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Photodynamic inactivation is a rapidly developing antimicrobial treatment that employs a nontoxic photo-
activatable dye or photosensitizer in combination with harmless visible light to generate reactive oxygen species
that are toxic to cells. Tetrapyrroles (e.g., porphyrins, chlorins, bacteriochlorins) are a class of photosensitizers
that exhibit promising characteristics to serve as broad-spectrum antimicrobials. In order to bind to and
efficiently penetrate into all classes of microbial cells, tetrapyrroles should have structures that contain (i) one
or more cationic charge(s) or (ii) a basic group. In this report, we investigate the use of new stable synthetic
bacteriochlorins that have a strong absorption band in the range 720 to 740 nm, which is in the near-infrared
spectral region. Four bacteriochlorins with 2, 4, or 6 quaternized ammonium groups or 2 basic amine groups
were compared for light-mediated killing against a Gram-positive bacterium (Staphylococcus aureus), a Gram-
negative bacterium (Escherichia coli), and a dimorphic fungal yeast (Candida albicans). Selectivity was assessed
by determining phototoxicity against human HeLa cancer cells under the same conditions. All four compounds
were highly active (6 logs of killing at 1 pnM or less) against S. aureus and showed selectivity for bacteria over
human cells. Increasing the cationic charge increased activity against E. coli. Only the compound with basic
groups was highly active against C. albicans. Supporting photochemical and theoretical characterization
studies indicate that (i) the four bacteriochlorins have comparable photophysical features in homogeneous
solution and (ii) the anticipated redox characteristics do not correlate with cell-killing ability. These results
support the interpretation that the disparate biological activities observed stem from cellular binding and
localization effects rather than intrinsic electronic properties. These findings further establish cationic
bacteriochlorins as extremely active and selective near-infrared activated antimicrobial photosensitizers,
and the results provide fundamental information on structure-activity relationships for antimicrobial

photosensitizers.

Photodynamic therapy (PDT) employs a nontoxic dye
termed a photosensitizer and low-intensity visible light, which
in the presence of molecular oxygen produces reactive oxygen
species, such as singlet oxygen, superoxide, and hydroxyl rad-
icals (15). PDT has the advantage of dual selectivity in that the
photosensitizer can be targeted to a destination cell or tissue,
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and in addition the illumination can be spatially directed to the
lesion (7, 48). PDT has its origins over a hundred years ago in
the discovery of light-mediated killing of microorganisms (35)
but since then has been principally developed as a treatment
for cancer (8) and age-related macular degeneration (58). Pho-
todynamic inactivation (PDI) is the term used to describe the
use of PDT to inactivate an unwanted entity such as a micro-
bial cell.

There has been a relentless rise in antibiotic resistance over
many years in most regions of the world and in many different
classes of microbial cells (41). In recent times the phenomenon
has become even more worrying, with concerns that hitherto
fairly trivial infections could again become untreatable as in
the days before antibiotics were discovered (3). In fact, the
present time has been termed the “end of the antibiotic era”
(1). The rise in multidrug resistance among microbial patho-
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FIG. 1. Bacteriochlorin photosensitizers.

gens has motivated an international search for alternative an-
timicrobial strategies, particularly those which could be applied
to infections in wounds and burns (32).

PDI has attracted attention as a possible alternative treat-
ment for localized infections (14, 19, 27). In this treatment, the
photosensitizer is topically or locally applied to the infected
tissue and, after a relatively short time interval, light is deliv-
ered to the area. Depending on the effectiveness of the anti-
microbial photosensitizer, up to three logs of bacterial or fun-
gal cells can be killed without causing unacceptable damage to
the host tissue (11). PDI is thought to be equally effective
against multidrug-resistant and naive species (49), and in ad-
dition the PDI treatment itself is unlikely to cause resistance to
arise (26). It should be noted that the lack of development of
resistance after PDT is generally difficult to prove experimen-
tally but can be shown in particular instances.

Gram-negative bacteria are resistant to PDI with many com-
monly used photosensitizers that readily lead to phototoxicity
for Gram-positive species (29). On the other hand, photosen-
sitizers bearing a cationic charge (31, 33, 37) or the use of
agents that increase the permeability of the outer membrane
(38) are known to increase the efficacy of killing of Gram-
negative organisms. The ideal photosensitizer for killing bac-
teria should possess an overall cationic charge and preferably
multiple cationic charges (16, 52).

Photosensitizers based on the bacteriochlorin backbone
have been studied as potential PDT agents for cancer and
nononcological applications (10, 43, 46, 55). The large absorp-
tion feature in the near-infrared spectral region, which is char-
acteristic of bacteriochlorins, is considered to be ideal for max-
imizing light penetration through tissue. This is so because
both absorption and scattering of light in the 700- to 800-nm
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FIG. 2. Absorption spectra of bacteriochlorins 1 (solid line) and

2 (dashed line) in methanol at room temperature. The long-wave-
length, near-infrared feature is the Q,(0,0) band.

region are minimal (40, 42). However, in addition to good
optical properties, it is necessary for a photosensitizer mole-
cule to possess the appropriate structural characteristics that
will optimize the binding to and penetration into microbial
cells. For antimicrobial applications, the effective molecular
features are likely to include the presence of positively charged
substituents such as quaternized ammonium groups.

A de novo synthetic pathway to bacteriochlorins that contain
a geminal dimethyl group in each pyrroline ring has been
developed recently (22). This structural attribute blocks adven-
titious dehydrogenation (to form the chlorin) and thereby af-
fords a stable macrocycle. This synthetic route has provided a
number of bacteriochlorin building blocks, which provided
modular access to bacteriochlorins 1 to 4 (Fig. 1). The four
molecules were designed to allow investigation of the struc-
ture-activity relationship among differently charged bacterio-
chlorins. Bacteriochlorin 1 is a neutral species with two basic
amino groups; bacteriochlorins 2 to 4 contain 2, 4, or 6 cationic
charges, respectively. The synthesis of bacteriochlorins 1 to 3
has been reported (44), and the synthesis of bacteriochlorin 4
is described herein (see the supplemental material) making use
of known routes to bacteriochlorin (44) and tetraaminoalkane
(34) building blocks. The photophysical and molecular orbital
characteristics of all four bacteriochlorins have been investi-
gated as part of this study. The goals of the present study were
to (i) test bacteriochlorins 1 to 4 as antimicrobial photosensi-
tizers against a panel of human pathogens of different taxo-
nomic classifications and (ii) determine selectivity of the four
bacteriochlorins for killing microbial cells versus mammalian
(human cancer) cells using the same incubation time and other
experimental conditions.

MATERIALS AND METHODS

Determination of logP values. A mixture of 2 ml of octanol and 2 ml of water
in a 20-ml scintillation vial was stirred at room temperature for 3 h. Then, less
than 0.5 mg of bacteriochlorin was introduced. Stirring was continued at room
temperature at 100 to 200 rpm for 24 h. The mixture was allowed to stand for 30
min to allow separation of the phases. A 30-ul aliquot of each phase was placed
in 3.0 ml of dimethyl sulfoxide (DMSO), and the absorption spectrum of each
phase was measured. The ratio of the peak intensity of the near-infrared feature,
the 0,(0,0) band (Fig. 2), for the two phases (octanol/water) was calculated.
When there was no detectable amount of bacteriochlorin in a given phase, the
noise level (4 = 0.001) was used as the limiting reading, and the logP value was
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TABLE 1. Chemical and photophysical properties of bacteriochlorins®

Partition coefficient Q, absorption”

0, fluorescence”

Orbital energy

3 +
Compound \ \ fwhm x fwhm Pf i o T HOMO LUMO
mLogP* cLogP” (nm) (nm) (nm) (nm) (us) (-9 (eV) (eV)
1 423 +48+15 718 18 724 23 0.095 38 053 190 —4.42 -2.19
2 -0.5 “11+17 742 23 750 25 0.13 40 048 77 472 —334
3 —14 —53+17 729 19 735 24 0.12 35 053 54% -5.05 ~3.89
4 -17 —58+17 740 24 750 25 —4.56 -39

“ All data measured for compounds at room temperature.

b Peak wavelength (\) and full width at half maximum (fwhm) of spectral feature for compound in aerated methanol.

¢ Fluorescence quantum yield for compound in Ar-purged methanol.

9 Lifetime of the lowest singlet excited state for compound in Ar-purged methanol determined using fluorescence detection.

¢ Yield of the lowest triplet excited state determined using the expresssion @;‘: =1- & —

/Lifetime of the lowest triplet excited state.
& Measured logP.

" Calculated logP.

“In Ar-purged 2-methyltetrahydrofuran.
/1In freeze-pump-thaw-degassed methanol.
¥ In freeze-pump-thaw-degassed ethanol.

bounded accordingly; these measured quantities are here denoted mLogP values.
The values were also calculated based simply on the bacteriochlorin structure
using ACD Labs (Toronto, Canada) V11.01 software; these calculated quantities
are here denoted cLogP values. The cLogP and mLogP values are presented in
Table 1. A positive versus negative logP value reflects preferential solubilization
in the octanol versus water phases, respectively.

Photophysical measurements. Photophysical measurements were preformed
as described previously (20). Measurement of the fluorescence (®) and triplet
excited state quantum yields (®;,.) and singlet (1) and triplet (74) lifetimes
utilized Ar-purged solutions (methanol or 2-methyltetrahydrofuran) except that
the 74 values for bacteriochlorin 2 in methanol and bacteriochlorin 3 in ethanol
utilized rigorously degassed (by freeze-pump-thaw) solutions. The ®,values were
determined with respect to 8,8,18,18-tetramethylbacteriochlorin (50) in Ar-
purged toluene, for which ®, = (.125 was established with respect to chlorophyll
a in benzene (®, = 0.325 [56]) and free base tetraphenylporphyrin in toluene
(®; = 0.09 [12]) using Soret and O, excitation. Triplet yields were determined
using a reference technique to facilitate comparisons (20). First, a value of @;,, =
0.57 was measured for bacteriochlorin 3. This value, along with the ®, and 7
values for this compound (Table 1), gives a value of k;. = (11.4 ns) ™! for the rate
constant for internal conversion of the lowest singlet excited state to the ground
state via the expression k. = (15) '[1 — ®; — ®;]. This value is in good
agreement with the average value of k;. = (10 ns)~! obtained for a number of
analogous 3,13-substituted synthetic bacteriochlorins (unpublished work). This
k;. value was used to obtain the triplet yield for each of the bacteriochlorins using
the expression ®ief = 1 — @; — k75 (Table 1).

Molecular orbital calculations. Density-functional-theory (DFT) calculations
were performed with Spartan 06 for Windows (Wavefunction, Inc.) using the
hybrid B3LYP functional, 6-31G* basis set, and equilibrium geometries were
fully optimized using the default program parameters (24).

Microorganisms and culture conditions. Staphylococcus aureus 8325-4 and
Escherichia coli K-12 (both wild type) as well as the DAY286 reference strain of
Candida albicans (39) were employed. Planktonic bacterial cells were cultured in
brain heart infusion (BHI) broth with aeration at 37°C in mid-log-growth phase
(unless otherwise stated) (39). Yeasts were cultured in yeast-peptone-dextrose
(YPD) broth with aeration at 30°C. The cell number was assessed with a hema-
cytometer (47).

In vitro PDI and viability assessment/determination. A cell suspension con-
sisting of 10® cells/ml for bacteria (107 cells/ml for Candida albicans [6]) was
incubated with various concentrations of the bacteriochlorins for 30 min at room
temperature in the dark. Aliquots (1 ml) were transferred to a 24-well plate and
illuminated at room temperature with a 732-nm laser source (732/6 Diode Laser,
Pharmacyclics, Sunnyvale, CA) and a lens adjusted to give a uniform spot of 2.5
cm in diameter with an irradiance of 130 mW/cm? as measured with a power
meter (model DMM 199 with 201 standard head; Coherent, Santa Clara, CA). A
fluence of 10 J/cm? was delivered over a period of 77 s. Cells treated with
bacteriochlorin in the dark were incubated covered with aluminum foil for the
same time as the PDT groups (30 min).

At the completion of illumination (or dark incubation), the contents of the
wells were mixed before sampling. Aliquots (100 wl) were taken from each well
to determine CFU. The aliquots were serially diluted 10-fold in phosphate-

kie*7s, with kje = (10 ns) ™! as described in the text.

buffered saline (PBS) to give dilutions of 10~! to 10> times in addition to the
original concentration; then, 10-pl aliquots of each of the dilutions were streaked
horizontally on square BHI or YPD (for Candida) plates by the method of Jett
and colleagues (18). Plates were streaked in triplicate and incubated for 12 to
36 h at 30°C or 37°C in the dark to allow colony formation. A control group of
cells treated with light alone (no bacteriochlorin added) showed the same num-
ber of CFU as the absolute control (data not shown). Survival fractions were
routinely expressed as ratios of CFU of microbial cells treated with light and
bacteriochlorin (or bacteriochlorin in the absence of light) to CFU of microbes
treated with neither.

Confocal microscopy of Candida. C. albicans cells (107 cells/ml) were incubated
with bacteriochlorin 1 or 2 at a concentration of 100 wM for 30 min in PBS (pH
7.4) at room temperature. Cells were washed in PBS, pelleted, and resuspended
in 200 pl PBS, and 10 pl was placed on a microscope slide and covered with a
coverslip. An Olympus Fluoview 1000-MPE multiphoton confocal microscope
(Olympus Corporation, Tokyo, Japan) was used to image the cells at a resolution
of 1,024 X 1,024 pixels with a 100 X 1.4-numerical aperture (NA) oil immersion
lens. The microscope used excitation with a 488-nm argon laser and emission
bandpass filter (525 + 10 nm) for green autofluorescence and excitation with a
405-nm violet diode laser and a 655- to 755-nm bandpass filter for near-infrared
bacteriochlorin fluorescence (false-colored red). Images were acquired using
Fluoview 10-ASW software (version 2.0; Olympus Corporation, Tokyo, Japan).

PDT Kkilling of mammalian cells. A human cervical cancer cell line, HeLa, was
obtained from ATCC (Manassas, VA). The cells were cultured in RPMI-1640
medium with L-glutamine and NaHCOj; (Gibco-Invitrogen, Carlsbad, CA) sup-
plemented with 10% heat-inactivated fetal bovine serum and penicillin (100
U/ml) (Sigma, St. Louis, MO) at 37°C in 5% CO,-humidified atmosphere in
75-cm? flasks (Falcon-Invitrogen, Carlsbad, CA). When the cells reached 80%
confluence, they were washed with PBS and harvested with 2 ml of 0.25%
trypsin-EDTA solution (Sigma). Cells were then centrifuged and counted in
trypan blue to ensure viability and plated at a density of 5,000/well in flat-bottom
96-well plates (Fisher Scientific, Pittsburgh, PA). On the following day, dilutions
of bacteriochlorins 1 to 4 were prepared in two different kinds of medium: (i)
complete growth medium with 10% serum and (ii) serum-free medium. These
dilutions (0.01 to 10 WM concentrations of bacteriochlorins) were added to the
cells for 30 min incubation. The dimethyl sulfoxide concentration in the medium
did not exceed 0.2%. The medium was replaced, and 10 J/em? of illumination was
delivered. The light spot covered four wells, which were considered one exper-
imental group illuminated at the same time. Control groups were as follows: no
treatment, light alone, and medium with the same bacteriochlorin dilutions
described above. Following PDT treatment the cells were returned to the incu-
bator overnight. Then a 4-h MTT assay (4) was carried out the next day and read
at 562 nm using a microplate spectrophotometer (Spectra Max 340 PC; Molec-
ular Devices, Sunnyvale, CA). Each experiment was repeated three times.

RESULTS

PDI studies against Gram-positive S. aureus. The best way
to compare the phototoxicity of a group of photosensitizers
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FIG. 3. Survival fraction against photosensitizer concentration for
the photodynamic killing of S. aureus cells. Cell suspensions of 108/ml
were incubated for 30 min with different concentrations of bacterio-
chlorins 1 (A), 2 (B), 3 (C), and 4 (D) followed by illumination with 10
J/em? of 732-nm laser light.

with very different potencies is to vary the concentration over
several orders of magnitude and determine the survival frac-
tion with and without (dark toxicity) a single light dose. Fig-
ure 3 displays the survival fraction curves obtained against the
Gram-positive bacterium S. aureus incubated for 30 min using
bacteriochlorins 1 to 4 with and without illumination (10 J/cm?
732-nm laser light). The noncationic bacteriochlorin 1 pro-
duces 1 log of killing at 100 nM and almost 6 logs at 1 M, and
it eliminates the cells at higher concentrations (Fig. 3A). The
most effective compound is the bis-cationic bacteriochlorin 2,
which kills a remarkable 5 logs at 100 nM and eliminates the
population at 1 uM (Fig. 3B). No dark toxicity is observed.
Less effective than bacteriochlorin 2 are the tetrakis-cationic
bacteriochlorin 3 (Fig. 3C) and the hexakis-cationic bacterio-
chlorin 4 (Fig. 3D), both of which have a small degree of
phototoxicity at 100 nM and kill 5 logs at 1 wM. Again no dark
toxicity is seen.

PDI studies against Gram-negative E. coli. The noncationic
bacteriochlorin 1 shows no effects (no phototoxicity and no
dark toxicity) against the Gram-negative E. coli (Fig. 4A). The
bis-cationic bacteriochlorin 2, however, is effective against E.
coli, killing 1 log at 1 wM and 3 logs at 10 wM and eliminating
the population at 100 uM (Fig. 4B). Modest dark toxicity (up
to 1 log) is observed at the highest concentrations. The tet-
rakis-cationic bacteriochlorin 3 is significantly more effective,
killing 4 logs at 1 wM and almost 6 logs at 10 uM and elimi-
nating the cells at 100 wM (Fig. 4C). The hexakis-cationic
bacteriochlorin 4 is even more powerful, killing 1.5 logs at 100
nM and eliminating the cells at 1 pM (Fig. 4D). Interestingly,
neither bacteriochlorin 3 nor bacteriochlorin 4 displays dark
toxicity.
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FIG. 4. Survival fraction against photosensitizer concentration for the
photodynamic killing of E. coli cells. Cell suspensions of 10%/ml were incu-
bated for 30 min with different concentrations of bacteriochlorins 1 (A), 2 (B),
3 (C), and 4 (D) followed by illumination with 10 J/em? of 732-nm laser light.

PDI studies against fungal yeast C. albicans. The only bac-
teriochlorin that exhibits a high degree of phototoxicity against
the eukaryotic fungal yeast cell C. albicans is the noncationic
bacteriochlorin 1 (Fig. 5A). This compound displays 4 logs of
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FIG. 5. Survival fraction against photosensitizer concentration for
the photodynamic killing of C. albicans cells. Cell suspensions of
107/ml were incubated for 30 min with different concentrations of
bacteriochlorins 1 (A), 2 (B), 3 (C), and 4 (D) followed by illumination
with 10 J/cm? of 732-nm laser light.
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FIG. 6. Two color confocal fluorescence micrographs. C albicans
cells were incubated for 30 min with 100 pM bacteriochlorin 1 (A) or
2 (B). Autofluorescence is colored green and near-infrared bacterio-
chlorin fluorescence is colored red. The scale bar is 10 pm.

killing at 10 wM and gives total elimination (>6 logs killing) at
100 pM. A much lower degree of phototoxicity is observed
with the bis-cationic bacteriochlorin 2, with 1 to 2 logs of killing
at 10 to 100 uM (Fig. 5B). Neither the tetrakis-cationic bac-
teriochlorin 3 (Fig. 5C) nor the hexakis-cationic bacterio-
chlorin 4 (Fig. 5D) show any PDI effect whatsoever. The only
dark toxicity toward C. albicans is 2 logs in the case of bacte-
riochlorin 1 at 100 wM (Fig. 5A).

Confocal microscopy was carried out to confirm that the
noncationic bacteriochlorin 1 is effective at killing Candida
cells because it is able to penetrate inside the cell while the
quaternized bacteriochlorin 2 cannot. Figure 6A shows C.
albicans incubated with 100 wM bacteriochlorin 1 for 30 min.
The bacteriochlorin fluorescence is false-colored red, and the
autofluorescence from the Candida cells is false-colored green.
It can be seen that the basic bacteriochlorin 1 penetrates
into the interior of the yeast cells (Fig. 6A), while the bis-
cationic bacteriochlorin 2 under the same conditions gives
much less fluorescence, and none was visible inside the yeast
cells (Fig. 6B).

PDI studies against mammalian cells. In order to answer
the question whether these bacteriochlorins might exhibit se-
lective killing of microbial (bacterial or fungal) cells versus the
host mammalian cells, experiments were performed using a
human cancer cell line (HeLa) and the same short incubation
time (30 min). Tetrapyrroles are thought to be taken up rapidly
into microbial cells but much more slowly into mammalian
cells. In order to carry out a fair comparison (because the
microbial cells were incubated in serum-free medium) two
different incubation media were used. These were complete
medium with 10% fetal bovine serum and also RPMI medium
without serum. All three cationic bacteriochlorins (bacterio-
chlorin 2 [Fig. 7B], bacteriochlorin 3 [Fig. 7C], and bacterio-
chlorin 4 [Fig. 7D]) exhibit minimal PDT killing of HeLa cells,
exhibiting significant phototoxicity only above 5 wM regardless
of the presence of serum. In contrast, the nonquaternized
bacteriochlorin 1 (Fig. 7A) shows much greater (at least 50
times) phototoxicity, with significant killing observed at only
100 nM. Although the MTT assay is capable of measuring only
2.5 logs of cell killing, the same y axis was used in Fig. 3 to 5
and 7 to emphasize the observed selectivity of the bacterio-
chlorins for microbial over mammalian cells. In contrast to
expectations, the PDT killing of HeLa cells by compounds 2 to
4 after incubation in serum-free medium was actually lower
than that found with conventional serum-containing medium
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FIG. 7. Survival fraction against photosensitizer concentration for
the photodynamic killing of HeLa cells. Cells (5,000/well) were incu-
bated in complete medium or in serum-free medium (SF) for 30 min
with different concentrations of compounds 1 (A), 2 (B), 3 (C), and 4
(D) followed by illumination (light) or not (dark) with 10 J/cm? of
732-nm laser light. Viability was determined 24 h later by MTT assay.

(Fig. 7B to D). It was expected that the uptake of bacterio-
chlorins into the cells might be higher when there was no
competition for binding from serum proteins, but apparently
this was not the case. The only case where the killing was
higher after incubation in serum-free medium was that of the
dark toxicity (not PDT) for compound 1 (Fig. 7A).

Photophysical properties. Each compound exhibits a char-
acteristic bacteriochlorin absorption spectrum (23) with a
broad near-UV Soret (B) feature and a long-wavelength Q,
feature of comparable intensity in the near-infrared spectral
region; absorption spectra for bacteriochlorins 1 and 2 are
shown in Fig. 2. The wavelength tunability of synthetic bacte-
riochlorins via functionalization of the 3- and 13-positions has
been reported previously (50). The Q, absorption maxima of
bacteriochlorins 1 to 4 in methanol are in the range 718 to 742
(Table 1). Lifetimes of the singlet state are in the range 3.5 to
4.0 ns, and the lifetimes of the lowest triplet excited state are in
the range 54 to 90 ps (all in the absence of oxygen). The triplet
lifetimes are reduced to <1 ps in the presence of atmospheric
oxygen, indicating facile excited-state quenching. The yields of
the excited triplet state are in the range 0.48 to 0.53. These
values are comparable to that of 0.54 for bacteriopheophytin a
17).

Molecular orbital characteristics. The energies of the high-
est occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) of each bacteriochlorin were
obtained from DFT calculations. Table 1 shows that the
HOMO energy becomes more negative along the following
series: bacteriochlorin 1 (—4.42 eV) > bacteriochlorin 3
(—4.56 eV) > bacteriochlorin 2 (—4.72 eV) > bacteriochlorin
4 (—5.05 eV). Along this series, the bacteriochlorins will be
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progressively harder to oxidize. Table 1 also shows that the
LUMO energy becomes more negative along the following
series: bacteriochlorin 1 (—2.19 eV) > bacteriochlorin 2
(—3.34 eV) > bacteriochlorin 3 (—3.89 eV) > bacteriochlorin
4 (—3.92 eV). Along this series, the bacteriochlorins will be
progressively easier to reduce.

A prior study of a series of zinc chlorins showed excellent
linear correlations between the calculated orbital energies and
measured redox potentials, with a shift in the HOMO or
LUMO energy of 100 meV giving a shift in the oxidation or
reduction potential of ~100 mV (21). These findings suggest
that differences in ground-state (S,) oxidation and/or reduction
potentials among the bacteriochlorins studied here may be
substantial. The one caveat is that the redox properties of a
bacteriochlorin may differ considerably depending on the sub-
cellular localization site. A second caveat is that the triplet
excited state (T;) redox potentials will differ from those for the
ground state (S,) by the T,-to-S,, energy gap, which typically
will vary similarly to the S,-to-S, energy gaps derived from
0,(0,0) spectral positions (Table 1). Potential connections be-
tween redox and PDI activity are given below.

DISCUSSION

The present report has demonstrated that stable, synthetic
cationic bacteriochlorins are highly promising candidate pho-
tosensitizers for antimicrobial PDT. The new method for bac-
teriochlorin synthesis (22, 44) provides compounds with gem-
dimethyl groups in the reduced pyrrole rings at the 8 and 18
positions. This substitution pattern locks in the bacteriochlorin
macrocycle by preventing the oxidation reactions that typically
occur with derivatives of naturally occurring bacteriochlorins.
These reactions lead to instabilities encountered with many
other bacteriochlorins previously tested for PDT activity. The
versatility of the 3,13-disubstituted bacteriochlorin building
blocks enables macrocycles with a variety of substituent pat-
terns to be prepared, including the set of quaternized com-
pounds that were studied herein.

A large number of publications have pointed out the neces-
sity of using cationic charged photosensitizers to efficiently
mediate photodynamic inhibition (PDI) of Gram-negative bac-
teria; however, reports that have compared structure-function
relationships of photosensitizers against three different classes
of microbial cell (Gram-positive bacteria, Gram-negative bac-
teria, and fungal yeast) are less common (30). One striking
result from the present investigation is that the photosensitizer
structure that gives the maximum PDI effect is different for
each class of microbial cell.

All four compounds tested were highly active against the
Gram-positive S. aureus (Fig. 3). The bis-quaternized bacterio-
chlorin 2 was most effective, producing a remarkable 5 logs of
killing at 100 nM. The other three compounds (basic, tetrakis-
quaternized and hexakis-quaternized) exhibited comparable
levels of cell killing that were lower than that of bacteriochlorin
2 but still quite substantial (>5 logs at 1 uM). One explanation
of this finding is that there exists an optimum level of cationic
charge necessary both to bind to bacterial anionic phosphate
groups and to allow penetration into the bacterial cell wall,
where the reactive oxygen species produced upon illumination
can do most damage. Levels of cationic charge less than this
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optimum value (for instance, the properties of bacteriochlorin
1) will not lead to sufficient binding, and cationic charges
greater than this optimum value (for instance, bacteriochlorins
3 and 4) will lead to the binding being too strong to allow
greater photosensitizer penetration into the cell wall. A similar
finding has been presented in two other reports by one of our
groups involving comparisons of conjugates between chlo-
rin(e6) and different sizes of polylysine chains (16) or different
sizes of polyethylenimine chains (51). In both cases the small-
est conjugate with the least cationic charges had the greatest
PDI effect against S. aureus, while the largest conjugate with
the most cationic charges was the most effective against E. coli.
Maisch et al. (28) also found that a porphyrin with two cationic
groups was a better photosensitizer against S. aureus than a
molecule with four such groups.

A more straightforward structure-function relationship is
found here for the effect of the bacteriochlorins against the
Gram-negative E. coli (Fig. 4). In particular, the greater the
number of cationic quaternized groups the greater the PDI
effect. Bacteriochlorin 4, with six cationic groups, kills measur-
able numbers of cells at 100 nM and eliminates the population
at 1 pM. Bacteriochlorin 3 (four cationic groups) kills 4 logs at
1 M, while bacteriochlorin 2 (two cationic groups) kills only
1 log at 1 pM, and bacteriochlorin 1 (no cationic groups) has
no killing effect at all.

The fungal yeast C. albicans displays yet another structure-
function relationship (Fig. 5). Only the noncationic bacterio-
chlorin 1 has a high PDI killing effect, namely, elimination of
the population (>6 logs) at 100 pM. The bis-cationic bacte-
riochlorin 2 shows a measurable 1 to 2 logs of killing at =1 pM,
while bacteriochlorins with four (bacteriochlorin 3) or six (bac-
teriochlorin 4) cationic groups give no killing effect at all. The
microscopy studies suggest that the noncationic bacterio-
chlorin 1 is able to penetrate to the interior of the fungal cells,
while the cationic bacteriochlorin 2 cannot; this difference in
localization and uptake explains the much greater fungicidal
effect of bacteriochlorin 1. The similarity of the structure-
function relationships between Candida and HeLa cells is pre-
sumably due to the fact that fungal cells are eukaryotic and to
some extent resemble mammalian cells in their overall cellular
structure. Because both types of cells are classified as eu-
karyotes, they have many component features in common,
including plasma membrane, nucleus and nuclear membrane,
mitochondria, endoplasmic reticulum, Golgi apparatus, and
cytoskeleton.

While many authors have reported that Candida cells are
susceptible to PDI with cationic photosensitizers (9, 25, 36),
there are other reports that photosensitizers commonly used to
kill cancer cells, such as Photofrin (5), are also effective against
yeast cells. Further study is necessary to understand the precise
structural features of photosensitizer molecules for optimal
PDI of fungal cells while preserving selectivity over the host
mammalian cells. The overall goal of antimicrobial PDT is to
be able to kill microbes that are infecting tissue after local
application of the photosensitizer solution to the infected area
and subsequent illumination. Thus, it is necessary to also study
the PDT killing of mammalian cells that would comprise the
host tissue. To this end, a human cancer cell line (HeLa cells)
was investigated using the same incubation time (30 min) em-
ployed for the microbial cells. The structure-function relation-
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ship was to some extent similar to that found for C. albicans,
with only the basic bacteriochlorin (bacteriochlorin 1) giving
any significant level of killing at concentrations lower than 1
pM. Therefore, selective PDT Kkilling of bacteria (and to a
lesser extent fungal cells) compared to that of mammalian cells
is accomplished with quaternized bacteriochlorins, with the
bis-cationic compound giving the highest selectivity for S. au-
reus and the hexakis-cationic compound giving the highest se-
lectivity for E. coli.

To our knowledge there has been only one prior investiga-
tion of bacteriochlorins as antimicrobial photosensitizers.
Schastak et al. (45) compared the photodynamic killing of S.
aureus, methicillin-resistant S. aureus (MRSA), E. coli, and
Pseudomonas aeruginosa using a meso-substituted tetramethyl-
pyridinium bacteriochlorin with that with a chorin(e6) deriva-
tive called Photolon. The cationic bacteriochlorin was able to
kill both Gram-positive and Gram-negative bacteria, while the
anionic Photolon was only able to kill Gram-positive species.
Several groups have studied bacteriochlorins to kill cancer cells
and to treat tumors in vivo. The long-wavelength light between
700 and 800 nm that is absorbed by bacteriochlorins is believed
to be ideally suited to penetrate living tissue due to reduced
absorption by tissue chromophores and reduced Mie scattering
(53). The large extinction coefficient (>100,000 M 'cm ")
typical of the bacteriochlorin Q, band is also advantageous for
strong absorption of near-infrared light by the photosensitizer.
The Pd-containing bacteriochlorins known as TOOKAD (13,
57) and Stakel (2) have been extensively investigated in labo-
ratory studies, and, in addition, TOOKAD has been studied in
clinical trials of PDT for prostate cancer (54).

The photophysical studies and DFT calculations indicate
that the activity differences observed among bacteriochlorins 1
to 4 must stem from cellular binding and localization effects
rather than photochemical properties. Indeed, the yield of the
triplet excited state (from which the reactive oxygen species is
produced) is essentially identical (0.48 to 0.53) for the four
bacteriochlorins, and in each case the lifetime is reduced to <1
ps in the presence of atmospheric oxygen, indicating facile
excited-state quenching. Moreover, there is no specific corre-
lation between the anticipated differences in redox properties
(based on the molecular orbital energies) for the four bacte-
riochlorins and their PDI activities against any of the organ-
isms studied. The only broad trend is that bacteriochlorins 1
and 2 are typically more active than bacteriochlorins 3 and 4,
which, all other things being equal, would favor a mechanism
of activity that involves reduction rather than oxidation of the
photoexcited bacteriochlorin to the extent that electron trans-
fer is involved.

In conclusion, bacteriochlorins with constitutive cationic
charges provided by quaternized ammonium groups are highly
active antibacterial photosensitizers. The hexakis-cationic bac-
teriochlorin 4 is capable of eliminating (>6 logs killing) both
Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria
at the remarkably low concentration of 1 uM. Good selectivity
(4 to 5 logs) for bacteria over mammalian cells is observed.
Only the nonquaternized bacteriochlorin 1 shows good PDT
killing of the yeast (C. albicans), and selectivity over mamma-
lian cells is lower in this case because both cell types are
eukaryotic organisms.
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