthesia. The experiments were carried out

Table 1. Study design
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in compliance with the principles of bioethics, international
guidelines of the European Convention for the Protection
of Vertebrate Animals (Strasbourg, March 1986) and the
Declaration of Helsinki.

The experiments were conducted in 6-8 weeks old
BALB/c mice weighing 17 to 21 g. Twenty-four hours before
PDT we shaved the fur from a 2-cm? area on animals’ backs
and outlined the wound contours with a permanent marker.
Before the surgery, the animals were anesthetized with inhaled
isoflurane. The surgical site was cleansed with an antiseptic
agent twice. The excised wound was 1.5 cm in diameter and
extended through the skin, subcutaneous tissue and fascia
down to the muscle. The wound was inoculated with a 50 pl
aliquot of 107 CFU/mI P aeruginosa suspension. Six hours after
wound modeling the mice received photodynamic therapy.

The animals were divided into 4 groups (Table 1). Mice from
group A (n = 18) were used as absolute control (no treatment);
mice from group B (n = 18) were used as light control (irradiation
with 530 nm monochromatic light for 5 min); mice from group C
(n = 18) received PDT mediated by 25 pM aqueous solution of
MC540 (irradiation with 530 nm monochromatic light for 5 min);
mice from group D (n = 18) received PDT mediated by 25 pM
aqueous solution of MC540 containing 0.25 M sodium chloride
(irradiation with 530 nm monochromatic light for 5 min). Three
animals were selected from each group to study the long-term
effects of treatment (36 days).

The wounds were treated with 50 pl of 25 M aqueous
solution of MC540 containing 0.25 M NaCl and then exposed
for 5 min to a source of monochromatic light with a 530 nm
wavelength and a power density of 2 m\W/cm?, which ensured
the total dose of 6 J/cm?.

Histological analysis

The samples were fixed in 10% buffered formalin and
embedded in paraffin. The paraffin-embedded 2-7 pm-thick
sections were stained with hematoxylin-eosin and subjected
to microstructural and morphometric analyses. Morphometric
evaluation was performed using the AxioimagerA-2 microscope
(Carl Zeiss, Germany).

Wound healing

While monitoring the condition of the wounds, we noted the
signs of inflammation, type and quantity of wound drainage,
etc. Wound sizes were measured with a ruler and a caliper in
two planes 1 hour before PDT on days 2, 4, 7, and 14. To
understand how wound healing progressed, the following
parameters were calculated:

1. A change in the wound surface area on different days of
the experiment (AS, %):

(S,—-S8,)x100
SO

where S is the initial wound area, S is the wound area on day n.

Group Number of animals Bacteria Treatment
Group A: absolute control 18 P, aeruginosa No treatment
Group B: light control 18 P, aeruginosa Light (6 J/cm?; A = 530 nm)
Group C: PDT + MC540 18 P, aeruginosa MC540 + light (6 J/cm?; A = 530 nm)
Group D: PDT + MC540+ 0.25 M NaCl 18 P, aeruginosa MC540_0.25 M NaCl + light (6 J/cm?; A = 530 nm)
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2. Relative rate of wound area reduction (v
(§,-S,)x100%

Syxn

%/day):

heal.”

where S is the initial wound area, S, is the wound area on day
n, nis the day of the experiment.
3. Epithelialization rate (v, , mm?/ day):

SO_ Sn
T

where S is the initial wound area, S_ is wound area on day n, T
is the number of days between the measurements.

All data were processed in Universlab DeskTer River
V3.3.3269

Statistical processing

We calculated the mean values of the parameters mentioned
above and the mean error SEM = VSF (s is a mean square
deviation).

RESULTS

A day after the animals received PDT, their condition was
satisfactory. The animals were active, mucous membranes
looked normal and coats were smooth. All wounds were
starting to suppurate; the most pronounced suppuration was
observed in the controls.

Bacterial contamination

One of the most important tools used to estimate a therapeutic
effect of treatment in patients with soft tissue infection is a

microbiological test. We measured the degree of bacterial
contamination prior to treatment, and 48, 96 and 168 hours
after PDT. The results are presented in Table 2.

Six hours after inoculation but prior to PDT, bacterial burden
was the same in all groups: 5.03 + 0.04x10° CFU/m.

Forty-eight hours after PDT the number of P aeruginosa
decreased by 10? and 10° CFU/ml in groups C (PDT mediated
by the aqueous solution of MC540) and D (PDT mediated by
the aqueous solution of MC540 containing NaCl), respectively.

Healing progress

QOver the course of monitoring, we established a few differences
in the healing dynamics with regard to AS between the animal
groups (Table 3).

The AS values in both control groups A and B were
significantly lower (p < 0.05) than in groups C and D at all
stages of the experiment (the only exception was groups B and
C on day 7 when no significant differences were noticed).

Healing rates (v, ) turned to be very different within the
groups (Table 3). The maximum rate was observed in group
D, while in other groups v, ,, remained quite stable for 14 days
(p > 0.05). Of note, the healing rates in all groups had slowed
by day 14 and almost leveled off.

Epithelization rates ("emh) turned out to be significantly
different between some groups and within the groups (Table 4).

The highest epithelization rate (vemh) between days 4 and
7 was observed in group D (p < 0.05 in all cases), by day 14
epithelization rates had decreased in all groups.

In the first 48 h after wound modeling a blood clot was
formed in the wound. The major component of the clot was
fibrin, which eventually hardened into a scab. The wound
produced exudate dominated by neutrophils. Blood cells
underwent lysis, manifesting suppurative inflammation (Fig. 1 A).

Table 2. Bacterial contamination of the wound measured on different days of the experiment, CFU/ml

Time after PDT
Group Oh 48 h 96 h 168 h
Group A 5.00 x 10° 1.5 x10° 1.7 x 10° 1.4 x10*
Group B 4.95 x 10° 1.2 x10° 1.6 x 10° 1.0 x 10*
Group C 5.01 x 10° 2.0 x10* 0.7 x 102 negative
Group D 5.15 x 10° 1.5 x10° negative negative
Table 3. Morphometry of wound matrix remodeling in BALB/c mice
Changes in the wound surface area throughout the course of the experiment, AS
Time after PDT
Group Day 2 Day 4 Day 7 Day 14
Group A 11.11 £ 0.37 25.00 +0.82 4111 £1.36 84.43 +3.78
Group B 13.55 + 0.45 32.22 £1.39 50.01 + 1.65 85.30 + 3.75
Group C 16.66 + 0.53 40.02 + 2.17 48.33 + 1.76 93.31 + 1.89
Group D 30.01 +2.33 55.55 + 3.61 67.77 + 4.75 94.77 + 417
Relative rate of wound reduction, v,
Time after PDT
Group Day 2 Day 4 Day 7 Day 14
Group A 5.55+0.18 6.25 + 0.21 5.87 +0.19 6.03 +0.12
Group B 7.50 + 0.25 10.51 £ 0.35 714 +£0.24 5.95+0.13
Group C 8.33 £ 0.29 10.00 + 0.87 6.90 + 0.77 5.92 +0.28
Group D 15.01 £ 0.16 13.88 + 1.91 9.68 + 1.01 7.33 +0.45
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Beneath the scab immature connective tissue started to
grow actively with plenty of thin-walled capillaries, sinuses and
lacunae filled with blood (Fig. 1B). On days 4 through 7 the
connective tissue underwent fibrosis, transforming in some
cases into hyalinized or even calcified scar tissue (Fig 1E).
Although such infiltrates are not always deeply seated, they
cause contractures and immobilize the skin.

Histological analysis revealed that in the first 24-48 h basal
epidermal cells proliferated slowly, and then rapid proliferation
took over and keratinization increased. Growing and
differentiating, the epidermis gradually closed the wound (Table
4, Fig. E). In general, the wound underwent different stages
of healing, which are usually affected by a number of factors,
including those set in our experiment (Table 3 and 4, Fig. 1).

Good blood supply, increased oxygenation and a variety of
enzymic processes occurring in the wound stimulated tissue
substitution and even triggered intracellular regeneration of
myosatellite cells (Tables 3 and 4, Fig. 1D).

To sum up, results of the microstructural analysis are
consistent with the data obtained in the experiment (Tables

Table 4. Rates of epithelial repair of infected wounds in BALB/c mice
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2-4, Fig. 1). Wound healing was exuberant owing to the active
growth, differentiation and maturation of the microvasculature,
formation of granulation tissue and vigorous epithelization.

DISCUSSION

In our previous study in vitro we have demonstrated that
inactivation of P Aeruginosa occurs ten times more effectively
after PDT mediated by the MC540 solution containing 0.25 M
sodium chloride than after PDT mediated by the aqueous
solution of MC540 [10], which could be explained by the
different degree of MC540 aggregation in water and in the
presence of salt. In water MC540 exists both as a monomer
and a dimer [11], but only monomers can generate reactive
oxygen species, specifically singlet oxygen [12, 13]. In saline
solutions MC540 forms large crystal-like aggregates capable
of producing free radicals [14-17].

The results of the present study conducted in animals
convincingly confirm the data obtained in our previous in vitro

Epithelization rates, v, it
Time after PDT
Group Day 2 Day 4 Day 7 Day 14
Group A 1.07 £ 0.04 5.17 +0.23 15.69 +1.18 6.33 +1.05
Group B 2.24 £0.07 6.19 £ 0.27 16.07 + 0.82 6.41+1.16
Group C 2.63 +0.09 5.41+0.24 14.31 £ 0.45 6.09 +1.24
Group D 3.52 + 0.11 8.01 +0.35 16.94 + 0.86 8.11+1.53

Fig. 1. Microscopy of infected wounds of mice after PDT. Stain used: hematoxylin and eosin (A) Immature granulation tissue on day 4, x150. (B) Vascular hyperemia
and fluid accumulation around the capillary bed on day 4, x350. (C) Blood in the muscle tissue on day 4, x250. (D) Fragments of muscle tissue showing intracellular cell
regeneration of day 7, x450. (E) Epithelialization and scarring on day 14, x150. (F) Hyalinized and calcified scar tissue on day 36, x150
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work with regard to bacterial death, inhibition and rapid wound
healing.

Table 2 shows that after PDT mediated by the MC540
solution containing sodium chloride, full decontamination of the
wound infected with multiresistant P aeruginosa is observed
as early as on day 4, while after PDT mediated by the aqueous
solution of MC540 it happens on day 7 only.

Morphometry (Table 3) confirms the better effect of MC540
aggregates in comparison with its monomers or dimers with
regard to the rate of healing and wound area reduction. By
day 4 the wound area in group D shrunk by 45% whereas in
group C it shrunk by 60%, which is close to the results
demonstrated by group B (68%).

The relative rate of wound healing (Table 3) in group A was
linear (mean square deviation considered). For groups B and C
it was parabolic with a peak on day 4, for group G-exponential.
The healing process slowed on day 14 in all groups. These data
correlate with the rate of wound area reduction (Table 3).

Regeneration of the epithelium was faster in group D where
it became very pronounced on day 4 (Table 4), in comparison
with the controls and the group that received PDT mediated by
the aqueous solution of MC540.
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