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Herein we describe a new antimicrobial photodynamic therapeutic (PDT) agent based upon the brominated
BF2 chelated tetraarylazadipyrromethene photosensitizer class. Bis-ammonium salt substitution of the
photosensitizer promoted a rapid 10 min uptake into Gram-positive and -negative bacterial strains and
pathogenic yeasts. A photosensitizer and light dose response analysis for methicillin-sensitive S. aureus
showed an impressive antibacterial efficacywith 1, 2, and 5 μg/mL 6. Specifically, light activationwith a dose
of 16 J/cm2 and 5 μg/mL 6 resulted in a 6.8 and 3.4 log10 reduction of S. aureus and a clinically defined
methicillin-resistant Staphylococcus aureus (MRSA) strain, respectively. Encouragingly, a broad spectrum
pathogen response (using 5μg/mL 6 and 75 J/cm2) was observedwith 3.6 and 5.7 log10 decreases in viable cell
numbers achievable for Gram-negative bacterium E. coli and the pathogenic yeast C. albicans, respectively.
The photophysical and cell eradicating characteristics of this bis-cationic PDTagent suggest that it has broad
potential in antimicrobial therapeutics.

Introduction

The continuing emergence of an increasing number of
resistant bacterial strains toward penicillins and streptomycin
has sparked an exhaustive effort in developing alternative
treatment strategies. Some examples involve modifying the
structures of existing antimicrobial agents, while new motifs
are being pursued through natural product screening.1 How-
ever, the threat of potential resistance against these newagents
is a constant concern.2 For that reason, alternative efforts
have been focused on finding different strategies that would
show activity against a broad spectrum of pathogens, includ-
ing resistant bacterial and fungal strains. One such strategy
that has received attention for the treatment of localized
infection is photodynamic therapy (PDTa).

PDT is a treatment thatuses a combinationof two relatively
nontoxic components, visible light and a photosensitizer, to
exert an antiproliferating effect. The process involves activat-
ing the photosensitizer by irradiationwith lowenergy light at a
wavelength range of 650-700 nm.The excited photosensitizer
can react with molecular oxygen to locally produce toxic
reactive oxygen species (ROS) or directly with surrounding
biomolecules, ultimately providing the cytotoxic effects via
oxidative damage.3 This unique mode of disease treatment
using a combination of light, photosensitizer, and oxygen has
expanded froman initial clinical focus for oncological diseases
to include conditions such as age-related macular degenera-
tion and microbial infections.4 Specifically for microbial

infection, inherent selectivity advantages can be gained by
this approach, as the excitation light can be delivered accu-
rately to the area under treatment and the photosensitizer can
be structurally designed to have some inherent selectivity for
microbial cell uptake. Neutral and anionic photosensitizer are
generally taken up by and inactivate Gram-positive species,
whereas the addition of membrane disorganizing agents
such as ethylenediaminetetraacetic acid or the nonapeptide
polymyxin B is needed to photoinactivate Gram-negative
species.5,6 Recent examples have shown that the photosensi-
tization of both Gram-negative and positive bacteria is
achievable with cationic photosensitizer without the addition
of membrane disorganizing agents.7 Consequently, the focus
has shifted toward the development of positively charged
photosensitizers that could be utilized for clinical applications
such as wound disinfection, periodontal disease, and blood
sterilization.8 Despite the numerous PDT agents that have
been tested in vivo for activity against cancer, there have been
relatively few reports of their use to treat bacterial infections in
vivo. Hamblin et al.9 utilized the poly-L-lysine-chlorine6 con-
jugate 1a to illustrate the photoinactivation ofEscherichia coli
inwounds, where the treatment did not damage the host tissue
(Figure 1). Additionally, 1a showed activity against Pseudo-
monas aeruginosa infected wounds in vivo and restrained the
bacteria from entering the bloodstream, indicating the possi-
bilityofa treatmentofwoundandother localized infections.10A
related polyethyleneimine analogue 1b has also shown compar-
able antimicrobial photoinactivation and supplementary resis-
tance to enzymatichydrolysisof the lysine-lysinepeptidebonds
of 1a.11 PDT with 1b was shown to elicit a 2.7 log10 of inacti-
vation of methicillin-resistant Staphylococcus aureus (MRSA)
in skin abrasion wounds using a mouse model.12

Recently, conjugation of the cationic antimicrobial peptide
apidaecin to ameso-tetraarylporphyrin provided a new agent
classwith potent broad spectrumactivity.13The bis-ammonium
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saltmeso-substituted porphyrin 2 has been shown to exhibit a
high degree of potency against Gram-positive bacteria at
concentrations that have minimal effect on eukaryotic cells.14

Phenthiazinium derivatives such as methylene blue 3a and
toluidine blue 3b have been successfully tested for photoinac-
tivation of blood pathogens, and the former has been used to
decontaminate fresh frozen blood plasma.15,16 Recently, 3a
has also been successfully used to eradicate MRSA strains in
superficial and deep wounds in mice models.17 The treatment
lead to a 14-fold reduction in the number of viable bacteria
without affecting the surrounding host tissue. Teichert et al.
have also used 3a to treat Candida albicans infections in
immunodeficient mice, mimicking Cronic candidiasis, a con-
dition commonly found in patients infected by human im-
munodeficiency virus.18 Toluidine blue 3b has also received
considerable attention as a PDT agent, especially against oral
infections.19,20 Furthermore, treatment with 3b was shown to
be highly effective in vivo against Vibrio vulnificus, an extre-
mely virulent bacterium.21 The authors concluded that the
photoactivity acted partly by reducing the bacterial virulence
factors in thewound.A further relatedderivativeofmethylene
blue 3c is currently in phase II clinical trial for the treatment of
chronic leg ulcers.22 A series of three chalcogen substituted
benzo[a]phenoxazinium analogues have been reported that
have increasing phototoxicity depending on substitution.23

The progression of the phototoxicity is attributable to the
heavy atom effect, as the selenium-substituted chalcogen 4

showed the most efficient phototoxicity against both Enter-
ococcus faecalis andE. coli. It was also shown that compound
4 was taken up by the parasitic strain Leishmania major
and caused its death upon irradiation, further demonstrating

the possibility of using PDT against a diverse variety of
pathogens.24

We have previously reported the development of a novel
class of non-porphyrin based PDT agents, termed the bromi-
nated BF2-chelated tetraarylazadipyrromethenes. We have
shown in vitro that compound 5 has excellent photophysical
characteristics and EC50 values in the low nanomolar range
with numerous tumor cell types (Figure 2).25Moreover, these
novel photosensitizers show very low dark toxicity.26 Studies
using a MDA-MB-231 human breast cancer tumor model in
mice showed tumor ablation in 71% of animals after iv
delivery of 5 (2 mg/kg) followed immediately by irradiation
with a 150 J/cm2 light fluence.27 Critically, the synthesis of this
photosensitizer class is relatively straightforward and results
in defined single agents. They are amenable to modification
around the periphery of the sensitizer, thus allowing for
optimization of all aspects of their photophysical and ther-
apeutic properties. Herein, we describe the tailoring of this
sensitizer class for specific application to eradication of a
broad spectrum of microbial cells.

Results and Discussion

Photosensitizer Design. To customize the BF2-chelated
tetraarylazadipyrromethene class for antimicrobial PDT,
we envisaged a design that involved the substitution of the
sensitizer with cationic quaternary ammonium salt func-
tional groups. As such, the bis-cationic structure 6 was
selected for synthesis and its ability to elicit a light induced
antimicrobial effect determined (Figure 3). It was anticipated
that the bis-ammonium salt would impart sufficient water
solubility for routine use without the requirement of addi-
tional solubilizing agents and the amphiphilic nature of the
sensitizer would promote microbial cellular uptake.

Parallel to 6, the structurally related nonbrominated
analogue 7 was used for examination of the cellular uptake
and for fluorescence imaging because of its expected superior
fluorescence quantum yield. We have previously shown that
the inclusion of bromine atoms at the β-pyrrole positions of
this sensitizer class leads to elevated ROS generation and a

Figure 1. Antibacterial PDT agents.

Figure 2. Antitumor brominated BF2-chelated tetraarylazadipyr-
romethene.

Figure 3. Antimicrobial brominated BF2-chelated tetraarylazadi-
pyrromethene 6 and its nonbrominated analogue 7.
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lower fluorescence quantum yield with respect to the non-
brominated analogues.25

Synthesis. The starting point for the synthesis of 6 was the
previously reported bis-amine substituted azadipyrromethene 8
which is readily available in three routine steps from 4-diethy-
laminomethyl benzaldehyde and 4-methoxyacetophenone
(Scheme 1).28 The room temperature bromination of 8 with
bromine efficiently produced the bis-brominated derivative 9

which was directly transformed into its corresponding BF2-
chelated 10 by reaction with boron trifluoride and diisopropy-
lethylamine in CH2Cl2. The final step involved the alkylation of
the bis-amine with iodomethane in CH2Cl2 at room tempera-
ture, producing the desired product 6 in high yield. Recrystalli-
zation from dichloromethane/diethyl ether gave the final
product as a dark green solid. A closely related synthetic route
to produce 7 (omitting the bromination step) has been pre-
viously reported.29

Photophysics. The absorption spectra of 6 and 7 in metha-
nol show wavelengths of maximum absorbance at 681 and
702 nm, respectively, which are in an ideal spectral range for
use as antibacterial PDT agents (Table 1). The emission λmax

values of 6 and 7 were recorded at 722 and 732 nm,
respectively, with the dibrominated 6 having a considerably
lower fluorescence quantum yield of 0.1 when compared to
0.22 for 7 (Table 1). This reflects the general behavior of this
class which shows a lower fluorescence quantum yield as a
result of the bromination at the β-pyrrole positions. This
heavy-atom effect indicates the potential use of 6 as a PDT
agent and 7 as a near-infrared fluorescence imaging probe.25

A photo-oxidation study using 6 and 7was undertaken by
monitoring the light induced degradation of 1,3-diphenyli-
sobenzofuran (DPBF) with sensitizer generated ROS. This
was achieved experimentally by irradiating solutions con-
taining photosensitizer (1 � 10-8 M) and DPBF (initial
concentration of 5�10-5 M) and following the disappear-
ance of the absorbance band of the latter at 415 nm over a
time period of 45 min. A fiber optic delivered filtered light of

wavelength 620( 30 nmwas used tomimic those utilized for
our in vitro assays or for future clinical therapy. Methylene
blue 3a (1� 10-8 M) was chosen as a comparative reference
from which relative rates of ROS production could be
determined because of its related use in antibacterial
PDT.25 Encouragingly, as shown in panel A of Figure 4,
photosensitizer 6 proved to be a highly efficient producer of
ROS with a DPBF degradation profile comparable to that
of methylene blue (panel B). The relative rates of DPBF
degradation under these conditions were determined and
were found to be in a ratio of 1.1:1 for 3a/6 (Supporting
Information Figure S1). In stark contrast, the nonbromi-
nated 7 failed to produce any significant amount of ROS
above that generated in the absence of a photosensitizer
(Figure 4, panels C and D).

This photophysical phenomenon is again attributable to
the heavy-atom effect induced by the bromine atoms in 6.
This subtle structural difference permits the use of the higher
fluorescence quantum yield of 7 for fluorescence imaging
and uptake studies and the use of 6 for cell killing assays. An
examination of the photostability and oxidation stability of
photosensitizer 6 showed it to be remarkably stable under
irradiation conditions. Irradiation of 1.6 � 10-5 M aerated
solution of 6 as described above in the absence of the DPBF
quencher caused only a slow degradation of the sensitizer as
judged by UV-visible analysis with 91%, 78%, and 65% of
the sensitizer remaining after 15, 30, and 45 min respectively
(Supporting Information Figure S2).

Uptake Studies. On the basis of ROS generation and
fluorescence quantum yield, fluorophore 7 was utilized to
determine uptake by various different cell types using fluor-
escence spectroscopy and confocal microscopy. As such,
various microbial cells were incubated with 7 at a concentra-
tion of 5 μg/mL (4.9 μM) for 10 min at room temperature.
The cells were then washed twice with phosphate buffered
saline (PBS pH 7.4) to remove unbound 7 and lysed with
10% sodium dodecyl sulfate (SDS) to extract the bound
fluorophore. The percentage of fluorophore taken up
was determined by fluorescence intensity of the extracted

Scheme 1. Synthetic Route to 6 Table 1. Spectroscopic and Physical Properties of 6 and 7

sensitizer

λmax abs

(nm)a,b ε (M-1 cm-1)c
λmax flu

(nm)a,d Φf
c logP e

6 681 (blue) 64 000 722 (red) 0.10 -0.25

7 702 (black) 69 000 732 (green) 0.22 -0.45
a In MeOH. b 1 � 10-5 M. c In CHCl3.

d 5 � 10-6 M. ePartition
coefficient between distilled water and 1-octanol.
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solution compared to a calibration plot of known concen-
trations in 10% SDS solution. The Gram-positive bacteria
S. aureus showed almost 50% uptake after 10 min of
incubation, while the MRSA strain showed relatively less
at 31% (Table 2). Furthermore, very efficient uptake by the
Gram-negative bacteria E. coli was observed after 10 min of
incubation, while the larger C. albicans yeast cells showed
25% uptake. Most encouragingly from a selectivity point of
view, when the uptake by these pathogens is compared to
that of the human MDA-MB-231 cell line, the human
cells showed a minimal uptake after 10 min of incubation,
indicating preferential uptake by bacterial cells within this
short time frame (Table 2).

In addition, the microbial uptake was examined by con-
focal laser scanningmicroscopy. The obtained images shown
in Figure 5 confirm that 7 was indeed internalized over the
broad spectrum of microbes after only 10 min of incubation,
and this could be readily monitored with a fluorescence
microscope systems. While no distinct subcellular localiza-
tion patterns could be discerned for 7 in Gram-positive
strains, it was notable that in E. coli the staining pattern
was throughout the cell but appeared more intense at the
outer peripheral edge indicative of the cell wall (Figure 5,
panels a-c, Supporting Information Figures S3 and S4).
Images of C. albicans showed a more granular cellular
distribution (panel d).

The partition coefficients between distilled water and
1-octanol (logP) of 6 and 7 were measured as -0.25 and
-0.45, respectively, which are comparable to that of methy-
lene blue 3a (Table 1).30 The efficient uptake of our com-
pound class could be attributed to a combination of the bis-
cationic amphiphilic nature of the compounds coupled with
logP values close to zero.

Light Induced Toxicity Studies. The initial evaluation of
the photodynamic potential of 6 was determined by using a
methicillin-sensitive S. aureus strain. Cells were incubated
in the dark at room temperature for 10 min (based on
the uptake studies of 7) with sensitizer concentrations of 1,
2, and 5 μg/mL (corresponding to 0.85, 1.7, and 4.3 μM
respectively). The cells were washed to remove unbound

sensitizer and irradiated with varying light doses from 0 to
16 J/cm2 using a filtered light source with wavelength of
690( 25 nm.This treatment regime resulted in both light and
concentration dependent cell killing as expected for a PDT
response (Figure 6, Table 3). For example, at the 1 μg/mL
dosage of 6 in the absence of light (0 J/cm2) no cell death was
observed. Following light dose irradiations of 2, 4, 8, and 16
J/cm2 log10 reductions in viable S. aureus cell numbers of 0.1,
0.3, 1.4, and 3.0, respectively, were obtained (Table 3; Fig-
ure 6, black dotted line).Utilizing a sensitizer 6 and light dose
of 2 μg/mL and 16 J/cm2 gave an improved log10 cell
reduction of 3.9 (Figure 6, black dashed line). Increasing
the concentration of 6 to 5 μg/mL led to a 6.8 log10 eradica-
tion (>99.9999% cell killing) after the delivery of 15 J/cm2

light (Figure 6, black solid line). In each case experiments
could be compared to a control that received light alone
(Figure 6, gray line). In correlation with the comparative
ROS study discussed in the previous section, the nonbromi-
nated 7 was shown to be totally ineffective at inducing cell
death even after 25 J/cm2 light treatment (Supporting In-
formation Figure S5).

As a long-term advantage of antimicrobial PDT lies in its
broad-spectrumactivity, we next examined the phototoxicity

Figure 4. ComparativeDPBFdegradation profiles by 6 (A), 3a (B), 7 (C), and no photosensitizer (D). Concentration of 3a, 6, and 7 at 1� 10-8

M and DPBF initially at 5 � 10-5 M in acetonitrile.

Table 2. Uptake of 7 in Prokaryotic and Eukaryotic Cellsa,b

strain

S. aureusc MRSA E. coli C. albicans MDA-MB-231

bound fraction 49% 31% 80% 25% 0.3%
a 5 μg/mL (4.9 μM). b Incubation at room temperature for 10 min.

cMethicillin-sensitive strain.

Figure 5. Confocal laser scanning microscopy images of (a)
S. aureus, (b) MRSA, (c) E. coli, (d) C. albicans after 10 min of
incubation with 7 (5 μg/mL, 4.9 μM). Excitation wavelength
was 633 nm, and fluorescence was detected using a long-pass filter
at 650 nm. Scale bars are 1 μm.
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of 6 against a variety of different microbes, including patho-
genic strains at a 5 μg/mL level with varying light dose. A
clinical isolated methicillin-resistant S. aureus (MRSA) strain
showed a >99.9% (3.4 log10) cell killing after 16 J/cm2 light
treatment,which is relatively less than themethicillin-sensitive
S. aureus strain (Figure 6, blue trace, Table 3). This difference
in efficacy is consistent with the measured sensitizer uptake in
the two different strains as shown in the previous section
which could potentially be attributable to subtle cell-wall
differences.31

The light-dose response results obtained for the Gram-
negative E. coli and yeast C. albicans strains with 5 μg/mL 6

are illustrated in Figure 7. Previous reports with other
structural classes of photosensitizer have illustrated that
both Gram-negative and yeast strains are generally less
susceptible to PDT thanGram-positive strains.8 Yet we were
encouraged to observe that E. coli showed nearly a 99.99%
cell eradication following the administration of a 75 J/cm2

light dose (Figure 7, black trace, Table 3). The requirement
of higher light dose to achieve a 3.6 log10 eradication cannot
be attributed to an ineffective uptake of the photosensitizer
but perhaps to its less uniform distribution within the cell.
Lastly, C. albicans yeast cells were used to determine the
effect of photodynamic treatment of 6 (5 μg/mL, 4.3 μM) on
larger eukaryotic cells. Following light irradiation (75 J/cm2)

a very effective PDT response was observed with close to a
99.9999% (5.7 log10) of C. albicans cell death (Figure 7,
brown trace, Table 3). The requirement of an initial light
dose, of 40 J/cm2 in our case, prior to the induction of cell
death is a feature previously observed for PDT killing of
C. albicans.32

Conclusion

A new bis-cationic BF2-chelated tetraarylazadipyrro-
methene 6 has been developed that shows significant potential
as a new antimicrobial photodynamic therapeutic agent ca-
pable of eradicating a broad spectrum of pathogens. The
absorption spectrum of 6 is optimal for application as an
antimicrobial PDT agent, and its efficient production of ROS
is attributable to the inclusion of bromine substituents on the
pyrrole rings. Byuse of the related nonbrominated fluorescent
analogue 7, it was possible to illustrate a rapid uptake of this
compound class into Gram-positive and Gram-negative
strains of bacteria and a known pathogenic fungal strain.
Encouragingly, only minimal binding was observed to a hu-
man cell line after the short incubation period. Photosensitizer
6 was shown to be highly phototoxic to various strains of
pathogens, even the Gram-negative strain that is generally
believed to be more resistant to the effects of photodynamic
antibacterial therapy. In conclusion, this new agent may serve
as an important addition to the emerging field of photody-
namic antimicrobial therapy and the results described herein
are encouraging for the further in vivo testing of these
compounds against localized infections.

Experimental Section

General Information andMaterials. The bacterial strains used
in this studywereE. coliBL21 (DE3),S. aureusATCC6538, and
C. albicans SC5314, and the clinical isolate of MRSA was
collected by, and the antibiotic susceptibility determined at,
the clinical microbiology laboratory of Beaumont Hospital,
Dublin, Ireland. Synthetic reaction conditions and yields are
not optimized. Chromatography was performed using Apollo
60/40 silica gel and Merck alumina 90. Chemical shifts are
reported in parts per million (ppm) and referenced to CDCl3.
Infrared spectra were recorded as aKBr thin film.Mass spectro-
metry was acquired using a micromass time-of-flight spectro-
meter. On the basis of NMR and reverse phase HPLC, all final
compounds are >95% pure.

Figure 6. Light induced toxicity of 6 against S. aureus (108 units/mL):
control 0 μg/mL (gray trace), 1 μg/mL (dotted black trace), 2 μg/mL
(dashed black trace), 5 μg/mL (solid black trace) and against MRSA
(108 units/mL) 5 μg/mL (solid blue trace). Data are expressed as the
mean ( SEM from three independent experiments performed in
triplicate.

Table 3. Broad-Spectrum Efficacy of 6a

organism 6 dose (μg/mL) light dose (J/cm2) log10 reduction
b

S. aureusc 1d 0 0

S. aureusc 1d 2 0.1

S. aureusc 1d 4 0.3

S. aureusc 1d 8 1.4

S. aureusc 1d 16 3.0

S. aureusc 2e 16 3.9

S. aureusc 5f 15 6.8

MRSA 5f 16 3.4

E. coli 5f 75 3.6

C. albicans 5f 75 5.7
a Incubation at room temperature for 10 min. bThe log10 reductions

of the viable cell numbers were determined by the CFU assay. Control
experiments without illumination have shown that these concentrations
have no antimicrobial activity under the same conditions. cMethicillin-
sensitive strain. d 0.85 μM. e 1.7 μM. f 4.3 μM.

Figure 7. Light induced toxicity of 6 at 5 μg/mL (4.3 μM) against
E. coli (108 units/mL) (black trace) and the pathogenic yeast
C. albicans (108 units/mL) (brown trace). Data are expressed as
the mean ( SEM of values from three independent experiments
performed in triplicate.
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BF2Chelate ofN-(4-(4-Bromo-2-(4-bromo-3-(4-((diethyl(methyl)-
ammonio)methyl)phenyl)-5-(4-methoxyphenyl)-1H-pyrrol-2-

ylimino)-5-(4-methoxyphenyl)-2H-pyrrol-3-yl)benzyl)-N-ethyl-N-

methylethanaminium Iodide (6). Compound 10 (100 mg, 0.11
mmol) was dissolved in dry CH2Cl2 (20mL), treated withmethyl
iodide (175 μL, 2.8 mmol), and stirred under N2 for 24 h at room
temperature. Diethyl ether (20 mL) was added, and the formed
precipitate was filtered, washedwith diethyl ether, and dried. The
product was obtained as a dark green solid (101 mg, 79%), mp
>300 �C. 1H NMR (500 MHz, CDCl3) δ: 7.77-7.75 (m, 4H),
7.70-7.67 (m, 8H), 6.90 (d, J=9.0Hz, 4H), 5.37 (s, 4H), 3.86 (s,
6H), 3.72-3.65 (m, 4H), 3.47-3.40 (m, 4H), 3.17 (s, 6H), 1.55 (t,
J= 7.0 Hz, 12H). 13C NMR (125 MHz, CDCl3) δ: 161.9, 157.7,
143.9, 140.9, 133.0, 132.7, 132.5, 130.9, 129.7, 128.1, 121.2, 113.6,
110.6, 63.4, 55.5, 55.3, 47.2, 8.9. IR (KBr disk): 3433, 1641 cm-1.
ES-MS: m/z 1040.5 [M - I-]þ, C46H52BBr2F2IN5O2

þ. HRMS
[M- I-]þ: 1040.1633,C46H52BBr2F2IN5O2

þ requires 1040.1594.
Fluorescence Quantum Yield Measurements. Fluorescent

quantum yields for 6 and 7were determined in chloroform using
BF2 chelate of [5-(4-methoxyphenyl)-3-phenyl-1H-pyrrol-2-yl]-
[5-(4-methoxyphenyl)-3-phenylpyrrol-2-ylidene]amine as a re-
ference with Φf of 0.36.

25

Comparative DPBF Degradation Measurements. A 100 mL
constantly aerated acetonitrile solution containing 3a, 6, or 7 at
a concentration of 1 � 10-8 M and 1,3-diphenylisobenzofuran
at an initial concentration of 5 � 10-5 M was irradiated with a
150 W fiber optic delivered filtered light (620 ( 30 nm) at 25 �C
for 45 min. Aliquots of 2 mL were removed from the solution
every 1 min for the first 10 min, every 2 min for the following
20 min, and every 3 min for the last 15 min, and a UV-visible
spectrum was recorded. Degradation of 1,3-diphenylisobenzo-
furan was monitored by the decrease in absorbance intensity at
415 nm.

Photobleaching Measurement. A 100 mL constantly aerated
acetonitrile solution of 6 at 1.6 � 10-5 M was irradiated with a
150 W fiber optic delivered filtered light (620 ( 30 nm) at 25 �C
for 45 min. Aliquots of 2 mL were removed from the solution
every 5 min for 45 min, and a UV-visible spectrum was
recorded. Degradation of 6 was judged by a decrease in absorp-
tion λmax at 680 nm.

Cell Culture. Luria-Bertani (LB) medium was used for
S. aureus and E. coli. A single colony was used to inoculate
10 mL of liquid medium. Cells were grown at 37 �C under
aerobic conditions on a shaker incubator (200 rpm) until an
OD600nm of approximately 0.7 was reached. YM medium was
used for C. albicans, and the fungal cells were grown to an
approximate OD600nm of 0.6 (10-fold dilution was measured).
MDA-MB-231 cells were cultured at 37 �C in the presence of 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum, 20 U/mL penicillin, and
50 μg/mL streptomycin.

Photosensitizer Solution. Solutions for uptake and photody-
namic inactivation studies were freshly prepared by dissolving
the desired compound in a 25%methanol in phosphate buffered
saline solution (PBS 1�, pH 7.4) to make a stock solution of
100 μg/mL.

Uptake Studies. For bacteria and yeast, an aliquot (1000 μL)
of liquid medium containing grown cells was collected into an
Eppendorf and centrifuged (8500g, 1 min). The cells were then
resuspended in PBS (950 μL) to give the appropriate cell density
(OD600nm of 0.7 for S. aureus, MRSA, and E. coli and OD650nm

of 0.6 for the 10-fold dilution of C. albicans). Compound 7

(100 μg/mL) was added (50 μL) to give a final concentration of
5 μg/mL (4.9 μM), and the suspension was incubated at room
temperature in the dark for 10 min. After the incubation period,
this suspension was centrifuged (8500g, 1 min) and resuspended
in PBS (1000 μL). The suspension was centrifuged again (8500g,
1 min), and the remaining pellets were lysed in 10%SDS aqueous
solution (1000 μL). This solution was incubated at room tem-
perature overnight before absorbance and fluorescence were

measured. The measurements were collected from three indepen-
dent experiments performed in triplicate. Similarly, the MDA-
MB-231 human carcinoma cell line was seeded in a 12-well plate
at a concentration of approximately 5 � 106 cells/mL in serum
containing DMEM and allowed to attach for 24 h. A fresh
solution of 7 diluted in DMEM cell culture media was added
(1000 μL) to give a final concentration of 5 μg/mL (4.9 μM). The
cells were then incubated for 10 min at room temperature and
then washed twice with PBS before being suspended in 10% SDS
and analyzed as described above.

Photodynamic Inactivation Studies.An aliquot of cells culture
(1000 μL) at the appropriate cell density (OD600nm of 0.7 for
S. aureus,MRSA, andE. coli andOD650nm of 0.6 forC. albicans)
was collected and centrifuged (8500g, 1 min). The cell pellets
were resuspended in PBS (990, 980, or 950 μL). The photo-
sensitizer under study (100 μg/mL in PBS, pH 7.4) was added
(10, 20, or 50 μL) to give the desired concentration (1, 2, or
5 μg/mL), and the suspension was incubated at room temperature
in the dark for 10 min. The cells were then centrifuged (8500g,
1 min) and resuspended in PBS (1000 μL) twice to remove the
unbound photosensitizer. Aliquots of this suspension (200 μL)
were placed into a 96-well plate. Before irradiation, an aliquot
(20 μL) was taken from a well to determine the colony forming
units in the absence of light. During irradiation, aliquots (20 μL)
were removed from the wells at specific time points correspond-
ing to specific fluences. In order to determine the colony forming
units, each aliquot was diluted with liquid medium to
10-1-10-6 times the original concentration, and each dilution
was streaked horizontally on a square LBmedium (or yeast rich
medium for C. albicans) agar plate as described by Jett et al.33

The plates were then incubated at 37 �C overnight, the colonies
were counted, and the survival fractionwas determined from the
untreated control in the absence of light. A LumaCare LC-122
M fiber optic noncoherent light delivery system emitting light at
690 nm ((25 nm) was used to deliver light with an irradiance
measured to be 20 mW/cm2 for the lower fluency rates and 120
mW/cm2 for the higher ones. Experiments were carried out in
triplicate and at three independent occasions.

Confocal Laser-Scanning Microscopy. Cells were suspended
in PBS to give the appropriate cell density (OD600nm of 0.7 for
S. aureus, MRSA, andE. coli andOD650nm of 0.6 for the 10-fold
dilution ofC. albicans), then treated with compound 7 at a final
concentration of 5 μg/mL (4.9 μM) for 10 min at room tem-
perature. The cells were then washed twice with PBS by cen-
trifugation (8500g, 1 min), and a drop of the suspension was
placed onto a glass slide and allowed to dry before a coverslip
was mounted on the slide. Fluorescent images were then col-
lectedwith a confocal laser scanningmicroscopy (LSM510, Carl
Zeiss) using an excitationwavelength of 633 nmand a band-pass
filter at 650 nm.
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