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Photodynamic therapy (PDT) has historically been used as a means to treat cancerous tumors but has
recently been used to kill bacterial cells through the use of targeted photosensitizers. PDT is a potential adjunct
to scaling and root planing in the treatment of periodontal disease. However, the effectiveness of porphyrin
derivatives against microorganisms has been limited because some gram-negative bacteria are refractory to
photodynamic treatment with these agents. We have designed a porphyrin derivative conjugated to a pental-
ysine moeity that endows the molecule with activity against gram-positive and gram-negative bacteria. Whereas
the porphyrin, chlorin e6, showed in vitro activity against a limited spectrum of bacteria, chlorin e6 conjugated
to pentalysine showed in vitro activity against all oral microorganisms tested, including Porphyromonas
gingivalis, Actinobacillus actinomycetemcomitans, Bacteroides forsythus, Campylobacter rectus, Eikenella corrodens,
Fusobacterium nucleatum subsp. polymorphum, Actinomyces viscosus, and the streptococci. Potent antimicrobial
activity (=5-log-unit reduction in the numbers of CFU per milliliter) was retained in the presence of up to 25%
whole sheep blood. The use of potent, selective agents such as this chlorin e6—pentalysine conjugate to more
effectively reduce the pathogenic bacteria in the periodontal pocket may be a significant tool for the treatment

of periodontal disease.

Periodontal disease is caused by the overgrowth of oral
pathogens such as the gram-negative anaerobe Porphyromonas
gingivalis, which results in the formation of periodontal pockets
surrounding the affected tooth. Successful periodontal therapy
must restrain the growth of these infectious agents. Treatment
of periodontal disease relies primarily on the use of scaling and
root planing procedures but has increasingly been augmented
with antibiotic therapy (7, 14). Despite these measures, infec-
tion recurs in a significant number of patients (22), necessitat-
ing additional treatment. Furthermore, the widespread use of
antibiotics may lead to drug resistance in the bacterial patho-
gens responsible for infection (21). In view of this situation, an
alternative treatment that is capable of killing periodontal
pathogens in situ subsequent to scaling and root planing and
that does not promote the selection of resistant organisms
would be highly desirable.

Photodynamic therapy (PDT) is a process in which the ac-
tivation of photoreactive compounds (photosensitizers) by
light energy results in the production of singlet oxygen and free
radicals that are cytotoxic (6). Due to the highly reactive nature
of the radicals formed through this process, activity is confined
to their immediate environment. Thus, activity is selective and
dependent on the delivery of the photosensitizer to the target
(3). In recent years, PDT has been used successfully in the
treatment of certain tumors (6).

Research in a number of laboratories has demonstrated the
potential of PDT as a treatment for localized microbial infec-
tions (8, 20, 24). Application of PDT to periodontal infection
could prove to be a valuable adjunct to mechanical procedures,
provided that the photosensitizer has broad-spectrum activity
against bacterial pathogens and selectivity for procaryotic cells.
The susceptibilities of both gram-positive and gram-negative
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oral bacteria to cyanine photosensitizers have been demon-
strated (24). Cyanine photosensitizers have also been observed
to have activity against oral streptococci present in plaque
samples (15, 26) and in a biofilm (25).

In previous studies with porphyrin photosensitizers, gram-
positive bacteria were found to be susceptible to the activated
compounds (12). However, activity against gram-negative bac-
teria was limited to instances in which outer membrane per-
meability was achieved through the use of membrane-active
agents (13, 19). Analysis of the antibacterial activities of a
series of porphyrin photosensitizers revealed that net charge
influences the spectrum of activity (9, 10). This suggested that
it may be possible to broaden the spectrum of activity by
combining a moiety with affinity for bacterial cell surfaces with
a photoreactive agent. This hypothesis was initially examined
by using a conjugated photosensitizer consisting of a polylysine
mixture (average size, 20 residues) and chlorin €6, a porphyrin
derivative photosensitizer (18). The positively charged poly-
lysine could potentially facilitate binding to the negatively
charged bacterial surface, thus allowing the photosensitizer to
selectively target bacterial cells. This “targeted photosensi-
tizer” was active against the periodontal pathogen Porphy-
romonas gingivalis, whereas the unconjugated photosensitizer
was less active against P. gingivalis and was more cytotoxic to
mammalian cells.

In the present study we report on the activity of a defined
chlorin e6 photosensitizer, designated ce6-5K, that is com-
posed of a lysine pentamer linked covalently through the N
terminus to the C-20 carboxymethyl group of chlorin e6. We
demonstrate that the addition of the lysine pentapeptide in-
creases the spectrum of activity against periodontal pathogens
and retains a strong killing effect.

MATERIALS AND METHODS

Strains and growth conditions. All the strains and media used in this study are
listed in Table 1. All media except FF medium were obtained from Binax/NEL
(Waterville, Maine) (Table 1). Anaerobic organisms (P. gingivalis, Bacteroides
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TABLE 1. Oral bacteria tested
Organism Strain Source Medium®

Porphyromonas gingivalis ~ ATCC 33277 ATCC? HK
Porphyromonas gingivalis ~ 7-1-4 (patient isolate) ~A. Tanner HK
Bacteroides forsythus ATCC 43037 ATCC NAM
Fusobacterium nucleatumn ~ ATCC 10953 ATCC TSBY

subsp. polymorphum
Campylobacter rectus ATCC 33238 ATCC FF
Eikenella corrodens ATCC 23834 ATCC TSBY
Actinobacillus actino- ATCC 29523 ATCC Chocolate

mycetemcomitans
Actinomyces viscosus ATCC 15987 ATCC BHI
Streptococcus sobrinus ATCC 6715 ATCC TSBY
Streptococcus mitis ATCC 15914 ATCC TSBY
Streptococcus oralis ATCC 35037 ATCC TSBY
Streptococcus mutans ATCC 25175 ATCC TSBY

“ HK, hemin-menadione; NAM, N-acetylmuramic acid; TSBY, tryptic soy
brain heart infusion yeast extract; FF, Fumarate and formate medium (brain
heart infusion agar, 52 g/liter; yeast extract, 10 g/liter; sodium formate, 2 g/liter;
disodium fumarate, 4.1 g/liter; hemin, 5 g/liter; 50 ml of sheep red blood cells [pH
7.5]); Chocolate, chocolate agar; BHI, brain heart infusion agar.

» ATCC, American Type Culture Collection.

forsythus, Eikenella corrodens, Campylobacter rectus, Actinobacillus actinomyce-
temcomitans, and Fusobacterium nucleatum) were cultured in an anaerobic cham-
ber with an atmosphere composed of nitrogen-hydrogen-carbon dioxide (80:10:
10) at 35°C. All the streptococcal strains and Actinomyces viscosus were grown at
35°C in a Brewer jar with a GasPak carbon dioxide generator (Becton Dickinson,
Cockeysville, Md.), which created an aerobic atmosphere with approximately
10% carbon dioxide.

Photosensitizers. Chlorin ¢6 (ce6) was purchased from Porphyrin Products
(Logan, Utah). The chlorin e6—(Lys)s—OH (ce6-5K) conjugate used in the study
was custom synthesized by Multiple Peptide Systems (San Diego, Calif.). The
final product (ce6-5K) was more than 99% pure, as assessed by analytical high-
pressure liquid chromatography. The identity of the product was verified by mass
spectrometry and amino acid analysis.

Laser apparatus. Light for photoactivation was generated with a laser diode
(250-670-9mm-SMA; Polaroid Inc., Norwood, Mass.) with a central wavelength
of 662 nm. The laser light was coupled into an SMA connectorized 200-um
quartz fiber with an attached graded-index (GRIN) microlens (Rare Earth Med-
ical, Inc., West Yarmouth, Mass.). The laser possessed a laser spectral stability of
+2 nm with an output power stability of =10 mW. Power measurements were
measured with a Lasermate/D power meter with a Lasermate 3 detector head
(Coherent, Inc., Auburn, Calif.). Distance adjustments between the lens and the
illuminated plates created fields of irradiation with appropriate dimensions and
power densities.

PDT assay. The assay used to demonstrate photosensitizer antimicrobial ac-
tivity was adapted from the work of Wilson (23) with the following modifications.
Each strain was cultured on plates anaerobically (approximately 7 days) or
aerobically with CO, (24 h). The cells were then suspended in one-quarter-
strength phosphate-buffered saline buffer (2 g of NaCl per liter, 0.5 g of KCI per
liter, 0.36 g of Na,HPO, per liter, 0.06 g of KH,PO, per liter) to an A5, of 0.01,
or approximately 107 CFU/ml. The ce6 or ce6-5K photosensitizer containing
EDTA was added to 1 ml of a cell suspension to give final concentrations of 5
wM photosensitizer and 2.5 mM EDTA (pH 7.0). The photosensitizer was
incubated with the cell suspension for 2 min to allow binding and/or uptake. Two
hundred microliters of the cell suspension was placed in a 48-well microtiter
plate for light activation. The samples were exposed to 662-nm light from above
with a fluence of 15 J/cm? at a fluence rate of 100 mW/cm? and a time of
illumination of 150 s (unless noted otherwise). The irradiated cells were serially
diluted in buffer and were plated on the appropriate medium. The numbers of
CFU were enumerated after adequate incubation. Sheep erythrocytes were ob-
tained from Binax/NEL (Waterville, Maine).

RESULTS

Determination of optimal photosensitizer concentration. In
order to determine the optimal concentration of photosensi-
tizer required to effectively kill the oral pathogen P. gingivalis,
various concentrations of the photosensitizer ce6-5K were
tested. Total killing of P. gingivalis ATCC 33277 was observed
with concentrations of ce6-5K that were equal to or greater
than 2.5 pM (3.2 pg/ml) (Fig. 1). The killing activity of ce6-5K
was diminished as the drug concentration was reduced over the
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FIG. 1. Effect of photosensitizer concentration on PDT killing of P. gingivalis
ATCC 33277. The photosensitizer ce6-5K concentration was varied, as indicated.
The values are the averages of three independent experiments, and the error bars
represent standard deviations. Assays performed with 5 wM ce6, the highest
photosensitizer concentration tested, demonstrated an average P. gingivalis sur-
vival 5.25 * 1.53 log,, (standard deviation) greater than the survival demon-
strated with the same concentration of ce6-5K (data not shown).

range of 1.25 t0 0.16 uM (1.6 to 0.2 wg/ml) (Fig. 1). When the
P. gingivalis cells were incubated with the photosensitizer and
in the absence of light, there was no loss of viability. Similarly,
when the cells were irradiated in the absence of the photosen-
sitizer, there was no loss of viability. Only when cells were
incubated with the photosensitizer and irradiated was killing
observed.

Determination of minimum effective irradiation. The mini-
mum energy requirements for the killing of P. gingivalis were
established by varying the irradiation time, which is directly
proportional to the total energy delivered. Complete killing of
P. gingivalis cells was observed when the cells were irradiated
for just 19 s or 1.9 J in the presence of 5 uM ce6-5K. Therefore,
the standard treatment time of 150 s provides an eightfold
excess of energy for complete Kkilling of P. gingivalis (Fig. 2).
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FIG. 2. Effect of total energy delivered on killing of P. gingivalis ATCC 33277
with the photosensitizer ce6-5K. Cell suspensions were treated with 5 pM ce6-5K
and were irradiated for times ranging from 0 to 150 s. The values are the averages
of three independent experiments, and the error bars represent standard devi-
ations. Assays performed with the same concentration of ce6 at the longest
irradiation time, 150 s, demonstrated an average P. gingivalis survival 5.25 = 1.53
log,, (standard deviation) greater than the survival obtained after 150 s of
irradiance with ce6-5K (data not shown).



3366 ROVALDI ET AL.

TABLE 2. Susceptibilities of oral bacteria to
photosensitizers ce6 and ce6-5K*

Log;, survival of

Organism Untreated With ce6  With 5K-ce6
control treatment treatment
P. gingivalis ATCC 33277 7.7 4.0 <0.3°
P. gingivalis 7-1-4 7.8 6.5 <0.3
B. forsythus ATCC 43037 7.4 7.1 <0.3
F. nucleatum subsp. polymorphum 7.0 6.6 <0.3
ATCC 10953
C. rectus ATCC 33238 7.5 6.7 <0.3
E. corrodens ATCC 23834 7.1 6.6 <0.3
A. viscosus ATCC 15987 7.5 <0.3¢ <0.3
S. sobrinus ATCC 6715 6.9 1.1 0.3
S. mitis ATCC 15914 7.3 <0.3 <0.3
S. oralis ATCC 35037 6.5 <0.3 <0.3
S. mutans ATCC 25175 7.2 1.2 0.6
A. actinomycetemcomitans 7.1 6.7 <0.3
ATCC 29523

“ All strains except P. gingivalis 7-1-4 were obtained from the American Type
Culture Collection. Strain 7-1-4 was provided by A. Tanner. The values are the
averages of at least two independent experiments except when noted otherwise.

b Value is the average of four independent experiments.

¢ The lower limit of detectable bacterial survival.

Activity against oral pathogens. The activities of the photo-
sensitizers ce6-5K and ce6 were examined against a spectrum
of aerobic and anaerobic oral pathogens (Table 2). The ce6-5K
photosensitizer was extremely effective in killing all the oral
bacteria tested, showing at least 6 logs of killing of all the
organisms listed in Table 2. In contrast, the ce6 compound
lacking the pentalysine moiety had a much narrower spectrum
of activity. The photosensitizer ce6 was effective in killing the
streptococci, A. viscosus, and the anaerobic bacterium P. gin-
givalis ATCC 33277, but the patient isolate, strain P. gingivalis
7-1-4, was more refractory to PDT treatment with ce6. PDT
treatment with ce6 also had little or no effect on the gram-
negative oral pathogens A. actinomycetemcomitans, C. rectus,
E. corrodens, F. nucleatum subsp. polymorphum, and B. forsy-
thus.

Activity of ce6-5K was retained in presence of whole blood.
PDT is planned as an adjunct therapy to scaling and root
planing, which is a procedure expected to result in some bleed-
ing. It was therefore important to determine the interference
of whole blood with the activity of the ce6-5K compound.
P. gingivalis ATCC 33277 cells were suspended in 1X phos-
phate-buffered saline buffer, and then whole sheep blood and
ce6-5K (5 pM) were added to the suspension. Figure 3 shows
that the PDT procedure resulted in substantial killing activity
even in 50% whole blood. In contrast, 1% whole blood was
sufficient to completely inhibit the killing effects of ce6 (lacking
the pentalysine tail) (data not shown). Thus, the ce6-5K pho-
tosensitizer, in contrast to the ce6 compound, showed the ca-
pacity to kill oral bacteria in the presence of whole blood.

DISCUSSION

Two photosensitizers, ce6 and ce6-5K, were tested for their
killing activities against oral bacteria exposed to laser light.
The addition of the pentalysine moiety, which adds four net
charges to the ce6 porphyrin, endows the ce6-5K molecule with
strong killing activity against a broad spectrum of oral bacterial
cells (Table 2). Whereas ce6 showed some activity as a photo-
sensitizer against gram-positive organisms, only the ce6-5K
molecule, in combination with light, consistently killed both
the gram-negative and gram-positive organisms. This differ-

ANTIMICROB. AGENTS CHEMOTHER.

ence in spectra of activity is particularly important because the
gram-negative anaerobic microorganisms, such as P. gingivalis
and B. forsythus, are closely associated with periodontal disease
(5). In addition, A. actinomycetemcomitans, a gram-negative
facultative bacterium, plays a crucial role in juvenile periodon-
titis (1, 11).

Previous studies with this class of porphyrin photosensitizers
containing a peptide tail composed of a mixture of lysine mul-
timers covalently bonded to ce6 showed little activity against
cultured mammalian cells (17). Similar results were obtained
with the ce6-5K compound (data not shown). Thus, the com-
bination of broad-spectrum activity against dental pathogens
and little or no activity against mammalian cells suggests that
ce6-5K is a good potential lead compound to be carried for-
ward for PDT as part of dental therapy.

It is likely that the addition of the pentalysine moiety of
ce6-5K results in a photosensitizer that has a stronger affinity
for binding to bacterial surfaces than to mammalian cells.
Singlet oxygen and free radicals that are generated by irradi-
ation with laser light are very short-lived. Consequently, the
photosensitizer must be in close proximity to the target bacte-
rium (2). The ce6 compound (lacking the pentalysine tail)
exhibited activity against a limited spectrum of microorgan-
isms. Our current hypothesis is that ce6 is active as a photo-
sensitizer against gram-negative bacteria, such as P. gingivalis,
that have an active porphyrin uptake system (4). In keeping
with this idea, ce6 lost its activity in the presence of 1% whole
blood, which probably contains ample porphyrins (e.g., heme)
that could compete with ce6 for uptake (data not shown). In
contrast, ce6-5K retained strong activity even in the presence
of 50% whole blood (Fig. 3), suggesting that ce6-5K has a
distinct binding mechanism.

In vivo treatment of periodontal disease will require admin-
istration of ce6-5K into the periodontal pocket by means of a
cannula, with subsequent insertion of a diffuser-tipped fiber-
optic laser probe for light delivery. The relatively short period
of illumination time required for killing (Fig. 2) and the strong
activity of ce6-5K in the presence of high concentrations of
whole blood (Fig. 3) suggest that the in vivo requirements for
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FIG. 3. Effect of whole sheep blood on killing activity of ce6-5K (5 wM).
Blood was first added to the cell suspension, followed by the addition of the
photosensitizer. The values are the averages of three independent experiments,
and the error bars represent standard deviations. Complete survival is the max-
imum survival possible by cells not treated with photosensitizer. In comparison,
the photosensitizer ce6 was completely inactive in the presence of 1% sheep
blood.
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irradiance and photosensitizer concentration may be similar to
those required in vitro. However, the low level of toxicity
exhibited to date by chlorin photosensitizers and the low power
output of the diode laser would permit increases in either
parameter, if necessary, to obtain optimal efficacy in vivo.

The in vitro activity of ce6-5K against the key dental patho-
gens shows that it may be a potentially valuable new tool for
the treatment of periodontitis as an adjunct to scaling and root
planing. It is encouraging that photofrin (a porphyrin deriva-
tive) has been approved by the U.S. Food and Drug Adminis-
tration for cancer treatment (2) and that subsequent ce6 de-
rivatives have been tested in clinical trials without significant
side effects (16). In addition, PDT with potent and selective
agents such as ce6-5K could be more broadly useful in endo-
dontal work and implants, in which bactericidal action and
sterilization are important considerations.
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