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Vorwort

Bestandteil vorliegender Dissertation sind zwei Originalpublikationen, welche in der
Fachzeitschrift Frontiers in Microbiology erschienen sind. Die vorliegende Arbeit ist
entsprechend dieser beiden Publikationen in zwei Teile gegliedert, wobei beide Teile
gleichermalRen jeweils in eine Zusammenfassung und einen Ausblick beziglich
zukunftiger Forschungsmoglichkeiten gegliedert sind sowie den Abdruck der
englischsprachigen Originalpublikation enthalten.

In der ersten Arbeit wird anhand der photodynamischen Inaktivierung von
Monospezies-Biofilmen eine Formel vorgestellt, welche es erlaubt, die Zahl der von
einem bestimmten Photosensibilisator pro Sekunde absorbierten Photonen zu
berechnen. Im zweiten Teil erfolgt die Anwendung der im ersten Teil vorgestellten
Methodik zur Angleichung der Belichtungsparameter anhand eines Modells bestehend
aus extrahierten humanen Zahnen und simulierten zahnumgebenden Geweben aus

Kunststoff.

Nachfolgend aufgefuhrt die Titel der beiden Publikationen:

Fabian Cieplik, Andreas Pummer, Johannes Regensburger, Karl-Anton Hiller,
Andreas Spéth, Laura Tabenski, Wolfgang Buchalla, Tim Maisch:
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(Impact Factor 2015: 4,165)



Fabian Cieplik*, Andreas Pummer*, Christoph Leibl, Johannes Regensburger,
Gottfried Schmalz, Wolfgang Buchalla, Karl-Anton Hiller, Tim Maisch:
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human dental hard and surrounding soft tissue.
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Teil I: Der Einfluss absorbierter Photonen auf die

antimikrobielle photodynamische Wirksamkeit

Zusammenfassung

In einer kirzlich erschienenen Stellungnahme erklarten die "Centers for Disease
Control and Prevention (CDC) of the United States of America”, dass
antibiotikaresistente Bakterien allein in den USA als Ursache fir mindestens zwei
Millionen Krankheits- und 23 000 Todesfalle pro Jahr anzusehen sind [1]. Als Reaktion
darauf veroffentlichte das Weil3e Haus im September 2014 ein Strategiedokument, in
welchem der Anstieg antibiotikaresistenter Stamme als ernsthafte Bedrohung fur die
offentliche Gesundheit und die gesamte Wirtschaft erklart wird. Als einige der Ziele,
welche in diesem Dokument ausdricklich erwahnt werden, sind der nachhaltige
Umgang mit Antibiotika sowie die Beschleunigung der Grundlagen- und
Zweckforschung und die Entwicklung neuartiger Strategien zur Bekampfung
bakterieller Resistenzen zu nennen [2].

Speziell auf dem Gebiet der Zahnheilkunde sollte es ein vorrangiges Ziel sein, die
Anwendung lokaler und systemischer Antibiose weitgehend zu vermeiden. So ist es
z.B. zur Behandlung von schweren Formen der Parodontitis heute Ublich, eine
Kombination aus Amoxicillin (500mg) und Metronidazol (400mg) als Zusatz zur
konventionellen mechanischen Therapie (scaling and root planing) einzusetzen (so
genannter AV4drCoWikn[B4] Iwiksdztinehmend kritisch gesehen wird

[5]. Dartiber hinaus werden Zahnéarzte vermehrt mit Erkrankungen parodontaler oder



endodontaler Genese konfrontiert, die durch antibiotikaresistente Pathogene
verursacht werden [6,7].

Angesichts dessen stellen alternative Therapieverfahren wie die photodynamische
Inaktivierung von Bakterien (PIB) eine vielversprechende Mdglichkeit dar. PIB besteht
aus der Applikation eines an sich nicht-toxischen Molekils, dem sog.
Photosensibilisator (PS), und dessen darauffolgender Bestrahlung mit sichtbarem
Licht geeigneter Wellenlange in Anwesenheit von molekularem Sauerstoff. Die
Absorption des Lichts durch den PS bewirkt dessen Anhebung auf das Triplett-
Energieniveau, von welchem zwei Mdglichkeiten bestehen, wieder in den
Grundzustand zu gelangen: beim Typ-I-Mechanismus wird Ladung auf ein Substrat
oder auf molekularen Sauerstoff Ubertragen, wobei reaktive Sauerstoffspezies (ROS)
wie Wasserstoffperoxid (H202), Sauerstoffradikale wie das Superoxid Anion (Oz2--)
sowie Hydroxylradikale (HO-) gebildet werden. Im Gegensatz dazu wird beim Typ-II-
Mechanismus Energie direkt auf molekularen Sauerstoff Ubertragen, wobei der
hochreaktive Singulettsauerstoff (1O2) gebildet wird [8,9]. Das Verhaltnis der beiden
PIB-Mechanismen ist fur jeden PS unterschiedlich, wobei die Singulettsauerstoff-
Quantenausbeute U pden Anteil des Typ-lI-Mechanismus beschreibt [10].

Aktuell werden in der Zahnmedizin hauptsachlich PS klinisch angewandt, welche
strukturell den Phenothiazinen zuzuordnen sind [11]. Methylenblau, welches als erster
klinisch eingesetzter Farbstoff aus dieser Gruppe anzusehen ist, wurde Ende des 19.
Jahrhundert im Zuge einer florierenden deutschen Textilindustrie entwickelt [12]. MB
besteht aus einem Dreiring-" -System mit angehangter auxochromer Seitengruppe
und ist einfach positiv geladen. Es zeigt hohe Absorptionswerte im roten
Spektr al bes60@68€nm) [(33 seine Singulett-Sauerstoff Quantenausbeute

U o liegt bei 0,52 [14].



Kirzlich stellte unsere Arbeitsgruppe SAPYR als Vertreter einer neuen Klasse von PS
vor, basierend auf einer Phenalen-1-one-Struktur mit positiv geladenem Methyl-
Pyridinium-Substituenten. SAPYR absorbiert Licht im ultravioletten bis blauen
Wellenlangenbereich (8aps=360-420 nm) und weist eine Singulett-Sauerstoff
Quant enaus bg0.99auf, was bhedeutet, dass dieser PS nahezu vollstandig
gemal dem Typ-lI-Mechanismus reagiert [15,16]. SAPYR zeigt ein ausgezeichnetes
desinfizierendes Potenzial nicht nur gegen Bakterien in Suspension [16], sondern auch
gegen solche, die in Mono- oder Polyspezies-Biofilmen organisiert sind [15].

Trotz der bereits sehr vielversprechenden Ergebnisse friherer Studien scheint es vor
einer klinischen Anwendung sinnvoll, die antibakterielle photodynamische Effektivitat
von SAPYR direkt mit der eines klinischen Standards, wie zum Beispiel MB, zu
vergleichen. Aufgrund verschiedener Absorptioncharakteristika dieser PS muissen
jeweils passende Lichtquellen verwendet werden. Daher ist es notig, die
Bestrahlungsparameter derart anzugleichen, dass ein direkter Vergleich der jeweiligen
antibakteriellen photodynamischen Effektivitat moglich wird.

In der vorliegenden Arbeit wurde deswegen die antibakterielle PIB-Effektivitat von
SAPYR mit der von MB bezuglich der Inaktivierung von Monospezies-Biofilmen
verglichen. Dabei wurden zwei Methoden zur Anpassung der Bestrahlungsparameter
gewahlt: im ersten Fall wurden die Lichtdosen, welche durch die entsprechenden
Lichtquellen appliziert werden, angepasst; im zweiten Fall hingegen wurde die Zahl
der Photonen, welche von den PS bei Bestrahlung mit der entsprechenden Lichtquelle
absorbiert werden, unter Anwendung der folgenden dafur entwickelten Formel

abgestimmt:



absorbierte Photonen/Sekunde = z (1- 107 ¢ d)'Pem(/l)' A
T Co'h

In die Berechnung der Zahl der von einem PS pro Sekunde absorbierten Photonen
gehenderExt i nkti onskoef f idessemKdnzetfratdes ® S( Boo&i el 0 (
und die Schichtstarke d der Losung (hier 1,3 mm) ein. Aul3erdem gehen die von der
Lichtquelle emittierte Wel | enl 2 nge & SsSowi e di e Strahl un
besti mmt en Wel | mitreinZuejzebermtzt m&@n(n@ech die physikalischen
Konstanten der Lichtgeschwindigkeit (co) sowie des Planck&chen Wirkungsquantums
(h).

Mit Hilfe der in dieser Arbeit préasentierten Formel zur Berechnung der von einem
bestimmten PS pro Sekunde absorbierten Photonen kann die Effektivitat
verschiedener photodynamisch-aktiver Systeme unter Einbeziehung der jeweiligen
spektralen Charakteristika von PS und Lichtquelle verglichen werden; dies erscheint
notwendig, da gemal dem Prinzip der Photodynamik ein PS-Molektl genau dann in
seinen angeregten Zustand gelangt, wenn es ein Photon absorbiert.

In der vorliegenden Arbeit wurde die antimikrobielle Effektivitdt des Phenalen-1-one
PS SAPYR mit der des Kklinischen Standards MB auf Monospezies-Biofilme von
Enterococcus faecalis und Actinomyces naeslundii verglichen. Im Falle von SAPYR
zeigte sich bei einer applizierten Lichtdosis von 30 J/cm?, was 6,78x10'® absorbierter
Photonen pro Sekunde entspricht, fir beide Mikroorganismen ein desinfizierender
Effekt (Reduktion um 5,1 logio -Stufen bzw. 6,5 logio -Stufen jeweils fur E. faecalis
und A. naeslundii); MB wies im Vergleich zu SAPYR bei Gleichsetzung der Lichtdosis
(30 J/cm?) eine geringere antibakterielle Wirkung auf (Reduktion um 3,4 logio -Stufen

und 4,2 logio -Stufen jeweils gegen E. faecalis und A. naeslundii). Nach Anpassung
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der Zahl der absorbierten Photonen (Anwendung der Formel; 6,78x10® absorbierte

Photonen pro Sekunde), zeigte sich bei MB kein antimikrobieller photodynamischer

Effekt (siehe Abbildung 1).

1e+10
1e+9
1e+8
1e+7
1e+6
1e+5
1e+4
1e+3
1e+2
1e+1

1e+0

1e+10
1e+9
1e+8
1e+7
1e+6
1e+5
1e+4
1e+3
1e+2
1e+1

1e+0

1e+10
1e+9
1e+8
1e+7
1e+6
1e+5
1e+4
1e+3
1e+2
1e+1

1e+0

E. faecalis
T I I
PS-L- PS+L- PS-L+ PS+L+
. i
J. _1_
PS-L- PS+L- PS-L+ PS+L+
PS-L- PS+L- PS-L+ PS+L+

CFU

CFU

CFU

1e+10
1e+9
1e+8
1e+7
1e+6
1e+5
let+4
1e+3
1e+2
e+

1e+0

1e+10
1e+9
1e+8
1e+7
1e+6
1e+5
1e+4
1e+3
1e+2
1e+1

1e+0

1e+10
1e+9
1e+8
1e+7
1e+6
1e+5
1e+4
1e+3
1e+2
1e+1

1e+0

A. naeslundii

—

PS-L+ PS+L+

PS-L- PS+L-

o
PS-L- PS+L- PS-L+ PS+L+
PS-L- PS+L- PS-L+ PS+L+

SAPYR

MB

(gleiche
Lichtdosis wie
A und B)

MB

(gleiche Zahl
absorbierter
Photonen wie
A und B)

Abbildung 1: Photodynamische Inaktivierung von E. faecalis und A. naeslundii

Monospezies-Biofilmen mit SAPYR und MB

Photodynamische Inaktivierung von E. faecalis und A. naeslundii Monospezies-Biofilmen mit

beiden PS-Lichtquellen-Systemen. Alle PIB-Versuche in dieser Grafik sind als CFU-Mediane

mit 25%- und 75%-Quantilen dargestellt. Die durchgezeichneten bzw. gestrichelten Linien
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stellen jeweils CFU-Reduktionen um 3 logio- bzw. 5 logie-Stufen im Vergleich zur
unbehandelten Kontrollgruppe PS-L- dar.

(A) PIB von E. faecalis Monospezies-Biofilmen mit SAPYR (Zahl der pro Sekunde absorbierten
Photonen: 6,78x10¢; Lichtdosis: 30 J/cm?): Die PIB-Gruppe PS+L+ (gelb) zeigt eine Reduktion
von 5,1 logio-Stufen im Vergleich zur unbehandelten Kontrollgruppe PS-L-.

(B) PIB von A. naeslundii Monospezies-Biofiimen mit SAPYR (Zahl der pro Sekunde
absorbierten Photonen: 6,78x10'8; Lichtdosis: 30 J/cm?): Die PIB-Gruppe PS+L+ (gelb) zeigt
eine Reduktion von 6,5 logio-Stufen im Vergleich zur unbehandelten Kontrollgruppe PS-L-. Die
Lichtkontrolle PS-L+ zeigt eine Reduktion von 0,5 logio-Stufen im Vergleich zur unbehandelten
Kontrollgruppe PS-L-.

(C) PIB von E. faecalis Monospezies-Biofilmen mit MB (angepasste Lichtdosis von 30 J/cm?,
Zahl der pro Sekunde absorbierten Photonen 56,5x108): Die PIB-Gruppe PS+L+ (blau) zeigt
eine Reduktion von 3,4 logio-Stufen im Vergleich zur unbehandelten Kontrollgruppe PS-L-.
(D) PIB von A. naeslundii Monospezies-Biofilmen mit MB (angepasste Lichtdosis von 30 J/cm;
Zahl der pro Sekunde absorbierten Photonen 56,5x108): Die PIB-Gruppe PS+L+ (blau) zeigt
eine Reduktion von 4,2 logio-Stufen im Vergleich zur unbehandelten Kontrollgruppe PS-L-. Die
Lichtkontrolle PS-L+ zeigt eine Reduktion von 1,2 logio-Stufen im Vergleich zur unbehandelten
Kontrollgruppe PS-L-.

(E) PIB von E. faecalis Monospezies-Biofilmen mit MB (angepasste Zahl absorbierter
Photonen pro Sekunde: 6,78x10*® Lichtdosis 3,6 J/cm?): Die PIB-Gruppe zeigt keine Reduktion
im Vergleich zur unbehandelten Kontrollgruppe PS-L-.

(F) PIB von A. naeslundii Monospezies-Biofilmen bei Verwendung von MB (angepasste Zahl
absorbierter Photonen pro Sekunde: 6,78x10*8; Lichtdosis 3,6 J/cm?2): PIB-Gruppe zeigt keine
Reduktion im Vergleich zur unbehandelten Kontrollgruppe PS-L-.

Es ist daher sinnvoll, die Zahl der absorbierten Photonen in kiinftige Arbeiten zum
Vergleich von verschiedenen PS miteinzubeziehen, da sich betréachtliche
Unterschiede in der antibakteriellen photodynamischen Effektivitat der PS einstellen,
je nhachdem ob man die Zahl der absorbierten Photonen oder nur die Lichtdosen

verschiedener PS anpasst.
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Ausblick

In dieser Arbeit konnte gezeigt werden, dass es beim Vergleich verschiedener PS
sinnvoll ist, nicht nur die applizierten Lichtdosen, sondern die spektralen
Charakteristika der verwendeten Lichtquelle wie auch des PS zu bericksichtigen.
Dadurch kann das Potenzial von PS, Mikroorganismen zu inaktivieren, genauer
beurteilt werden.

Die von uns entwickelte Formel unterstreicht dariiber hinaus die Wichtigkeit der
Bestrahlung mit Licht einer geeigneten Emissionswellenldange, welche eine breite
Uberlappung mit den Maxima des Absorptionsspektrums eines PS zeigt. Eine
effiziente photodynamische Inaktivierung von Mikroorganismen kann nur bei
suffizienter Aktivierung des jeweiligen PS erfolgen.

In der hier vorgestellten Arbeit fand die von uns entwickelte Formel Anwendung bei
der PIB von Bakterien in vitro. Nachdem die Anwendung dieser Formel unter diesen
Bedingungen zum Vergleich der Effektivitat verschiedener PS etabliert werden konnte,
soll als nachster Schritt die Anwendung der Formel in einem ex vivo Zahnmodell
erfolgen. Ein derartiges ex vivo Modell zum Einsatz in der Endodontie unter Vergleich
der Effektivitdt verschiedener PS bei gleicher Zahl absorbierter Photonen wird

nachfolgend im zweiten Teil dieser Arbeit vorgestellt.
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Due to increasing resistance of pathogens toward standard antimicrobial procedures,
alternative approaches that are capable of inactivating pathogens are necessary in
support of regular modalities. In this instance, the photodynamic inactivation of bacteria
(PIB) may be a promising alternative. For clinical application of PIB it is essential to
ensure appropriate comparison of given photosensitizer (PS)-light source systems, which
is complicated by distinct absorption and emission characteristics of given PS and
their corresponding light sources, respectively. Consequently, in the present study two
strategies for adjustment of irradiation parameters were evaluated: (i) matching energy
doses applied by respective light sources (common practice) and (i) by development
and application of a formula for adjusting the numbers of photons absorbed by PS upon
irradiation by their corresponding light sources. Since according to the photodynamic
principle one PS molecule is excited by the absorption of one photon, this formula
allows comparison of photodynamic efficacy of distinct PS per excited molecule.
In light of this, the antimicrobial photodynamic efficacy of recently developed PS
SAPYR was compared to that of clinical standard PS Methylene Blue (MB) regarding
inactivation of monospecies biofilms formed by Enterococcus faecalis and Actinomyces
naeslundii whereby evaluating both adjustment strategies. PIB with SAPYR exhibited
CFU-reductions of 5.1 logig and 6.5 logig against E. faecalis and A. naeslundii,
respectively, which is declared as a disinfectant efficacy. In contrast, the effect of PIB
with MB was smaller when the applied energy dose was adjusted compared to SAPYR
(CFU-reductions of 3.4 log1g and 4.2 log+g against E. faecalis and A. naeslundlii), or there
was even no effect at all when the number of absorbed photons was adjusted compared
to SAPYR. Since adjusting the numbers of absorbed photons is the more precise and
adequate method from a photophysical point of view, this strategy should be considered
in further studies when antimicrobial efficacy rates of distinct PS-light source systems are
compared.

Keywords: photodynamic, absorbed photons, biofilm, SAPYR, Methylene Blue, antimicrobial resistance
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Impact of absorbed photons

Introduction

In a current assessment the Centers for Disease Control and
Prevention of the United States of America stated that antibiotic-
resistant bacteria are causative for at least two million illnesses
and 23,000 deaths per year in the U.S. alone (Centers for Disease
Control and Prevention, 2013). Consequently, in September
2014, the White House published a strategy paper where the rise
of antibiotic-resistant bacteria was declared as a serious threat to
public health and economy. Some of the goals outlined in this
strategy paper were to promote judicious use of antibiotics and
to accelerate basic and applied research on and development of
novel therapeutic tools for combating bacterial resistance (The
White House, 2014).

In particular in the field of dentistry, it should be a major
goal to moderate the application of systemic antibiotics. For
example, it is common practice to deliver Amoxicillin and
Metronidazol combined for 1 week in addition to conventional
scaling and root planing for treatment of severe forms of chronic
periodontitis (Winkelhoff et al., 1996; Zandbergen et al., 2013),
which is critically judged more and more nowadays (Preus
et al., 2014). Furthermore, dentists are increasingly faced with
situations, where they have to deal with refractory progressions
of periodontal or endodontic infections caused by antibiotic-
resistant pathogens (Al-Ahmad et al., 2014; Rams et al., 2014).

In light of this, a promising alternative may be the
photodynamic inactivation of bacteria (PIB). PIB is an
antimicrobial approach consisting of the application of a
per se non-toxic molecule, the so-called photosensitizer (PS),
and subsequent irradiation with visible light of an adequate
wavelength in the presence of molecular oxygen. The absorption
of light by the PS molecule transfers it to its energized triplet
state, from which there are two mechanisms to regain its
ground state: In type I mechanism, charge is transferred to a
substrate or to molecular oxygen with emergence of reactive
oxygen species (ROS) like superoxide anions (O—e), free
hydroxyl radicals (HOe) and hydrogen peroxide (H,O3). In
contrast, in type II mechanism, energy is transferred directly to
molecular oxygen, whereby highly reactive singlet oxygen (10;)
is generated (Wainwright, 1998; Schweitzer and Schmidt, 2003).
The proportion of both PIB mechanisms is unique for each
PS with the singlet oxygen quantum yield ®A describing the
proportion of type II mechanism (Maisch et al., 2007).

Currently, in dental practice predominantly PS based on a
phenothiazinium structure are clinically used like Methylene
Blue (MB) (Gursoy et al., 2013). MB has a strong absorption in
the red spectral region (\,ps = 600 — 680 nm) (Felgentrager et al.,
2013) and its singlet oxygen quantum yield ® A is 0.52 (Wilkinson
et al,, 1993). However, results with MB regarding inactivation
of biofilms in vitro are quite conflicting (Cieplik et al., 2014b)
and clinical trials on PIB with MB as a supportive modality for
treatment of periodontitis suggest that there are no long-term
positive effects (Sgolastra et al., 2013). In contrast, SAPYR has
recently been introduced by our group as a new class of PS
based on a phenalen-1-one structure with a positively charged
pyridinium-methyl substituent and has shown pronounced
antimicrobial efficacy against planktonic bacteria (Spith et al.,

2014) as well as biofilms (Cieplik et al., 2013). SAPYR absorbs
in a range from UV-A to the blue spectral region (s = 360 —
420 nm) and exhibits a singlet oxygen quantum yield &5 = 0.99,
thus reacting virtually exclusively according to type II mechanism
(Cieplik et al., 2013; Spdth et al., 2014).

For appropriate comparison of antimicrobial photodynamic
efficacy rates of given PS-light source systems, it is essential to
adjust irradiation parameters, which is complexed by distinct
absorption and emission characteristics of given PS and their
corresponding light sources. Hereby, it is common practice
to match the energy doses applied by the respective light
sources. In this instance, emission and absorption characteristics
are mostly left without consideration. However, - according
to the photodynamic principle - one PS molecule is excited
by the absorption of one photon, wherefore the numbers of
photons absorbed by PS upon irradiation by their corresponding
light sources should be calculated allowing comparison of
photodynamic efficacy rates of distinct PS per excited molecule.

Aim of the present study was to evaluate two strategies for
adjustment of irradiation parameters: (I) adjusting the energy
doses applied by the respective light sources irrespective of
spectral properties and (II) by development and application of a
formula for calculating the numbers of absorbed photons for each
PS upon irradiation by its corresponding light source. Applying
these strategies, SAPYR and MB were exemplarily compared
regarding inactivation of monospecies biofilms formed by oral
key pathogens E. faecalis and A. naeslundii.

Materials and Methods

Photosensitizers and Light Sources
The phenalen-1-one PS SAPYR [2-((4-pyridinyl)methyl)-1H-
phenalen-1-one chloride; Figure 1A] was synthetized at the
Department of Organic Chemistry (University of Regensburg,
Germany) with a purity of > 99%, controlled by NMR and
HPLC-MS, as described earlier (Cieplik et al, 2013; Spith
et al., 2014). The phenothiazinium PS Methylene Blue [3,7-
bis(dimethylamino)-phenothiazin-5-ium chloride; Figure 1B]
was purchased from Sigma-Aldrich (St. Louis, MO) and used
as received (purity > 95%). Absorption spectra of SAPYR and
MB were recorded by means of a photosprectrometer (DU 640,
Beckman-Coulter, Krefeld, Germany).

For irradiation of SAPYR, a Waldmann PIB 3000 blue
light source (hem = 380-600nm) was used, whereas MB was

irradiated with a Waldmann PDT 1200L red light source (Aem =
0O

B
N
SOAP LI
lJ >g' N~
oCha il

FIGURE 1 | Chemical structures of SAPYR and Methylene Blue.
Chemical structures of phenalen-1-one PS SAPYR (A) and phenothiazinium
PS Methylene Blue (B).

A
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580-750nm) (both: Waldmann Medizintechnik, Villingen-
Schwenningen, Germany). Emission spectra of the light sources
were recorded by means of a monochromator with a CCD
detection system (SPEX 232, HORIBA Jobin Yvon, Longjumeau
Cedex, France). Figure 2 shows the absorption spectra of both PS
and the emission spectra of the corresponding light sources.

For PIB experiments, the light intensities obtained from both
light sources at the level of the samples were measured with
a thermal low-power sensor (Nova 30 A-P-SH, Ophir-Spiricon,
North Logan, UT).

Calculation of Irradiation Parameters

For calculation of the numbers of absorbed photons, the
extinction coeflicients of the PS at distinct wavelengths [e()\)]
and the spectral radiant power emitted by the respective light
sources Pep, (\) were measured. For determination of the spectral
resolved absorption, the concentration of the PS (c, here:
100 wM) and the thickness of the solution (d, here: 1.3 mm) are
necessary parameters. Moreover, the universal physical constant
of the velocity of light (co) and the Planck constant (h) are
required.

absorbed photons/ second =

Z (1 _10~®r e d) Pem(1) - c0k~ -

A

g(\) Extinction coefficient [(molxcm)~1] Measured spectrally resolved by
a photospectrometer

Pem()  Spectral radiant power of the Measured spectrally resolved by
respective light source [mW/nm] a CCD detector system

o] Concentration of the PS [WM] Here: 100 puM

d Thickness of the solution [mm] Here: 1.3mm

co Velocity of light [m/s] 299,792,458 m/s

h Planck constant [Jxs] 6.62606957x10~34 Js

A Wavelength [nm]

First, irradiation parameters for SAPYR were determined to
irradiation with PIB 3000 for 600s at an irradiance at sample-
level of 50 mW/cm?, corresponding to an energy dose of 30 J/cm?.

In order to compare antimicrobial photodynamic efficacy of
SAPYR and MB at corresponding energy dose, irradiation of MB
was with PDT 1200L at 50 mW/cm? for 600 s.

For comparing antimicrobial photodynamic efficacy of both
PS at matching numbers of absorbed photons, the constants, the
experimental data and the measured values were inserted in the
formula outlined above, resulting in a number of 1.13 x 10!¢
photons/second absorbed by SAPYR for irradiation with PIB
3000 (irradiance at sample-level: 50 mW/cm?). Likewise, a
number of 3.75 x 10'° photons/second absorbed by MB
for irradiation with PDT 1200L (irradiance at sample-level:
20 mW/cm?) was calculated. Consequently, in order to adjust the
numbers of absorbed photons for both PS, a 3.32 times longer
irradiation period was necessary for SAPYR with PIB 3000
compared to MB with PDT 1200L. Therefore, irradiation periods
were determined to be 600s for SAPYR with PIB 3000 (energy

dose: 30J/cm?) and 181 s for MB with PDT 1200L (energy dose:
3.6]/cm?).

Biofilm Formation

Enterococcus faecalis ATCC 29212 and Actinomyces naeslundii
T14V were used as model organisms in this study. Monospecies
biofilms were cultured, as it has been described earlier (Cieplik
etal,, 2013). Biofilm formation was in 96-well polystyrene culture
plates (Corning Costar®, Corning, NY) with the complete saliva
medium (CS) described by Pratten et al. (1998), modified by
adding 1% sucrose and applying N, up to O = 0% in
order to ensure anaerobic medium conditions (Tabenski et al.,
2014). E. faecalis and A. naeslundii were incubated under aerobic
conditions in Brain Heart Infusion broth (BHI; Sigma-Aldrich,
St. Louis, MO) at 37°C on an orbital shaker as overnight-cultures
in order to obtain bacteria in the static growth phase. Afterwards,
suspensions were harvested by centrifugation (1700g, 5min;
Megafuge 1.0, Heraeus Sepatech, Osterode, Germany) and re-
suspended in sterile phosphate-buffered saline (PBS; Sigma-
Aldrich, St. Louis, MO) yielding an optical density (OD) of 0.1,
which was measured at 600 nm by means of a photospectrometer
(SPECORD 50 PLUS, Analytik Jena, Jena, Germany) and
corresponds to a bacterial count of 10* to 10° bacterial cells
per ml. Subsequently, bacterial suspensions were pelletized again
and re-suspended in CS so that they could be used for biofilm
formation. Wells were inoculated with 200 1 of these E. faecalis
or A. naeslundii suspensions and incubated aerobically at 37°C
for 72 h, while the medium was substituted every 24 h.

Confirmation of Extracellular Polymeric
Substance (EPS)

The presence of EPS in A. naeslundii and E. faecalis monospecies
biofilms was verified by a lectinsorbent assay (ELLA), based on
the manual described by Leriche et al. (2000). Concanavalin A
(Con A) was chosen as a lectin, since it binds to the most common
monosaccharide-residues (p-glucose and p-mannose) in the EPS
of bacterial biofilms (Sutherland, 1990).

Peroxidase-labeled Con A (Sigma-Aldrich, St. Louis, MO) was
diluted in PBS containing 0.05% (vol/vol) Tween 20 (Merck,
Darmstadt, Germany) (diluting buffer; DB) obtaining final
concentrations of 10.0 and 12.5 pg/ml of Con A. E. faecalis and
A. naeslundii monospecies biofilms were grown as described
above in 96-well plates yielding 8 wells in a row colonized
with biofilm for each sample. After 72 h, medium was removed
and biofilms were washed carefully with PBS to remove non-
adherent bacteria. 200 1l of the Con A solution at concentrations
of 10.0ng/ml (A. naeslundii, E. faecalis) or 12.5ug/ml (E.
faecalis), respectively, were added to the first of the eight wells
in a row and 100 ul DB to the remaining wells. Consequently,
serial half dilutions were performed by transferring 100 pul from
the previous to the proximate well. Wells incubated with CS
medium for 72h were submitted to the same procedure and
used as a blank. Well plates were incubated in the dark for
60 min at room temperature to allow lectin-binding. Afterwards,
peroxidase-labeled Con A solutions were removed from the wells
by inverting the plates. Subsequently, the biofilms were washed
triply with DB to remove unbound lectin and peroxidase-labeled
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FIGURE 2 | Characteristic absorption spectra of both PS and
emission spectra of corresponding light sources. The abscissa shows
the wavelength in nm, the left ordinate the spectral radiant power of the light
source and the right ordinate the extinction coefficient of the PS.
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(A) Characteristic absorption spectrum of SAPYR (solid line) and emission
spectrum of Waldmann PIB 3000 (dotted line). (B) Characteristic absorption
spectrum of MB (solid line) and emission spectrum of Waldmann PDT 1200L
(dotted line).

Con A was visualized by adding 100 j11 ABTS [2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid); Sigma-Aldrich, St. Louis,
MO]. After maintaining in the dark for 15 min, OD was measured
at 405 nm with a microplate reader (EMax® Precision Microplate
Reader, Molecular Devices, Biberach, Germany). Blanks were
substracted.

Photodynamic Inactivation of Bacteria
After a cultivation period of 72h, biofilms were washed twice
with sterile PBS to remove non-adherent bacteria and were
incubated either with 50 1 of the respective PS at a concentration
of 100 LM (experimental group PS+L+: PIB; control group
PS+L-: treatment with PS only) or with 50ul PBS (control
group PS-L-: untreated control; control group PS-L+: treatment
with light only) for 25min in the dark. Then the samples were
irradiated either for 600 s (SAPYR, MB) or for 181 s (MB) (groups
PS+L+ and PS-L+) or maintained in the dark during the same
period (groups PS+L- and PS-L-).

Immediately afterwards PS or PBS was carefully removed
and each biofilm was brought to suspension with 200 ul of PBS
by multiple up-and-down-pipetting and transferred to a 1.5ml

Eppendorf tube. These were placed in an ultrasonic water-bath
chamber (35 kHz; Qualilab USR30H, Merck Eurolab, Bruchsal,
Germany) for 5min and then vigorously vortexed (REAX
top, Heidolph Instruments, Schwabach, Germany) for 5s for
separation of aggregated bacteria. Serial tenfold dilutions (102
to 10~7) were prepared in BHI-broth and aliquots (3 x 20 1)
were plated on Mueller-Hinton-agar (E. faecalis) or blood agar
(A. naeslundii) plates, respectively, according to the methodology
described by Miles et al. (1938). Plates were incubated at 37°C
for 24 h (E. faecalis) or 48 h (A. naeslundii). Afterwards, colony
forming units (CFU) were counted.

Data Analysis
For ELLA experiments (data from 12 independent samples),
OD at 405nm was plotted versus the logarithm of Con A
concentrations. Values were fitted in a dose-response curve
including 95% confidence intervals using Table Curve 2D (Systat
Software Inc., San Jose, CA).

All results of PIB experiments are graphically shown as
medians, including 25 and 75% quantiles and were calculated
using SPSS for Windows, version 20 (SPSS Inc., Chicago, IL)
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from the values of at least six independent experiments, each
performed in duplicate. Horizontal solid and dashed lines in the
figures depict reductions of 3 and 5 log;o steps CFU respectively,
compared to untreated control groups PS-L-. Medians on these
lines exhibit inactivation efficacy rates of 99.9% (3 logio) or
99.999% (5 logio). According to the infection control guidelines,
this is declared as biologically relevant antimicrobial activity or
disinfectant effect, respectively (Boyce and Pittet, 2002).

Results

Confirmation of Extracellular Polymeric
Substance (EPS)

p-glucose and p-mannose residues in the EPS of E. faecalis and A.
naeslundii monospecies biofilms were detected with ELLA using
Con A as a lectin. Plotting the OD values at 405 nm versus the
logarithm of the concentration of Con A added, resulted in dose-
response curves for biofilms of E. faecalis (r* = 0.872) and A.
naeslundii (r* = 0.957) (Figure 3). Consequently, increasing
concentrations of Con A result in heightened OD values, which
affirms the presence of binding sites for Con A and therefore the
presence of EPS containing p-glucose and p-mannose residues.
Non-specific binding of Con A to carbohydrates in CS medium
can be neglected, since blank values did not show any dose-
response curves (data not shown).

Photodynamic Inactivation of Bacteria

SAPYR and MB were evaluated against E. faecalis and A.
naeslundii monospecies biofilms. Irradiation parameters for
SAPYR were determined to irradiation with PIB 3000 for
600 s obtaining irradiance at sample-level of 50 mW/cm?, which
corresponds to an energy dose of 30J/cm? and a number of
6.78 x 10'® absorbed photons. Under these conditions, SAPYR
revealed an inactivation efficacy of 5.1 logjy steps against E.
faecalis (Figure 4A) and 6.5 logo steps against A. naeslundii
(Figure 4B).

For comparing MB at adjusted energy dose compared
to SAPYR (30]/cm?; number of absorbed photons: 56.5 x
10'8), MB was irradiated with PDT 1200L for 600s at
an irradiance of 50mW/cm? reaching the samples, too.
Here, CFU of E. faecalis were reduced by 3.4 logio steps
(Figure 4C) and CFU of A. naeslundii by 4.2 logyy steps
(Figure 4D).

In contrast, for comparing MB at adjusted numbers of
absorbed photons compared to SAPYR (6.78 x 10'%; energy dose:
3.6J/cm?), MB was irradiated with PDT 1200L for 181s at an
irradiance at sample-level of 20 mW/cm?, which resulted in no
reduction of CFU-median against both, E. faecalis (Figure 4E)
and A. naeslundii (Figure 4F).

In all cases there was no reduction of CFU after treatment with
PS only (PS+L—). Treatment with light only (PS—L+) had no
effect on CFU of E. faecalis. In the case of A. naeslundii, CFU
were diminished slightly by 0.5 log;o step when irradiated with
Waldmann PIB 3000 (50 mW/cm?; 30J/cm?) and by 1.2 logio
steps when irradiated with Waldmann PDT 1200L at 30 J/cm?.
In contrast, irradiation with PDT 1200L at 3.6 J/cm? had no effect
on CFU of A. naeslundii.

OD405 nm

r’=0.872

100

OD405 nm

100

Con A (log,, ng/ml)

FIGURE 3 | Enzyme-linked lectinsorbent assay (ELLA). ELLA applied on
72h E. faecalis and A. naeslundii monospecies biofilms for confirmation of
EPS. Blue dots represent original measured values, red solid line represents
the fit of the sigmoideal curve and red dashed lines depict 95% confidence
intervals. r2 denotes the correlation coefficient. (A) ELLA on E. faecalis

monospecies biofim. (B) ELLA on A. naeslundii monospecies biofilm.

Discussion

Aim of the present study was to compare the antimicrobial
photodynamic efficacy of given PS by using two strategies for
adjustment of irradiation parameters. Since different PS exhibit
distinct absorption characteristics, distinct light sources have to
be used and their irradiation parameters have to be adjusted
in order to ensure appropriate comparison of antimicrobial
photodynamic efficacy. Usually, for adjustment of irradiation
parameters only the energy doses applied by the respective light
sources are matched. In this instance neither the molar extinction
coeflicients of a given PS nor the energy per wavelength emitted
by the respective light source are factored in. Furthermore, the
number of emitted photons of a given light source not only
depends on the power but also on the wavelength of the emitted
photons. In this study, a formula is presented considering all
these aspects in order to calculate the numbers of photons, which
are absorbed per second by a given PS when irradiated by its
corresponding light source:

absorbed photons/ second =

D =107 d) L pn ()
A

Co -
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For a certain wavelength o, % describes the energy of a single

photon. Its reciprocal * is multiplied by the spectral radiant
power Pep(Ao) to obtain the number of emitted photons per
second. The absorption of the PS is expressed by the factor

(1 — 107¢%0)<d) The sum is calculated for wavelengths ranging
from 300 to 800 nm in 1-nm-steps.

Depending on the mechanism of photodynamic action and
based on the Jablonski diagram (Baier et al., 2007; Maisch et al.,
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FIGURE 4 | Photodynamic inactivation of AN and EF monospecies
biofilms. All PIB results are shown as CFU medians with 25 and 75%
quantiles depicted on a log1q scaled ordinate. Medians on or below the solid
and dashed lines represent CFU reductions of > 3 logqg and > 5 log1g
steps, respectively, compared to untreated control groups PS-L-. (A) PIB
against E. faecalis monospecies biofilm using SAPYR (number of absorbed
photons: 6.78 x 10'8; energy dose: 30 J/cm?): PIB group PS+L+ (yellow)
shows a reduction by 5.1 logg steps CFU. (B) PIB against A. naeslundii
monospecies biofim using SAPYR (number of absorbed photons:

6.78 x 1018; energy dose: 30 J/cmz): PIB group PS+L+ (yellow) shows a
reduction by 6.5 logqq steps CFU. PS-L+ group shows a reduction by 0.5
log1g steps CFU. (C) PIB against E. faecalis monospecies biofilm using MB
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(adjusted energy dose: 30 Jiem?; corresponding number of absorbed
photons: 56.5 x 10'8): PIB group PS+L+ (blue) shows a reduction by 3.4
log1g steps CFU. (D) PIB against A. naeslundii monospecies biofilm using
MB (adjusted energy dose: 30 Jiem?; corresponding number of absorbed
photons: 56.5 x 1018): PIB group PS+L+ (blue) shows a reduction by 4.2
log+g steps CFU. PS-L+ group shows a reduction by 1.2 logqq steps CFU.
(E) PIB against E. faecalis monospecies biofilm using MB (adjusted number
of absorbed photons: 6.78 x 1018; corresponding energy dose: 3.6 J/cmz):
PIB group PS+L+ (blue) shows no reduction of CFU. (F) PIB against A.
naeslundii monospecies biofilm using MB (adjusted number of absorbed
photons: 6.78 x 10'8; corresponding energy dose: 3.6 J/cm?2): PIB group
PS+L+ (blue) shows no reduction of CFU.

Frontiers in Microbiology | www.frontiersin.org

18

July 2015 | Volume 6 | Article 706



19



