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Abstract

A set of three stable synthetic mono-substituted cationic bacteriochlorins (BC37, BC38 and BC39)
were recently reported to show exceptional activity (low nanomolar) in mediating photodynamic
killing of human cancer cells after a 24 h incubation upon excitation with near-infrared light (730
nm). The presence of cationic quaternary ammonium groups in each compound suggested likely
activity as antimicrobial photosensitizers. Herein this hypothesis was tested against a panel of
pathogenic microorganisms that have all recently drawn attention due to increased drug-resistance
(Gram-positive bacteria, Staphylococcus aureus and Enterococcus faecalis; Gram-negative
bacteria, Escherichia coli and Acinetobacter baumannii; and fungal yeasts Candida albicans and
Cryptococcus neoformans). All three bacteriochlorins were highly effective against both Gram-
positive species (> 6 logs of eradication at < 200 nM and 10 J/cm?2). The dicationic bacteriochlorin
(BC38) was best against the Gram-negative species (> 6 logs at 1-2 uM) and the lipophilic
monocationic bacteriochlorin (BC39) was best against the fungi (> 6 logs at 1 pM). The
bacteriochlorins produced substantial singlet oxygen (and apparently less Type-1 reactive-oxygen
species such as hydroxyl radical) as judged by activation of fluorescent probes and comparison
with 1H-phenalen-1-one-2-sulfonic acid; the order of activity was BC37 > BC38 > BC39. A short
incubation time (30 min) resulted in selectivity for microbial cells over HeLa human cells. The
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highly active photodynamic inactivation of microbial cells may stem from the amphiphilic and
cationic features of the bacteriochlorins.
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1. Introduction

Bacteriochlorins (and related bacteriopheophorbides) are highly attractive as
photosensitizers to mediate photodynamic therapy (PDT) of cancer, and/or photodynamic
inactivation (PDI) of microbial cells due to the characteristic strong long wavelength
absorption in the near-infrared spectral region (700-900 nm) [1-4]. We have reported a
synthetic route to bacteriochlorins that are stabilized against adventitious oxidation by
introduction of a geminal dimethyl group in each reduced pyrrole ring [5, 6]. The synthetic
route also allows peripheral substituents to be tailored to vary the lipophilicity, polarity and
overall charge (cationic, anionic or neutral) borne by the molecule [7]. The synthetic route to
such bacteriochlorins as well as semisynthetic methods enable the synthesis of amphiphilic
bacteriochlorins [8]. This synthetic versatility has enabled the design of photosensitizers that
are able to kill cancer cells at extremely low concentrations upon activation by near-infrared
light [9].

A bacteriochlorin photosensitizer was able to effectively reverse the resistance to PDT
exhibited by pigmented melanoma both in vitro and in a mouse model in vivo [10]. The
chelation of a palladium atom in the bacteriochlorin macrocycle increased the PDT potency,
possibly due to increased probability of electron-transfer to produce Type 1 reactive-oxygen
species such as hydroxyl radicals [11, 12]. Type 1 activity was likely further enhanced by
the addition of two electron-withdrawing cyano groups symmetrically substituted at the 3-
and 13-positions, which also improved the photostability [11, 12]. Four members of a set of
symmetrically di-substituted bacteriochlorins (bearing two tertiary amines, or two, four, or
six quaternary cationic groups; structures given below) were investigated as broad-spectrum
antimicrobial photosensitizers [13]. The optimum photosensitizer structure was found to be
different for each class of microbial cells. The di-tertiary amine substituted bacteriochlorin
was best for killing fungal cells, the di-quaternized analogue was best for killing Gram-
positive bacteria, and the hexa-quaternized analogue was best for killing Gram-negative
bacteria [13].

Very recently, three mono-substituted cationic bacteriochlorins (BC37, BC38, BC39; Fig. 1)
were synthesized and tested for PDT-mediated killing of human cancer cells [14]. These
compounds exhibited exceptional activity, with substantial cancer cell killing at
concentrations as low as 6 nM excited with modest fluences of light (5 J/cm?) after 24-h
incubation. The fact that these three compounds possessed cationic (quaternary ammonium)
groups suggested the likelihood of good activity as antimicrobial photosensitizers.
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Antimicrobial PDI is attracting increasing interest as an alternative antimicrobial technique
as the inexorable rise of drug-resistance in pathogens continues unabated [15-18].

Herein we tested this hypothesis against a panel of pathogenic microorganisms that have all
recently drawn attention due to their increased drug-resistance. The microorganisms
included Gram-positive bacteria, Saphylococcus aureus [19] and Enterococcus faecalis
[20]; Gram-negative bacteria, Escherichia coli [21] and Acinetobacter baumannii [22]; and
fungal yeasts Candida albicans [23] and Cryptococcus neoformans [24]. PDI is postulated
to have the greatest clinical impact against drug-resistant organisms that cause localized
infections in wounds, burns and surgical sites [25] For this anti-infective approach to
advance to clinical trials, it is necessary to demonstrate that the new bacteriochlorin
photosensitizers do not mediate PDT damage to host human cells at the short (<30 min)
incubation times generally used in PDI of microbial cells.

2. Materials and methods

2.1. Bacteriochlorins

The bacteriochlorins were designed and synthesized as described by Sharma et al. [14].
BC37 and BC39 each bears a single quaternized ammonium group and hence is
monocationic. BC38 bears two quaternized ammonium groups and one trialkylamine. The
latter is basic and is expected to be predominantly in the protonated state at neutral pH in
aqueous solution. Nonetheless, given the presence of two permanent charges, BC38 is
referred to as dicationic. All three bacteriochlorins are mono-substituted at the 3-position.
The presence of a geminal dimethyl group at position 8 and at position 18 blocks the
reduced (pyrroline) rings from undergoing adventitious dehydrogenation and thereby afford
a robust bacteriochlorin chromophore.

2.2. Studies with fluorescence probes

Black-sided 96-well plates were used for experiments that employ fluorescence probes.
Singlet oxygen sensor green reagent (SOSG), 3’-(p-aminophenyl)fluorescein (APF) or 3’-(p-
hydroxyphenyl)fluorescein (HPF) (all from Molecular Probes, Life Technologies, Grand
Island, NY) at a final concentration of 10 M was added to a 10 uM solution of
bacteriochlorin in 200 uL of phosphate-buffered saline per well. 1H-Phenalen-1-one-2-
sulfonic acid (PN, a kind gift from Dr Santi Nonell at IQS Barcelona, Spain) was dissolved
in water to give a 2 mM stock solution and was also used at 10 pM concentration.
Fluorescence spectrometry (SpectraMax M5 plate reader, Molecular Devices, Sunnyvale,
CA) used excitation/emission at 504/525 nm for SOSG and 490/515 nm for APF and HPF.
Increasing fluences (J/cm2) were delivered using near-infrared light (700-850 nm band pass
filter, Lumacare, Newport Beach, CA) for bacteriochlorins, and violet light from a
415+15nm LED array (Omnilux Clear-U, Photomedex, Horsham, PA) for PN. Light was
delivered an irradiance of 100 mW/cm? as measured with a power meter (model DMM 199
with 201 standard head; Coherent, Santa Clara, CA). The plate fluorescence was measured
after each increment in the fluence was delivered.
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2.3. Bacterial strain and culture conditions

The bacteria used in this study were as follows: Gram-positive bacteria S. aureus 8325-4 and
E. fecalis ATCC29212 (ATCC, Manassas, VA; Gram-negative bacteria E. coli K12 and A.
baumannii ATCC BAA747; fungal yeasts C. albicans DAY 286 and C. neoformans KN99a.
Planktonic bacterial cells were cultured in brain heart infusion broth (Fischer Scientific)
with overnight aeration in an orbital shaking incubator at 130 rpm at 37 °C to stationary
phase. An aliquot of this suspension was then refreshed in fresh brain heart infusion broth to
mid-log phase (unless otherwise stated). Cell numbers were estimated by measuring the
optical density [10] at 600 nm; in this case an optical density = 0.5 corresponds to 108
colony forming units (CFU) per mL. Fungal yeasts were cultured in yeast-peptone-dextrose
broth with overnight aeration at 30 °C. The fungal yeast cell number was assessed with a
hemacytometer.

2.4. Photodynamic inactivation studies

A cell suspension consisting of 108 cells/mL for bacteria (107 cells/mL for fungal yeasts: C.
albicans and C. neoformans) was incubated with various concentrations of the
bacteriochlorins in pH 7.4 phosphate-buffered saline for 30 min in the dark at room
temperature. Aliquots (1 mL) were transferred to a 24-well plate and illuminated from the
top of the plates in the dark at room temperature with a near infrared light source (700-850
nm band pass filter) to deliver a fluence of 10 J/cm? or different fluences at an irradiance of
100 mW/cm? as measured with a power meter. Bacteriochlorin stock solutions were
prepared at 2 mM in dimethyl sulfoxide and stored in dark at 4 °C. The concentrations of
diluted samples were checked by absorption spectroscopy assuming the molar absorption
coefficient at the long wavelength band was 100,000 M~1cm™1, Cells treated with
bacteriochlorins in the dark were incubated covered with aluminum foil for the same time as
the PDI groups (30 min).

At the completion of illumination (or dark incubation), the contents of the wells were mixed
before sampling. Aliquots (100 uL) were taken from each well to determine the CFU value.
Care was taken to ensure that the contents of the wells were mixed thoroughly before
sampling, as bacteria can settle at the bottom. The aliquots were serially diluted 10-fold in
phosphate-buffered saline to give dilutions of 1071 to 107 times the original concentration;
then, 10-pL aliquots of each of the dilutions were streaked horizontally on square brain heart
infusion broth (for bacteria) or yeast-peptone-dextrose broth (for C. albicansand C.
neoformans) plates by the method of Jett et al [26]. Plates were streaked in triplicate and
incubated for 12-36 h at 30 °C (for fungal yeasts) or 37 °C (for bacteria) in the dark to allow
colony formation. A control group of cells treated with light alone (no bacteriochlorin
added) showed the same number 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. Each experiment performed at least three independent times.

2.5. Photodynamic killing of mammalian cells

A human cervical cancer cell line, HelLa, was obtained from ATCC (Manassas, VA). The
cells were cultured in RPMI-1640 medium with L-glutamine and NaHCO3 (Gibco-
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Invitrogen, Carlsbad, CA) supplemented 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 phosphate-buffered saline 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, dilute bacteriochlorin solutions
were prepared (from the 2 mM stock) in two different kinds of medium: (i) complete growth
medium with 10% serum and (ii) serum-free medium. These dilute bacteriochlorin solutions
(0.1to 5 pM) were added to the cells (to achieve the target bacteriochlorin concentration) for
30-min incubation. The dimethyl sulfoxide concentration in the medium did not exceed
0.2%. The medium was replaced with fresh medium without bacteriochlorin and 10 J/cm? of
illumination was delivered. The light spot was larger than four wells but light exposure was
limited to four wells by a square template cut out of black card to ensure equal power
density to each well. These wells were considered one experimental group illuminated at the
same time. Control groups were as follows: no treatment, light alone, and medium with the
same bacteriochlorin dilutions as described above. Following illumination the cells were
returned to the incubator. After overnight incubation the media containing the cells was
removed and replaced with 500 pg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide diluted in serum-free media [27]. The cells were incubated for
4 h. At the end of incubation the media was removed, and the cells were dissolved in
dimethyl sulfoxide. The plate absorbance was measured at 570 nm using a microplate
spectrophotometer (Spectra Max 340 PC, Molecular Devices, Sunnyvale, CA). Each
experiment was repeated three times.

2.6. Statistics

Reported values are the mean of three separate experiments, and bars presented in the graphs
are standard errors of the means (SEM). Differences between means were tested for
significance by one-way ANOVA. P values of <0.05 were considered significant.

3. Results

3.1. Photochemical mechanism study using fluorescence probes

Fluorescence probes can be used to report (relative) specificity for the main different
reactive-oxygen species involved in PDT, including singlet oxygen (10,) and hydroxyl
radical (HO"). The results can give information on the photochemical mechanism (Type 1 or
Type 2) involved in the photodynamic effect [28, 29]. SOSG is mainly sensitive to 10,. APF
is ~130-fold more sensitive than HPF to HO". APF is also sensitive to 10, but apparently
HPF is not [29]. To aid in assessing the ability of the three bacteriochlorins to produce these
two reactive-oxygen species, we carried out parallel studies with a photosensitizer (PN) that
has been reported to operate exclusively by a Type 2 (10,) mechanism [30]. Figure 2 shows
that the order of activation for all three bacteriochlorins and for PN is SOSG > APF > HPF.
The SOSG/APF ratio is about 3:1 for all four sensitizers. When compared to PN, the
APF/HPF ratio is roughly two-fold greater for BC38 and BC39 and four-fold greater for
BC37. These combined results suggest that the bacteriochlorins produce significant 10, as
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well as a certain amount of Type 1 (HO®) photochemistry, and therefore do not function
completely via a Type 2 process as has been reported for PN.

3.2. Effect of bacteriochlorin concentration in PDI of microbial cells

The best way to compare the phototoxicity of a group of photosensitizers with very different
potencies is to vary the concentration over a wide range and determine the cell survival
fraction with a single light dose (PDI) or without a single light dose (dark toxicity). The
results for the six microbial species and the three bacteriochlorins are shown in Fig. 3.

All three compounds were highly effective against the two Gram-positive species S aureus
(Fig. 3A) and E. faecalis (Fig. 3B). Both species show >6 logs of killing (eradication) at 200
nM and 10 J/cm? light, and multiple logs of killing at 50 nM and 100 nM. Bacteriochlorin
BC37 was better than BC38 and BC39 against S. aureus but not against E. faecalis. There
was negligible dark toxicity (<1 log) in all cases.

There was a marked difference between the activities of the three bacteriochlorins against
the two Gram-negative species E. coli (Fig. 3C) and A. baumannii (Fig. 3D). The dicationic
BC38 gave eradication of both species at 1 uM, while the monocationic BC37 required 5
UM to give eradication, and the monocationic BC39 left a few remaining CFU (5 logs of
killing) at 5 uM. There was minor dark toxicity (around 1 log) with BC37.

The bacteriochlorins also show different behavior toward the two fungal yeast species C.
albicans (Fig. 3E) and C. neoformans (Fig. 3F). The results show that C. albicans was more
resistant to PDI compared to C. neoformans. C. albicans also showed a larger difference
between the activities of the three bacteriochlorins. In particular, C. albicans (Fig. 3E) was
eradicated by BC39 at 1 uM, while BC37 required 2 uM to give the same eradication, and
BC38 only gave 5 logs of cell killing at 5 uM. Dark toxicity was observed with both BC39
and BC37, with 4 and 2 logs, respectively, of dark killing seen at 5 uM. C. neoformans (Fig.
3F) was eradicated by BC39 at 1 uM and by both BC38 and BC37 at 2 uM. Dark toxicity
was less pronounced with this species, showing 1-2 logs of dark killing at 5 pM.

3.3. Effect of light dose and incubation time in PDI of microbial cells

A fundamental concept in PDT/PDI is that cell killing should depend not only on the
photosensitizer concentration but also on the delivered light dose (fluence). Although it is
well established that a relatively short incubation time is adequate for PDI of microbial cells,
the effect of varying this time from very short (7 min) to somewhat longer (30 min and also
2 h for fungi) has not been explored extensively. We used the best performing
bacteriochlorin at concentrations determined from Fig. 3 to explore these effects in one
species of each class of microorganisms. The selected compounds and concentrations were
100 nM BC37 for Gram-positive S. aureus; 1 uM BC38 for Gram-negative E. coli; and 500
nM BC39 for fungal yeast C. albicans. The light dose-response curves at different
incubation times are shown in Fig. 4. All three microorganisms displayed a pronounced
dependence of the cell killing on fluence (total amount of light energy delivered) as
expected for a PDI process.

J Photochem Photobiol B. Author manuscript; available in PMC 2015 December 01.
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For the Gram-positive S. aureus (Fig. 4A) there was hardly any difference between the
killing obtained using a 7-min versus 30-min incubation of cells with 200 yM BC37. By
contrast, for the Gram-negative E. coli incubated with 1 uM BC38 there is a very large
difference in the two killing curves (Fig. 4B). The short incubation time of 7 min gave less
than 1 log of killing but the longer 30-min incubation gave 6 logs of killing at the highest
fluence. The fungal Candida cells (Fig. 4C) showed an intermediate dependence on the
incubation time. The observation that 30-min incubation gave an increase in Killing (0.5-1
log) compared to 7 min prompted an even longer incubation of 2 h. The extra increase in
killing of Candida observed after 2 h confirmed that for fungal cells the incubation time
plays a definite role in susceptibility to PDI, but not to as great an extent as for Gram-
negative bacteria.

3.4. Investigation of human cells killing by bacteriochlorins at short incubation times

The selectivity of the three mono-substituted cationic bacteriochlorins for microbial cells
over host mammalian cells was demonstrated using the human cervical cancer cell line
HelLa. We had previously shown that these same three compounds had high activity against
HelL a cells after a 24-h incubation [14]. The PDT killing of HeLa cells (in complete
medium) after short 30-min incubation is shown in Fig. 5. The data show that there was only
minor toxicity with all three bacteriochlorins. The majority of cell killing was dark toxicity
and there was only a small additional contribution of phototoxicity by light-mediated
activation of each bacteriochlorin even at the highest concentration tested (5 uM).

4. Discussion

The results obtained herein show that mono-substituted cationic bacteriochlorins (Fig. 1)
have high activity as broad-spectrum antimicrobial photosensitizers. Studies with relatively
specific fluorescence probes for distinct reactive-oxygen species and comparison with a
photosensitizer known to operate exclusively via Type 2 photochemistry revealed that the
bacteriochlorins BC37-BC39 produce substantial 10, (as assayed via the SOSG probe) as
well as some HO" (as assayed via APF and HPF probes). The mechanism of PDT activity in
the cellular milieu would depend on such capabilities to produce these reactive-oxygen
species. The production of HO® also may be altered if the (dielectric) properties of the
specific cellular locale affect the redox potentials of the cationic bacteriochlorins.

Our previous studies for cancer cell killing both with bacteriochlorins [10-12], and also with
imidazole porphyrins [31] have shown that the tendency to produce more hydroxy| radicals
correlates with higher PDT cell killing. This correlation has not yet been shown for
microbial cell killing; however, some comparisons are useful. In the recent study of cancer
cell killing [11], palladium(ll) dicyanobacteriochlorin (NC),BC-Pd and free base analogue
(NC),BC-H; showed activation of HO* probe HPF 5-10-fold greater than zinc chelate
(NC),BC-Zn and bacteriochlorin BC-H, that lacks the cyano groups. The HO® activation
level of (NC),BC-Zn and BC-H, was comparable to that found here and noted above for
bacteriochlorins BC37-BC39 under comparable conditions (e.g., at 5 J/cm? light fluence).
Furthermore, the SOSG/HPF activity ratio for (NC),BC-Zn and BC-H, was comparable to
that found here for BC37-BC39 but was 3—4-fold lower for (NC),BC-Pd and (NC),BC-H5.
Collectively, these results are consistent with a relatively lower contribution of Type 1 HO®
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photochemistry and a greater contribution of Type 2 (0,) photochemistry for BC37-BC39
in antimicrobial cell killing.

It is similarly plausible that the mono-substituted BC37-BC39 (Figure 1) have a lower
propensity for producing Type 1 photochemistry than di-substituted analogues such as those
shown in Figure 6 that we recently studied as antimicrobial photosensitizers [13] and for
cancer cell killing [11]. In particular the bacteriochlorins bearing fewer cationic groups are
expected to be harder to reduce (and easier to oxidize) than analogues with more positively
charged substituents, and excited-state reduction (as opposed to photooxidation) appears to
contribute substantially to the activity of the tetrapyrrole photosensitizers [12]. The relative
contributions of Type 1 and Type 2 mechanisms of bacteriochlorins bearing various
numbers of cationic substituents also may differ depending on the ability to reach target
sites, and the relative sensitivity of those locales to singlet oxygen and hydroxyl radicals, as
discussed further below.

The molecular rationale for the observed differences in 10, production (BC37 > BC38 >
BC39) is unclear at present. It is particularly noteworthy that these compounds (especially
BC39) show exceptionally high activity against two different species of fungal cells (C.
albicans and C. neoformans). The multiple logs of killing at nanomolar concentrations with
a modest fluence of light in two different fungal species is remarkable. Previously, even
highly active antifungal photosensitizers have required concentrations of at least a few
micromolar to show good activity [13].

It is worthwhile to point out that the number of bacteriochlorin molecules in each well
examined herein far exceeds the number of microorganisms. For bacteria, a bacteriochlorin
concentration of 100 nM or 1 uM corresponds to 600,000 or 6,000,000 molecules/cell,
respectively. For fungi, the same bacteriochlorin concentrations correspond to 6,000,000 or
60,000,000 molecules/cell.

In some cases the use of 10 Jlcm? NIR light in experiments (Figure 3) did not provide more
microbial killing than much smaller fluences (Figure 4). This apparent contradiction is
readily attributed to photobleaching. Although we did not specifically measure
photobleaching in the present study, a previous study [12] showed that certain comparable
bacteriochlorin structures, underwent significant photobleaching (>75%) after delivery of 10
Jlem? NIR light, whereas others showed high photostability up to 100 J/cm?2. The extent of
photobleaching involves factors such as solubility (light-induced aggregation) and redox
properties (e.g., photooxidation) that in turn depend on the host milieu and bacteriochlorin
molecular and electronic structure [12]. The introduction of two cyano groups into the
pyrrole rings did substantially reduce the photobleaching, but this structural modification
was not available in the present series of compounds.

The structure—function relationships found with regard to the three classes of microbial cells
show some aspects in common with the findings in our previous study of symmetrically
3,13-disubstituted bacteriochlorins (Fig. 6) as antimicrobial photosensitizers [13]. In the
present study all three mono-substituted compounds are highly active in mediating the
photokilling of Gram-positive bacteria, with the monocationic BC37 being slightly better
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against S. aureus. For killing Gram-negative bacteria, the dicationic BC38 is substantially
better against both species, followed by BC37 and then BC39. For the fungal species the
monocationic but more lipophilic BC39 is most active followed by BC37 and then BC38. In
the previous study [13], the best bacteriochlorin photosensitizer against Gram-positive
bacteria was BC2, a symmetric dicationic compound; the best bacteriochlorin against Gram-
negative was BC4, the symmetric hexacationic analogue; and the best compound against
fungal cells was BC1, the symmetric diamino analogue (which may be protonated in
aqueous solution at neutral pH) (Fig. 6).

These two studies taken together, lead to the deduction that Gram-positive bacteria are
photoinactivated preferentially by compounds with only a moderate number of cationic
charges accompanied by low hydrophobicity. On the other hand, targeting Gram-negative
bacteria requires as many cationic charges as possible on the nominally hydrophobic
tetrapyrrole photosensitizer. In turn, fungal cells are best targeted with photosensitizers that
bear a low number of (or zero) cationic charges but a higher degree of hydrophobicity. It
warrants emphasis that in the above comparisons, the chromophore is constant among
mono-substituted BC37-39 and disubstituted BC1 (each bearing a methylene unit between
the bacteriochlorin w-system and the amino group) where only the nature of the peripheral
substituents are varied. In disubstituted bacteriochlorins BC2-BC4, the connection motif is
an amide (i.e., a carbonyl between the bacteriochlorin w-system and the amino group), which
imparts a slight degree of polarity and a slight bathochromic shift of the long-wavelength
absorption band.

Comparison of the two studies clearly shows that unsymmetrically 3-mono-substituted
bacteriochlorins are significantly more effective than symmetrically 3,13-disubstituted
analogues. Upon comparison of compounds with similar numbers of cationic charges —
either mono-substituted in the present study versus di-substituted compounds in the previous
study — it becomes apparent that the mono-substituted bacteriochlorins are much more active
(about ten-fold) than the di-substituted analogues. The reason for this difference presumably
rests in the amphiphilic nature of the mono-substituted molecule (BC37-BC39), that is less
pronounced (or absent) in the di-substituted analogue. The amphiphilic design of the
bacteriochlorins BC37-BC39 stems from the presence of a cationic moiety at one site on the
otherwise hydrophobic and electron-rich bacteriochlorin chromophore. The resulting
molecular asymmetry likely enables localization at a certain position in a lipid bilayer and
therefore can generate reactive-oxygen species at particularly sensitive sites. In addition to
the cationic bacteriochlorins described herein and in our previous report [13], similar
structures such as the di-substituted cationic porphyrins (XF70 and XF73) have been
reported [32] to have very high activity (nM concentrations) in mediating PDI of drug-
resistant bacteria. While it is tempting to ascribe the observed greater activity of the mono-
substituted bacteriochlorin versus the disubstituted to the amphiphilic character of the
former, an alternative explanation may be that the overall architecture of the mono-
substituted bacteriochlorin is simply smaller than that of the di-substituted bacteriochlorin.
This alternative explanation is potentially subject to examination through use of amphiphilic
bacteriochlorins with non-polar tails of various lengths. The preparation and testing of such
compounds may form the basis for studies beyond the scope of the present manuscript.
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The observed differences in PDI effectiveness with variation in incubation time (Fig. 4) are
quite interesting. The largest difference in cell killing versus incubation time was observed
in Gram-negative E. coli, with a much smaller difference against fungi (C. albicans) and
almost no difference was seen with Gram-positive S. aureus. Since Gram-positive bacteria
are considered to be porous to tetrapyrrole molecules, it is entirely possible that molecules
diffuse through the cell wall relatively rapidly. This diffusion process may be related to the
uptake of heme (i.e., iron-chelated protoporphyrin IX) into Gram-positive bacteria [33]. The
same consideration also applies to the fungal cell wall, which is also considered to be porous
to tetrapyrrole photosensitizers [34] although somewhat less so than Gram-positive bacteria,
which accounts for the more pronounced incubation-time dependence.

The mechanism of penetration of cationic photosensitizers into Gram-negative bacteria is
entirely different than those that rely on diffusion. Here the polycationic photosensitizer
molecules displace the divalent cations (Ca?* and Mg2*) that hold the anionic
lipopolysaccharide molecules in place in the outer membrane, and thereby disrupt the
permeability barrier that is characteristic of this class of microorganisms [35]. This
disruption process is likely to be significantly slower than the process of diffusion into
Gram-positive bacteria and fungal cells.

In conclusion the mono-substituted cationic bacteriochlorins studied herein are highly
active, broad-spectrum and selective antimicrobial photosensitizers with particular activity
against fungal cells and minimal toxicity (light or dark) for (host) mammalian cells. As such,
this new class of photosensitizers may have future clinical application.
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Abbreviations

APF Aminophenylfluorescein

CFU Colony-forming units

HPF Hydroxyphenylfluorescein

PDI Photodynamic inactivation

PDT Photodynamic therapy

PN Phenalen-1-one-2-sulfonic acid

SOSG Singlet oxygen sensor green
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Figure 1.
Structures of the three bacteriochlorin photosensitizers.
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Figure 2. Activation by photoexcited bacteriochlorins and PN of fluorescent probes specific for
certain reactive-oxygen species

Bacteriochlorins, 1H-phenalen-1-one-2-sulfonic acid (PN) and probes were all used at 10
UM. Bacteriochlorins were excited by 700-850 nm light and PN by 400-430 nm light.
Probes were singlet oxygen sensor green (SOSG) aminophenylfluorescein (APF) and
hydroxyphenylfluorescein (HPF). (A) BC37; (B) BC38; (C) BC39; (D) PN.
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Concentration-dependent PDI of six species of microbial cells mediated by the three
bacteriochlorins. Microbial cells were incubated with bacteriochlorin for 30 min and
exposed (or not) to 10 J/cm? of 700-850 nm light. (A) Gram-positive S aureus; (B) Gram-
positive E. faecalis; (C) Gram-negative E. coli; (D) Gram-negative A. baumannii; (E)

Fungal yeast C. albicans; (F) Fungal yeast C. neoformans.
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Light (700-850 nm) fluence-dependent PDI of three species of microbial cells mediated by
selected bacteriochlorins at different incubation times. (A) S. aureus incubated with 200 nM
of BC37; (B) E. cali incubated with 1 uM of BC38; (C) C. albicansincubated with 500 nM

of BC39.
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Figure 5.

Concentration-dependent PDT of human HeLa cells mediated by the three bacteriochlorins
after 30-min incubation excited (or not) with 10 J/cm? of 700-850 nm light. (A) BC37; (B)
BC38; (C) BC39.
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Four 3,13-disubstituted bacteriochlorins (described in [13]) bearing amines for comparison
with the 3-monosubstituted BC37-BC39 (top) and four prior bacteriochlorins [12] lacking

charged or ionizable substituents (bottom).
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