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Abstract

Photodynamic inactivation is an effective treatment that uses light irradiation, photosensitizer and oxygen. The aim of this study was to determine
photodynamic effectiveness of laser diode combined with ozone to reduce Staphylococcus aureus biofilm using exogenous chlorophyll (Chlo). The
chlorophyll was extracted from leave of Dracaena angustifolia. To determine the antibacterial effect of S. aureus biofilm treatments, samples were
separated into Chlo, Laser, Chlo+Laser, Ozone, Ozone+Laser, Chlo+Ozone+Laser categories. The data were analyzed using ANOVA test. The result
of this study showed that Chlo+0Ozone+Laser combine treatment at 20 s exposure of ozone with 4 min of irradiation time lead to 80.26 % reduction
of biofilm activity, which was the highest efficacy of all the treatment groups. The combination of laser, chlorophyll and lower ozone concentration
increases the effectiveness of photodynamic inactivation.
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ANGUSTIFOLIA HA BUOIJIEHKW STAPHYLICOCCUS AUREUS
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Peslome

DoToprHammueckas Tepanusa — 3OGEKTUBHDBIN METOL MHAKTMBALMN 6aKTepuanbHbIX GOMNIEHOK, OCHOBAHHbI Ha COYETaHUV BO3AENCTBUN
CBETOBOrO M3Ny4eHus, poToceHcnbrnmsaTopa n Kucnopoaa. Lienb faHHoro nccnefosanus — onpegeneHvie 3GpeKTMBHOCTY Na3epHOro obiy-
UeHMA B cOYETaHUN C 030HOM NpU A06aBNEHNN SK30TEHHOrO Xopodunna AnA UHaKTMBaLMK GuonneHku Staphylococcus aureus (S. aureus).
Xnopodunn 6bin N3BNeYeH 13 NIMCTbEB pacTeHns Dracaena angustifolia. B xone nccnepoBaHva Ha obpasLax 6uonneHKn S. aureus oueHyBa-
nacb aHTMbaKTepranbHasa akTUBHOCTb Kaxaoro GakTtopa B OTAENbHOCTY (la3epHOe U3NlyyeHune, 030H, XJI0podU) U HECKONIbKIX UX coYeTa-
HWiA (xnopodunn + nasepHoe obyyeHne; 030H + nasepHoe o0byyeHne; XNopodunn + 030H + lasepHoe obnyyeHve). MonyyeHHble AaHHbIe
6bI7IM NPOaHaNU3NPOBaHbI C Kcnosb3oBaHrem Tecta ANOVA. AHanu3 pe3ynbTaToB MCCIEA0BaHMA NoKasal, YTo KOMOUMHMpOBaHHaA obpa-
60TKa 030HOM B TeueHwue 20 ¢ B NPUCYTCTBUM XNopodusina C nocnenytowmm obnyyeHrem B TeUeHre 4 MUH CH/3MIa akTUBHOCTb 61OMIeHOK
Ha 80,26%, NoKa3aB camMy'o BbICOKYIO 3P PeKTUBHOCTb Cpen BCeX TeCTMpyeMbiX rpynn. [ina nosbileHnA 3GpPeKTBHOCTY GOTOANHAMNYECKON
Tepanuu 6akTepuranbHbIX 61OMNNEHOK PEKOMEHAYETCA NCMONb30BaTbh KOMOMHALMIO JIa3€PHOTO M3/y4YeHNA C XTIOPOGUITIOM 11 O30HOM.
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Introduction

Biofilms are colonies of bacteria that produce a pro-
tective matrix layer called extracellular polymeric sub-
stance (EPS) and have higher virulence, resistance, and
pathogenic properties [1-2]. Almost all antibiotics fail to
control the biofilms [3-4]. In addition, there is a possibil-
ity of biofilm having the ability to reduce production of
hydrogen peroxide (H,0,) which is a precursor of toxic
molecules when DNA-protein synthesis changes [5].
Photodynamic inactivation (PDI) was investigated as an
alternative method to reduce biofilms [6].

PDI is a therapy method using light, photosensitizer
and oxygen. The PDI mechanism starts from the absorp-
tion of light the wavelength of which corresponds to the
absorbance of photosensitizer. It can produce reactive
oxygen species (ROS) through type | and Il photochemical
processes [7]. A previous report related of PDI using silver
nanoparticles as photosensitizer and laser diode with an
output of 450.00 + 22.34 nm and 53.16 + 0.01 mW. This
combination could decrease the surviving biofilm com-
pared to the laser diode itself by 64.48 + 0.07% against
7.07 £ 0.23% at 6.13 + 0.002 J/cm?, respectively [8].

Street et al. reported that biofilm reduction depends
on the energy dose of light absorbed by the photosensi-
tizer [9]. One of such photosensitizers is chlorophyll. The
advantage of using chlorophyll in PDT is that it is cheap,
easy to obtain and has short incubation time [10]. Chlo-
rophyll sensitizers are currently used in targeting cancer
cells, microbes and infection [11-13].

The amount of ROS production could be increased
by the presence of H,0, at the target location during the
photochemical process with photosensitizer or ozone
delivery. Currently, the amount of ozone needed for
treatment is still unclear because each tissue structure
has specific properties such as periodontitis in derma-
tology [14]. Hegge et al. reported that the combination
of ozone and PDI provides a high efficacy depending on
the ozone concentration [15]. This study aimed to deter-
mine photodynamic effectiveness of laser diode com-
bined with ozone to reduce Staphylococcus aureus bio-
film using exogenous chlorophyll. The chlorophyll was
extracted from Dracaena angustifolia leaves.

Materials and Methods

Biofilm and Crystal Violet Assay

The bacterial strain, S. aureus ATCC 25923 was inocu-
lated from Tryptone Soy Agar (Oxoid, UK) and taken on
Tryptone Soy Broth sterile (Oxoid, UK). The culture of
bacteria were incubated at 37°C until bacterial colonies
reached ~108 CFU/mL or 1.0 McFarland Standard. 100puL
of bacteria culture was placed on 96-well microplates
and 20 uL of 2% sucrose (w/v) were added. The samples
were shaken at 36 rpm for 4 hours and incubated for 48
hours.

Biofilms were grown on well plate and rinses with
Phosphate Buffered Saline (PBS) (pH 7.0) three times to
remove individual cells. 100pL of 1% crystal violet were
added to the sample and incubated with for 30 minutes.
The samples were rinsed and dried for 3 hours. 50 pL
33% GAA (w/v) were added to the samples; the Optical
Density (OD) value was measured at 595 nm.

Chlorophyll Extraction

The Chlorophyll (Chlo) was extracted from D. angusti-
folia leaves. 30 g of fresh leaves were added to 150 mL of
96% acetone and mashed into a pulp. The slice of leaves
was filtered, purified, homogenized and precipitated,
then putinto the freezer at 20°C for 24 hours then filtered
until it became a yellowish sediment. The stored filtrate
was evaporated at 40°C. 60 g of silica gel was added to the
filtrate. 8 g of silica gel and 16 ml of petroleum ether (PE)
was then added and stirred homogenously for 5 minutes
and then let to rest for 2 hours. The chlorophyll extract
was dissolved in diethyl ether, then 5 g of silica gel was
added and dried until a green crystal-like powder was
formed. The dry chlorophyll extract was added to petro-
leum ether until it produced yellow filtrate. Finally, 96%
acetone was added into the mixture until a clear silica
gel color was produced. To analyze the characterization
of chlorophyll, a thin layer chromatography and UV-Vis
spectrophotometry (Bio-Rad) were used [15, 16].

Light Sources Apparatus for light irradiation
Fig. 1a shows an apparatus set-up of light and ozone
source and Fig. 1b — a microcontroller block diagram.
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Fig. 1. Apparatus set-up of light and ozone source (a) and microcontroller block diagram (b)
Puc. 1. Cxema UCTOYHUKA CBETA M 030Ha (a) U 6/10KOBas AMarpamMmmMa MUKpPOKOHTpoanepa (b)
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Table 1
Design of sample treatments to reduce S. aureus biofilm

Ta6nuua 1

Tunbl BO3AEWCTBUA Ha 06pasLbl C LEAbIO YMeHbLUEHUA OUONAEHOK S. aureus

Sample
Treatments

Volume (uL) | Concentration (ppm)

Chlo
Xnopodunn 20 16 B
- - 20
Ozone 40
O30H - -
- - 60
Laser _ _ B
Nasep

Exposure time (s)

Energy Density

Irradiation Time Ufem?)

(min)

Concentration
(mg/L)

3x1073 _ _
5%x103 - _
1x1072 _ _
- 1 435
- 2 8.69
- 3 13.04
_ 4 17.39
_ 5 21.74

The apparatus consists of a controller and laser module.
The laser diode was previously characterized as having
A=399.81+ 1511 nm and P_, =30.43 mW. The control
box consists of microcontroller and LCD for setting the
constant output intensity and time duration of the laser
and controlling the position of the sample holder. The
laser module consists of laser diode and sample holders.

All parameters were controlled as shown in Fig. 1b.
The position of laser diode was controlled according of
96-well microplate position. The experimental treatment
was performed in the dark room at ~27°C.

Ozone Sources

According to the manufacturer, the ozone source has
the output of 400 mg/hours. The time duration of ozone
output was controlled and displayed on the LCD. The
ozonising probe was aimed directly at the sample. The
measurement of O, molecule concentration added on
each time exposure was carried out using the iodometric
titration method.

Experimental Design

Treatment were divided into the following
groups: Chlo, Laser, Chlo+Laser, Ozone, Ozone+Laser,
Chlo+0Ozone+Laser, as shown in Table 1. The concentra-
tion of the chlorophyll (1.6 ppm) was based on its toxicity
level. According to the described experimental groups,
0.1 ml of the S. aureus suspension was added to each well
of sterile 96-well flat-bottom microtiter plates with lids.
After the biofilm grew, 20 pl of the chlorophyll was added
to the samples, which were then exposed to ozone and
irradiated by laser diode at varying exposure time. Irra-

diation was done at a distance of 1 cm apart in a com-
pletely dark room. The growth of bacteria in the culture
was monitored by measuring OD at 595 nm.

Statistical Analysis

The data measured in OD was converted to log CFU/
mL by using Mc. Farland standard diagram with an equa-
tion of (log CFU/ml) = 3.771+12.374 x (OD). The biofilm
reduction was measured using equation 1 [12].

(Z control -, treatment)

S control x100% (1)
contro

% Biofilm reduction =

For each treatment, the biofilm reduction percent-
age was calculated based on the control group with the
untreated biofilm of S. aureus. The results of biofilm reduc-
tion were analyzed statistically by ANOVA test with a signifi-
cance value of p = 0.05 using IBM SPSS Statistics Version 21.

Results

Characterization of Chlorophyll sensitizer

The result of pigment compounds of D. angustifolia
leaves using thin layer chromatography was shown in
Table 2. The Retention factor (R) is useful for finding out
pigment compound during separation of pigment. The
best ratio of the solvent system to get a form of pigments
(without beta-carotene) on D. angustifolia leaves was
petroleum ether and 96% acetone (8:2), respectively. The
R has a valid value ranging from 0.2 to 1 which shows
molecular polarity. Pigments of Chlorophyll-a obtained
from D. angustifolia leaves extract showed 0.24 R, value
thus had low polarity.
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Table 2

with exogenous chlorophyll of Dracaena angustifolia leaves

Result of thin layer chromatography of D. angustifolia leaves extract

Ta6nuua 2

PesynbTaT TOHKOCAOWMHOM XpomMaTorpaduu akcTpakTa AMctbeB D. Angustifolia

Retention factor (R,)

Solvent
PE": acetone

Solvent
PE*: acetone

Fraction (color)

Yellow
Kentbin
Gray
Cepbin
Yellow brown
MenTto-KopuryHeBbIN
Blue green
CnHe-3eneHblin
Yellow green
Mento-3eneHbin

0.6039 0.1625

0.4950 0.0875
0.2476 =

0.1818 -

" Petroleum ether
"TMNeTponenHblii 3¢pup

Solvent
PE*: acetone

Solvent
PE": acetone

Beta-carotene
berta-kapoTtuH

0.4875 0.6041 Pheophytin a
QeodunTtnH a

Pheophytin b

03122 050 ®eoduTnH b
0.15 0.2375 Chlorophyll a
Xnopoodunn a

0.0875 0.175 Chlorophyll b

Xnopodunn b

Based on Fig. 2, three Gaussian-like peaks with wave-
lengths of 414 nm, 458 nm, and 670 nm were obtained
from the absorption spectrum of the D. angustifolia
leaves extract. The maximum absorption is at 414 nm
with FWHM of 40.40 £ 5.27 nm. This result would be used
to determine the light source.

Efficacy of Treatment

The experimental results of the laser group are shown
in Fig. 3. The comparison between the control group and
chlo group had no significant difference. The Laser group
at 2 min of irradiation time showed 13.06 log CFU/ml or
57.19% biofilm reduction while the Chlo+Laser group at
3 min showed about 12.30 log CFU/ml or 59.69 % biofilm

L1
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Fig. 2. The absorption spectrum of the Dracaena angustifolia
leaves extract

Puc. 2. CnekTp nornouweHuss 3KcTpakTa auctbeB Dracaena
angustifolia

reduction. However, the statistical analysis also showed
there was no significant difference between both irradia-
tion times indicated by the significance value of p > 0.05.

Treatment with the Ozone+Laser group (Fig. 4)
showed that ozone exposure provides higher biofilm
reduction efficacy within 40 s of exposure time. If laser
irradiation was applied, they show the same pattern for
each time of irradiation. The ozone group compared with
the Ozone+Laser group at 40 s ozone exposure had sig-
nificant difference with 20 and 60 s. 40 s of ozone treat-
ment and 4 minutes of laser exposure produced around
11.98 log CFU/mL or 60.75% biofilm reduction.

The result of the Ozone treatment combined with
Laser and chlorophyll was shown in Fig. 5. Chlo+Ozone
group had no significant difference at any exposure time.
The Ozone and Chlo+0Ozone treatment groups also had
no significant difference. The Chlo+Ozone+Laser group
at 20 s exposure to ozone with 4 min of irradiation time
gave 6.02 log CFU/mL or 80.26% biofilm reduction and
that was the highest biofilm reduction efficacy of all
treatment groups.

Discussions

In photosynthesis, chlorophyll is an important pig-
ment. Chlorophyll-a directly harvests light and trans-
fers energy to reaction center on the photosynthetic
system. The solvent system of chlorophyll extraction is
an important factor in obtaining the separated fraction
of pigment group. This study used petroleum ether (PE)
and 96% acetone as the solvent system for chlorophyll
extraction [17]. Retention factor value ranged from 0.2

BIOMEDICAL PHOTONICS T.8,N22/2019
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Fig. 3. The experimental results of the Laser group. Symbols * and
** show the significance level of p<0.05 and p>0.05, respectively
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Fig. 4. Treatment results in the ozone and Laser groups. Symbol * and
** show the significance level of p<0.05 and p>0.05, respectively
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Fig. 5. The result of the Ozone treatment to be applied with
Laser the addition of chlorophyll. Symbol * and ** showed the
significance level of p<0.05 and p>0.05, respectively
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1 nasepom ¢ ao6aBneHuem xnopodunna. Cumsonbl * U ** yKkasbl-
BaloT Ha ypoBeHb 3HaYMMocTH p<0,05 u p>0,05, cooTBETCTBEHHO

to 1. PE and acetone (8:2) solvent had R, of chlorophyll-
a 0.25, but these contained beta-carotene pigment or
carotenoid derivatives. The pigment acts as a protector
against damage caused by ROS formation so that chlo-
rophyll extraction had to be made without beta-caro-
tene pigment. The absorbance spectrum of chlorophyll
always has three peaks [18]. Chlorophyll extract had an
absorption maximum at 414 nm, well correlated with
peak wavelength of light source at A =399.81 + 15.11 nm.

The interaction of light and photosensitizer can pro-
duce toxic molecules. The photosensitizer in the body
has an absorption spectrum that could be elucidated
through an optical window that has optical absorption
and scattering properties [19-20]. One of the endogen
photosensitizers is porphyrin which has various types
and absorbance spectra [21]. In previous study, the por-
phyrin derivatives of S. aureus bacteria have a wide peak
absorption spectrum and maximum wavelength in blue
region [13, 22]. The other study resulted in the PDT pro-
vide an increase in biofilm reduction with the addition of
chlorophyll. The dose of light exposure, certain photo-
sensitizer and oxygen play an important role in the suc-
cess of the PDI [9, 23].

The combination of 3 treatments with high exposure
to ozone should lead to reduction in survival. However,
we finally realized that higher ozone concentration would
increase generation of H,0,, whereas an organism (includ-
ing animal, plant, and microbe) contains a protein that
degrades H,0O, to oxygen and water. Based on the reac-
tion (Table 3), hydrogen peroxide can bind with other
hydrogen peroxide and form non-toxic molecules. Mishra
explains that some hydrogen peroxide changes into non-
toxic molecules before reaching the cell [24]. So, the point
to increasing biofilm reduction is in the density of laser
diode, chlorophyll and lower ozone concentrations.

Based on Table 3, the mechanism of Chlo+Laser
group could generate of ROS (type Il) and free radicals
(type I). Photochemical type | reaction occurs when radi-
cal anions or cations are formed due to the transfer of
electrons (or protons) to oxygen molecules and pro-
duce ROS because they easily react with the molecular
oxygen. Photochemical type Il reaction occurrs when
energy is transferred to molecular oxygen to form sin-
glet oxygen [19]. The dominant process depends on the
chemical structure and the behavior of photosensitizers.

Treatment with ozone at 40 s exposure time caused
greater reduction of biofilm because H,0, are formed
[26]. H,O, molecules is an oxidant molecule that
strengthens immunity by generating free radicals. The
generation of free radicals obtained from the oxidative
process of electron transfer of H,O, through Fenton reac-
tion. Ozone does not penetrate into the tissues but could
spread to the cytoplasm [14].

Bocci said that ozone can react and polyunsaturated
fatty acids (PUFA), antioxidants, thiol (-SH) compounds,

OPUTUHAJIBHBIE CTATHW
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Table 3
The mechanisms PDI

Ta6nuua 3
MexaHu3Mbl GOTOAMHAMUUYECKON UHAKTUBALIUU

8§g:e R-CH=CH-R’+ O, + H,0 — R-CH=0 + R'-CH=0 + H,0, [14]
Photophysics PS + hv — 'PS” [25]
®oTodusuka 1PS* _, 3pS*

Photochemical Type | 3PS" 4+ 3PS"— PS** + PS™

OoTtoxmmumyeckas peakuma Tun | PS+30,—PS+"0,

. [19]
Photochemical Type Il 3PS’ +30. — PS +10
QoToxummnyeckas peakuus Tun | 2 2
. "0, +70,+2H*—'0,+H,0,

Generation of ozone H,0,+0,— '0, + HO+ OH- [26]
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Fig. 6. The mechanisms of PDI treatment: (a) Ozone produces H,0, in the biofilm surrounding that diffuses into the cytoplasm; (c)
Samples with chlorophyll separated into 2 treatments; (d) Ozone produces a toxic molecule (H,0,); (e) and (g) Laser treatment could
destroy EPS and increase the amount of toxic molecules through photochemical reaction.

Note: IC: internal conversion, ISC: intersystem crossing, Sn: singlet states, Tn:triplet states, ET: energy transfer; (b), (f), (h) the toxic
molecule causes oxidative stress in biofilm

Puc. 6. MexaHuambl poTognMHaMnyecKon uHaKkTuBaumu: (a) O3oH nponseoaut H,0, B OKpyKeHUM GUONNEHKH, KOTOPbIi AnddYyHANPYeT
B uuTonnasmy; (c) O6pasubl ¢ xnopodpunnom pasaeneHol B 2 Tuna so3genctems; (d) 030H NponsBOAUT TOKCHUHYI0 Monekyny (H,0,); (e)
U (g) nasepHoe BO3eNCTBUE MOXKET YHUUTOXMUTb BHEKNETOUYHbIA MaTpuKe (EPS) n npuBecTH K pocTy KonnyecTBa TOKCMYHbIX MOJIEKYN 3a
cyeT GOTOXMMUYECKON peaKuuu.

MpumeyaHue: IC: BHYTPEHHSAS KOHBepcus, ISC: MeXXcUCcTeMHbIW Nepexoa, Sn: CUHIIeTHble COCTOSAHUA, Tn: TpUNAeTHble cocTosaHuSA, ET:
nepeHoc aHepruum; (b), (f), (h) TokcnyHaa moneKyna Bbi3biBaeT OKUCIUTE/NbHbIN CTPEecC B GUONNEeHKe

BIOMEDICAL PHOTONICS T.8,N22/2019



Astuti S.D., Drantantiyas N.D.G., Putra A.P., Puspita P.S., Syahrom A., Suhariningsih S.
Photodynamic effectiveness of laser diode combined with ozone to reduce Staphylicoccus aureus biofilm

with exogenous chlorophyll of Dracaena angustifolia leaves

Fig. 7. Microscopic image of Staphylococcus aureus cells treated with laser, chlorophyll and ozone (x100000 maghnification). (a) Normal
cell (no treatment), (b) ROS reactions (including singlet oxygen, hydrogen peroxide, and superoxide anion radical) with cell membrane
can cause extreme damage, (c) Damage to cell membranes causes the cytoplasm and cell organelles to become partly exposed and
react directly with toxic molecules, (d) Cell organelles are directly exposed due to overall loss of the cell membrane

Puc. 7. MukpocKkonuyeckoe nsobpaxkeHue knetok Staphylococcus aureus nocsne Bo3aencTsuns 1a3zepos, X10podUNIOM U 030HOM (yBe-
nuyeHne x100000). (a) 3popoBas KneTKa, (b) Bo3genctBue akTuBHbIX GOpM KMCnopoaa (BKIOYas CUHINETHbIN KUcnopoa, Nnepekuchb
BOJOPOAA W CYNEPOKCUAHbIA aHUOHHbIW paAuKal) Ha KNETOYHYI0 MeEMOGpPaHy MOXeT NPUBECTU K 3HAYUTE/NbHbIM MOBPEXAEHUAM, (C)
MoBpexaeHne KNeTo4yHoW MeMbpaHbl YaCTUYHO NMPUBOAUT K HENOCPEeACTBEHHOMY B3aMMOAENCTBUIO C TOKCUYHbIMU MoJieKynamu, (d)
KneTouHble opraHenbl NOHOCTbIO OTKPbITbl BBUAY NOTEPU KIETOYHON MEMOpPaHbI

glutathione (GSH) and albumin. Inactivation mechanisms
occur when some nanoparticles diffuse into biofilm, bind
to thiol (-SH) protein species because of high affinity and
are affected by denaturation. The enzymes, carbohy-
drates, DNA and RNA could be affected depending on
the ozone dose [14].

In comparison with ozone, the Ozone+Chlo group
was not significantly different. There are no interactions
between ozone and chlorophyll. Chlo+Ozone+Laser
treatment gave higher biofilm reduction efficacy in con-
trast with ozone group or Ozone+Chlo group. It is fasci-

BIOMEDICAL PHOTONICS T.8,N22/2019

nating to find out that particular treatment of chlorophyll
and ozone concentration could enhance efficacy on PDI.

The mechanism of Chlo+Ozone+Laser group gener-
ates more toxic compounds to induce cellular damage.
Onyango showed the reaction of that component could
form toxic compound and generate ozone. Furthermore,
the cytotoxic reactions occur continuously in this treat-
ment. Therefore, we need to control the ozone dose for
controlling the cytotoxic reaction [27]. Chlo absorbs the
energy of laser, causing chlorophyll to be excited. Fur-
thermore, photochemical type Il reactions occur, in the
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form of energy transfer from Chlo excited triplets to trip-
let oxygen. It is acknowledged that because of interac-
tion between photosensitizer and light (Fig. 6), the super-
oxide anion (" -0, and singlet oxygen (102) are formed.
Each chlorophyll molecule produces approximately
103-10° singlet oxygen molecules before degrading due
to photo bleaching or other processes [28]. The produc-
tion of excess ROS can eliminate biofilms as protectors
and cause oxidative stress of bacteria in biofilms.

Based on Fig. 7, the mechanism of cell destruction
are due to generation of ROS including singlet oxygen,
hydrogen peroxide, and superoxide anion radical. The
normal cell of Staphylococcus aureus is a coccus and has
slippery surface (Fig. 7a). After treatment, the normal
cell has various damage starting from cell membrane. It
causes the cytoplasm and cell organelles to react directly
with toxic molecules. Grisham used the fluorescent
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method to detect H,0, formation in the nucleus, mito-
chondria, endoplasmic reticulum and plasma membrane
[29].

Conclusion

Combination of Chlo+Ozone+Laser treatment with
high ozone exposure reduces biofilms by lesser amount.
In this study, 3 treatment combinations at 20 s exposure
to ozone showed increased biofilm reduction on aver-
age. Therefore, it is recommended to use a combination
of laser, chlorophyll and lower ozone concentrations to
increase the effectiveness of photodynamic inactiva-
tion.
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