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Abstract
Bacteriochlorins are attractive candidates as photosensitizers for photodynamic therapy (PDT) due
to their intense absorption in the near-infrared (NIR) region of the spectrum where light
transmission through tissue is maximal. Many naturally occurring bacteriochlorins are inherently
unstable due to adventitious atmospheric oxidation. A de novo synthesis affords bacteriochlorins
that contain a geminal dimethyl group in each reduced pyrrole ring to increase stability against
oxidation. Here, three new synthetic bacteriochlorins, each bearing a single side-chain containing
one or two positive charges, were investigated for their in vitro PDT activity against HeLa human
cancer cells. All bacteriochlorins were active at low nanomolar concentration when activated with
NIR light; those bearing a single positive charge exhibited faster uptake and higher activity. The
bacteriochlorins were localized in mitochondria, lysosomes and endoplasmic reticulum as shown
by organelle specific fluorescent probes. Cell death was via apoptosis as shown by cell
morphology and nuclear condensation. Taken together, the results show the importance of
appropriate peripheral groups about a photosensitizer for effective PDT applications.
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INTRODUCTION
Photodynamic therapy (PDT) is a successful and clinically approved anti-cancer modality
that involves three basic components, namely, a photosensitizer, light and oxygen [1].
Individually, none of these species is toxic, but when combined together produce reactive
oxygen species such as singlet oxygen, superoxide and hydroxyl radicals. Selectivity for
tumors is provided by two mechanisms: the tendency of intravenously injected
photosensitizer to accumulate in tumors, and the ability to spatially confine the light delivery
to the area of the lesion [2–4]. The production of reactive oxygen species inside the
malignant cells leads to cell necrosis via apoptosis or autophagy depending on the cell type,
structure of the photosensitizer and the light parameters employed [5]. Though many
tetrapyrrole-based photosensitizers, such as porphyrins have been clinically approved for
some types of cancer, such molecules suffer from various limitations. One limitation is the
low absorption of light in the near-infrared (NIR) region of the spectrum where tissue
transmission of light is highest. Therefore, PDT using currently available photosensitizers
penetrates only the first 2–3 mm of tissue. To overcome this limitation, bacteriochlorins
have gained considerable interest as potential photosensitizers. Bacteriochlorins differ from
porphyrins by the reduction of two opposite pyrrole rings. The reduction of the number of
π-electrons from 22 to 18 raises the energy (and changes the nature) of the HOMO, and thus
narrows the HOMO–LUMO energy gap. This change in the HOMO–LUMO energy gap
causes a bathochromic and hyperchromic effect (i.e. redshift and intensification) on the Q-
band. A bacteriochlorin therefore has an intense absorption band (~100,000 M-1.cm-1) in the
720–850 nm spectral region where light penetration through tissue is maximal.

Naturally derived bacteriochlorins have been investigated for their in vitro and in vivo PDT
efficacy in animal models, and a Pd-bacteriopheophorbide derivative called TOOKAD has
been tested in clinical trials for prostate cancer [6, 7]. A major limitation of naturally derived
bacteriochlorins is their instability in the presence of oxygen. To overcome such limitations,
a number of groups have developed routes to synthetic bacterichlorins. The synthesis of
bacteriochlorins has been the subject of a number of reviews over the past decade [8–11].
Notable recent advances include (1) Brückner's two-fold OsO4-mediated dihydroxylation of
meso-tetraarylporphyrins followed by ring-expansion of the resulting
tetrahydroxybacteriochlorins to give morpholinobacteriochlorins [12], and (2) Pereira's
scalable diimide-mediated reduction of meso-tetraarylporphyrins to give the corresponding
bacteriochlorins [13]. Our own contribution in this area entails a de novo synthetic pathway
to bacteriochlorins wherein a geminal dimethyl group is located in each reduced pyrrole ring
[14, 15]. The chemical robustness of the synthetic bacteriochlorins and the versatility of the
synthetic methodology enable wavelength tunability and substituent tailorability (e.g.
lipophilicity, molecular asymmetry) as needed for PDT applications [16, 17]. In an earlier
study, three somewhat lipophilic synthetic bacteriochlorins were found to overcome the
resistance of melanoma to PDT [18]. Members of a set of 12 synthetic bacteriochlorins with
varying peripheral substituents, including four bacteriochlorins bearing two or four positive
charges, were examined as photosensitizers for killing HeLa human cervical cancer cells,
which led to quantitative structure-function relationships [19]. Furthermore, three cationic
bacteriochlorins (bearing two, four or six positive charges) proved effective in antimicrobial
PDT [20]. Each of these bacteriochlorins was substituted with positively charged groups at
two opposite sites on the macrocycle.

In the present study we describe the synthesis of three cationic bacteriochlorins bearing one
rather than two charged substituents. Furthermore, the three bacteriochlorins are examined
for their photodynamic efficacy in killing HeLa human cervical cancer cells. This cell line
was chosen for two reasons: (1) to facilitate comparisons with our prior studies of the PDT
activity of other sets of bacteriochlorins against HeLa cells, including analogs that contain
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two (rather than one) of the same charged groups, and (2) HeLa cells are by far the most
common human cancer cell line used in cancer research studies. The bacteriochlorins were
derived from a monoformylbacteriochlorin [16] by reductive amination and quaternization.
The three bacteriochlorins are shown in Chart 1. By changing the amine employed in the
reductive amination, the number of sites for quaternization and the lipophilicity of the
resulting cationic alkylammonium group can be controlled. The placement of singly or
doubly charged groups at one site at the periphery of the hydrophobic bacteriochlorin
macrocycle affords amphiphilic character. Numerous cationic (and amphiphilic) chlorins
have been prepared by derivatization of chlorophyll-related compounds (for leading
references see Refs. 21–27). On the other hand, to our knowledge only one example of an
analogous cationic derivative of bacteriochlorophyll has been reported [28].

RESULTS AND DISCUSSION
Molecular design

Bacteriochlorins have emerged relatively recently as candidates for PDT. The
bacteriochlorin examined most extensively to date is WST9 (Tookad), a palladium chelate
derived from bacteriochlorophyll a (Chart 2). Tookad bears one anionic group at
physiological pH and hence is amphiphilic in character. Analogs in this series include the
serine conjugate of bacteriochlorophyllide (Bchl-ser) [29], a zwitterionic compound, and
WST-11 (TOOKAD soluble) [30], which bears two anionic groups. Each compound is
amphiphilic given the location of the charged groups with respect to the hydrophobic
bacteriochlorin macrocycle. A naturally derived bacteriochlorin-imide containing a single
positive charge (I) has been prepared [28], but to our knowledge has not yet been examined
for PDT activity, and a number of non-cationic analogs also have been prepared [31]. A
family of tetraanionic bacteriochlorins, of which II is the parent member, and aryl
sulfonamide analogs, have been designed and subjected to extensive PDT studies [32–34].
Such compounds are not amphiphilic in the traditional sense given the rectilinear placement
of four anionic substituents. Previously, we prepared nine cationic bacteriochlorins [16, 19,
20] of which three representative structures (III–V) are displayed in Chart 2. The
bacteriochlorins prepared in this manner bear two, four or six charges, and in each case the
macrocycles are substituted at both pyrrole moieties.

The molecular design employed herein (BC-2′, BC-3′, BC-4′) centers broadly around
analogs of IV and V. The analogs contain a single site of substitution rather than two sites.
Changing the composition of the aminoalkyl moiety allows tuning of (i) the number of
charges, (ii) the spatial disposition of the charges, and (iii) the lipophilic character of the
positively charged moiety. The resulting compounds have a polar head group (positively
charged nitrogen) and a hydrophobic tail (bacteriochlorin macrocycle), and as such are well-
suited for comparison with their disubstituted analogs (III–V and other members), which
carry a positive charge on each side of the bacteriochlorin macrocycle.

Synthesis of bacteriochlorins
Reaction of 3,13-dibromo-8,8,18,18-tetramethylbacterio chlorin with Pd(PPh3)4 in toluene/
DMF at 70 °C under an atmosphere of CO for 2 h and subsequent treatment with Bu3SnH
afforded the corresponding 3,13-diformyl bacteriochlorin in 60% yield along with 3-
formyl-13-desbromobacteriochlorin BC-1 in 25% yield [16]. By this method a total of 100
mg of the 3,13-diformylbacteriochlorin and 30 mg of BC-1 were prepared. The 3,13-
diformyl bacteriochlorin was used previously in reductive amination reactions to afford a
variety of disubstituted bacteriochlorins [16]. While not a rational method of synthesis, the
availability of the monoformylbacteriochlorin BC-1 presented an opportunity to prepare a
small family of amphiphilic bacteriochlorins. A complementary approach was recently
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reported by Yu and Ptaszek [35], who showed that a 3,13-dibromo-5-
methoxybacteriochlorin underwent sequential Pd-mediated derivatization reactions. One of
the resulting unsymmetrically substituted bacteriochlorins has been employed for in vivo
imaging of ovarian cancer [36].

In the work described herein, reductive amination has been carried out with BC-1 to afford
monosubstituted bacteriochlorins. The reductive amination of BC-1 was carried out at
modest concentrations (12 mM), using sodium triacetoxyborohydride [37] in 1,2-
dichloroethane containing acetic acid. Reductive amination with dimethylamine afforded 3-
(dimethylaminomethyl) bacteriochlorin BC-2 in 88% yield after column chromatography.
Similar treatment with bis(3-(dimethylamino)propyl)amine or dipropylamine afforded BC-3
or BC-4 in 70% or 75% yield, respectively (Scheme 1). Each bacteriochlorin was
characterized by 1H NMR spectroscopy, mass spectrometry (LD-MS or ESI-MS) and
absorption spectroscopy.

To impart amphiphilic character, the aminoalkyl bacteriochlorins were subjected to
conditions for quaternization [38]. Quaternization using methyl iodide in CHCl3 at room
temperature is known to alkylate the alkyl amino substituents rather than the pyrrolic or
pyrrolinic nitrogens [16, 38]. Thus, the overnight reaction of bacteriochlorin BC-2 with
excess methyl iodide in CHCl3 at room temperature resulted in the iodide salt BC-2′.
Similarly, bacteriochlorin BC-3 or BC-4 was converted to the corresponding iodide or
diiodide salt in excellent yield (Scheme 1). Bacteriochlorin BC-4′ was designed to extend
the hydrophobic alkyl chains on the quaternized nitrogen to potentially facilitate insertion
into a phospholipid bilayer, a design strategy that has been explored with porphyrins [39,
40].

Bacteriochlorin BC-3 contains three tertiary amines. However, treatment of BC-3 only
methylated the two distal nitrogens and not the proximal nitrogen. Evidence in support of
this interpretation stems from ESI-MS and 1H NMR spectroscopy: (1) MS data shows a
molecular ion peak at m/z = 299.7338, which for a doubly charged ion corresponds to a
parent molecule of mass 599.4676 Da, and (2) the 1H NMR spectrum of BC-3, shows a
singlet at 2.20 ppm (12 protons), which is attributed to the N-methyl group; whereas in
BC-3′, the singlet appears at 3.09 ppm and integrates for 18 protons. More complex spectra
would be expected if the proximal nitrogens were methylated preferentially, and a greater
number of charges if both distal and proximal nitrogens were quaternized. These
observations are consistent with previous observations on disubstituted bacteriochlorins
[16]. Attempted alkylation of BC-4 using excess propyl iodide in CHCl3 at 45 °C for 72 h
gave recovered starting material rather than the expected tripropylaminomethyl
bacteriochlorin.

Each cationic bacteriochlorin was purified by washing the crude product with organic
solvents such as ether and CH2Cl2/hexanes to give the corresponding quaternary salts,
which were clean by 1H NMR spectroscopy. Purification of BC-4′ was also achieved by
silica gel chromatography [CH2Cl2/MeOH (9:1)].

Characterization of bacteriochlorins
A. Structural proof—The cationic bacteriochlorins were characterized by ESI-MS, 1H
NMR spectroscopy (in CDCl3 or DMSO-d6) and absorption spectroscopy. The ESI-MS
spectrum of each bacteriochlorin BC-2, BC-2′, BC-4 and BC-4′ only showed a molecular
ion peak at m/z = 383.22, which is attributed to benzyl-type cleavage at the 3-CH2-NR2 or
3-CH2-NR3 bond to yield the bacteriochlorin-CH2 molecular ion. BC-3 and BC-3′ each
displayed a molecular ion peak at m/z = 383.22, along with the expected parent molecular
ion peak.
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B. Solubility—Each bacteriochlorin (regardless of neutral or charged) was readily soluble
at room temperature in CH2Cl2 or CHCl3. In addition BC-3′, which contains two positive
charges, was also soluble in H2O at modest concentrations (~0.1 mM).

C. Absorption spectral properties—The absorption spectra for all bacteriochlorins
were collected in CH2Cl2. Representative spectra are shown in Fig. 1. The absorption
spectra were characteristic of bacteriochlorins [41, 42], with Qy bands ranging from 715–
719 nm and relatively little difference between the neutral bacteriochlorins and their cationic
derivatives. BC-2 and BC-4 showed a small (2–3) nm hypsochromic shift (718 nm to 715
nm; 717 nm to 715 nm) of the Qy band upon quaternization, whereas BC-3 showed a slight
(1 nm) bathochromic shift (718 nm to 719 nm) upon quaternization. In BC-2′ and BC-4′,
the positively charged nitrogens and the bacteriochlorin π-system are separated by only a
single methylene group.

The absorption spectrum for BC-3′ was also collected in H2O. The absorption spectra of
BC-3′ taken in CH2Cl2 and H2O were comparable and showed only slight broadening of the
Qy band in H2O (full-width-at-half-maximum increased from 16 nm in CH2Cl2 to 22 nm in
H2O). In both solvents the λmax for the Qy band was at 719 nm with the other absorption
bands varying only little between the two solvents. This observation further illustrates that a
given tetrapyrrole chromophore exhibits very similar spectral features in organic and
aqueous media if homogenously dispersed [43, 44]. Synthetic bacteriochlorins related to
those described herein typically have a molar absorptivity of ~120,000 M-1cm-1 at the Qy
maximum [14]. Such features are in keeping with the spectral characteristics of the natural
bacteriochlorin photosynthetic chromophores [41] once one considers the typically larger
spectral widths of the latter, giving generally similar integrated band intensities.

A few interesting comparisons can be made concerning the above-noted spectral effects of
quaternization for the monosubstituted bacteriochlorins vs. the disubstituted analogs
prepared previously [16]. Quaternization to form disubstituted 3,13-
bis(trimethylammoniomethyl) bacteriochlorin IV (Chart 2) in CH2Cl2 results in a 15-nm
bathochromic shift in the Qy band (722 to 737) nm, which is slightly larger than the 11-nm
shift found when H2O is used as the solvent for the quaternized species IV (which
introduces a potential solvent effect). In both cases, the bathochromic shifts are opposed to
the small hypsochromic shifts (2–3 nm in CH2Cl2) for quaternization to form BC-2′ (or
BC-4′). Similarly, quaternization of the disubstituted bacteriochlorin V (726 nm in H2O; not
soluble in CH2Cl2) gives a 4-nm bathrochromic shift vs. the neutral parent bacteriochlorin
(722 nm in CH2Cl2) compared to the 1-nm bathochromic shift for the monosubstituted
BC-3/BC-3′ pair in the same media.

Collectively, the spectral differences found for quaternization of monosubstituted vs.
disubstituted bacteriochlorins, and effects of solvent, may in part reflect the fact that
quaternization of monosubstituted bacteriochlorins gives the molecule a (substantially
larger) permanent dipole moment whereas quaternization of the symmetric, disubstituted
analogs does not.

Photobleaching
Significant photobleaching of BC-3′ was observed upon illumination with very low
amounts of 700–850-nm light (1–2 J/cm2) as measured by reduction of fluorescence (Fig. 2).
Bacteriochlorins BC-2′ and BC-4′ were more photostable but still were photobleached
upon illumination with 8 J/cm2. No attempts were made to identify any photoproducts
formed in the photobleaching.
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In vitro PDT on HeLa cells
In vitro photoinactivation studies were carried out with HeLa cells after incubating with
bacteriochlorins in complete medium for 24 h followed by exposure to NIR light (700–850
nm). The results are shown in Fig. 3. Initial studies had shown an extremely high PDT
activity and necessitated reducing the concentrations of bacteriochlorins several times in
order to find measurable cell survival after light delivery. Eventually a range of
concentrations from 1–10 nM allowed LD50 concentration values (in nM) to be calculated
after 5, 10 or 20 J/cm2 of 700–850 nm light had been delivered. The effectiveness for PDT
activity was higher for BC-2′ and BC-4′ than for BC-3′ (compare Figs 3a and 3c with Fig.
3b).

The LD50 values in Table 1 were 1.5 to 6.0 nM for BC-2′ and 1.5 nM to 5.0 nM for BC-4′
compared to 7.5 nM to >10 nM for BC-3′. Dark toxicity was negligible or very low for all
compounds (up to 0.5 μM) and there was no evident cytotoxicity of the 10 J/cm2 NIR light
alone (i.e. without any bacteriochlorin). This is the first study showing effective LD50
phototoxicity at such a low (1.5–5.0 nM) concentration of the photosensitizer. In our
previous study with 12 synthetic bacteriochlorins [19], phototoxicity at nanomolar
concentrations was observed after 10 J/cm2 of NIR light, but the lowest LD50 (out of 12
compounds tested) was 15 nM and two of the present compounds are therefore 5–10 times
more active.

The effect of incubation time on phototoxicity was tested to assess the rate at which the cells
became photosensitive when incubated with the bacteriochlorin. The most active compounds
(BC-2′ and BC-4′) exhibited faster kinetics of photosensitization with significant killing
apparent after 3–5 h, while the less active BC-3′ also had slower kinetics, with PDT killing
still increasing after 24 h (Fig. 4). One explanation for these observations is that the more
lipophilic nature of a singly charged bacteriochlorin (BC-2′ and BC-4′) enables more rapid
entry into cells by diffusion, while the more polar and slightly bulkier doubly charged
bacteriochlorins (BC-3′ and others studied previously) are predominantly taken-up into the
cells by the slower process of endocytosis.

Subcellular localization
Different subcellular localizations of the bacteriochlorins might be expected, if the singly
charged bacteriochlorins BC-2′ and BC-4′ were taken-up more by diffusion while the
doubly charged bacteriochlorin BC-3′ was taken-up more by endocytosis. Therefore, each
of the three bacteriochlorins (BC-2′, BC-3′, BC-4′) was incubated with HeLa cells and
examined using confocal microscopy to determine the subcellular localization of the
compounds. For these studies the bacteriochlorin was coincubated with green-fluorescent
probes specific for mitochondria (MitoTracker, Fig. 5a), lysosomes (LysoTracker, Fig. 5b),
or endoplasmic reticulum (ER Tracker, Fig. 5c). The fluorescence of the bacteriochlorin is
shown in red and the fluorescence of the organellespecific probe is shown in green.

Bacteriochlorin BC-2′ localized mainly in the mitochondria and endoplasmic reticulum and
to a lesser extent in the lysosomes, while BC-3′ showed good overlap with lysosomal and
less overlap with mitochondria and poor overlap with the ER probe. Bacteriochlorin BC-4′
was found to localize more in the mitochondria and lysosomes and to a lesser extent in the
endoplasmic reticulum. This affinity for different organelles can be explained on the basis of
lipophilicity [45]. Intracellular localization of the photosensitizer is considered to be
important for maximizing PDT-mediated cell toxicity [46]. In this regard, the accumulation
of the photosensitizer in certain specific organelles (mitochondria and endoplasmic
reticulum) is thought to lead to more efficient triggering of cell death upon illumination [47–
49]. On the other hand, accumulation in other locations (lysosomes and plasma membrane)
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that are not thought to be as sensitive to photodamage tends to lessen PDT efficiency [50,
51]. The specific localization of the photosensitizer within the cell can depend on incubation
time [52], aggregation state of the photosensitizer [53] and can change after light delivery
has begun [54].

The subcellular localization of BC-2′ in endoplasmic reticulum and mitochondria, and that
of BC-4′ predominantly in mitochondria correlates with the finding that both BC-2′ and
BC-4′ are more active photosensitizers than BC-3′. This correlation supports the hypothesis
that mitochondria are highly sensitive sites for photodamage while lysosomes are less
sensitive to PDT effects. The PDT-induced oxidative damage in mitochondria and the
ensuing change in mitochondrial membrane potential have been shown to correlate with
induction of apoptosis by PDT agents [55, 56].

The cellular and nuclear morphology studies carried out after PDT showed an apoptotic
mode of cell death in all the bacteriochlorins examined as shown in Fig. 6. The bright-field
images in the PDT-treated cells showed apoptotic bodies (black arrows), and the Hoechst
nuclear stain showed condensed nuclei (white arrows).

Lipophilic cationic photosensitizers are known to localize in mitochondria [57] while less
lipophilic cationic photosensitizers localize in lysosomes [58]. The second positive charge
present on BC-3′ increases the cationic character and thus apparently reduces the
lipophilicity sufficiently to alter the localization from mitochondria to lysosomes and thus
decreases the PDT efficacy to some extent; however, even BC-3′ still has very high activity
versus comparable compounds. The mono-substituted molecular framework in the present
compounds was much more active than the symmetrical disubstituted framework we
reported previously [19]. Bacteriochlorins bearing two positive charges (one on each side)
had LD50 values ranging from 3000 nM to 800 nM, corresponding to ≥ 2 orders of
magnitude lower activity than the similar mono-substituted bacteriochlorins reported here.
The explanation undoubtedly resides in the amphiphilic character of the mono-substituted
bacteriochlorins. Insertion of tetrapyrrole photosensitizers into cell membranes may be
critically involved in the sub-cellular mechanism [59], and it is expected that amphiphilic,
mono-substituted bacteriochlorins would do so more easily than the symmetrical
disubstituted bacteriochlorins studied previously.

EXPERIMENTAL
General synthesis procedures

1H NMR (400 MHz) spectra were collected at room temperature in CDCl3 unless noted
otherwise. Absorption spectra were obtained in CH2Cl2 or water at room temperature.
Bacteriochlorins were analyzed by laser desorption mass spectrometry (LD-MS) in the
absence of a matrix [60]. Electrospray ionization mass spectroscopy (ESI-MS) data are
reported for the molecular ion or protonated molecular ion. 3-Formyl-8,8,18,18-
tetramethylbacteriochlorin (BC-1) was prepared as described previously [16].

Synthesis
3-(dimethylaminomethyl)-8,8,18,18-tetramethyl-bacteriochlorin (BC-2)—
Following a procedure for reductive amination [37], a solution of BC-1 (5.0 mg, 0.012
mmol) in 1,2-dichloroethane (1.0 mL) was treated with dimethylamine (32 μL, 0.062 mmol,
2.0 M in THF). The mixture was stirred at room temperature under argon for 5 min before
adding NaBH(OAc)3 (5.0 mg, 0.025 mmol) all at once, followed by glacial acetic acid (1.4
μL, 0.024 mmol). The reaction was complete after 6 h as determined by TLC (silica,
CH2Cl2). The mixture was quenched by the addition of saturated aqueous NaHCO3 (2 mL)
and ethyl acetate. The organic layer was separated, dried (Na2SO4), and concentrated. The
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crude product was subjected to column chromatography [silica, CH2Cl2/MeOH (99:1)] to
yield a green solid (4.7 mg, 88%). 1H NMR: δ, ppm -2.37 (brs, 1 H), -2.24 (brs, 1 H), 1.96
(s, 12 H), 2.59 (s, 6 H), 4.45 (s, 2 H), 4.50 (s, 2 H), 4.68 (s, 2 H), 8.65 (s, 1 H), 8.69 (m, 1
H), 8.71 (s, 1 H), 8.72 (m, 1 H), 8.73 (m, 1 H), 8.80 (s, 1 H), 8.95 (s, 1H). LD-MS: m/z
obsd. 427.9, calcd. 427.2 (C27H33N5). ESI-MS: m/z obsd. 383.2230, calcd. 383.2236 ([M
′]+, C25H27N4, where M′ = M - N(CH3)2, M = C27H33N5). UV-vis (CH2Cl2): λabs, nm 341,
366, 490, 718.

3-(trimethylammoniomethyl)-8,8,18,18-tetramethylbacteriochlorin iodide
(BC-2′)—Following a procedure for amine quaternization [16, 38], a solution of BC-2 (7.6
mg, 0.018 mmol) in CHCl3 (1 mL, stabilized with EtOH) was treated with MeI (12 μL, 0.18
mmol, 10 equiv) under argon. The mixture was stirred at room temperature for 24 h. Excess
methyl iodide and solvent were removed under reduced pressure at ambient temperature.
Purification of the crude product was achieved by adding anhydrous diethyl ether to the
crude product (5.0 mL). The mixture was sonicated for 2 min in a benchtop sonication bath.
The solid was filtered and washed with dichloromethane/hexanes [2 mL (1:3)] to yield the
title compound (10 mg, 98%). 1H NMR: δ, ppm -1.55 (brs, 1 H), -1.37 (brs, 1 H), 1.81 (s, 6
H), 1.85 (s, 6 H), 3.69 (s, 9 H), 4.29 (s, 2 H), 4.53 (s, 2 H), 6.25 (s, 2 H), 8.47 (s, 1 H), 8.49
(s, 1 H), 8.57 (s, 1 H), 8.67 (dd, J = 5.36, 1.79 Hz, 2 H), 8.77 (d, J = 2.20 Hz, 1 H), 9.43 (s, 1
H). ESI-MS: m/z obsd. 383.2222, calcd. 383.2236 ([M′]+, C25H27N4, where M′ = M -
N(CH3)3, M = C28H36N5). UV-vis (CH2Cl2): λabs, nm 341, 365, 498, 715.

3-[bis(3-(dimethylamino)propyl)aminomethyl]-8, 8,18,18-
tetramethylbacteriochlorin (BC-3)—A solution of BC-1 (5.0 mg, 0.012 mmol) in 1,2-
dichloroethane (1.0 mL) was treated with bis(3-(dimethylamino)propyl) amine (14 μL,
0.062 mmol). The mixture was stirred at room temperature under argon for 5 min before
adding NaBH(OAc)3 (5.0 mg, 0.025 mmol) all at once, followed by glacial acetic acid (1.4
μL, 0.024 mmol). The reaction was complete after 16 h as determined by TLC (silica,
CH2Cl2). The mixture was quenched by the addition of saturated aqueous NaHCO3 (2 mL)
and ethyl acetate. The organic layer was separated, dried (Na2SO4), and concentrated. The
crude product was subjected to column chromatography [silica, CH2Cl2/MeOH (95:5)] to
yield a green solid (5.0 mg, 70%). 1H NMR: δ, ppm -2.38 (brs, 1 H), -2.22 (brs, 1 H), 1.90
(m, 4 H), 1.96 (s, 6 H), 1.97 (s, 6 H), 2.20 (s, 12 H), 2.35 (t, J = 7.15 Hz, 4 H), 2.81 (t, J =
7.15 Hz, 4 H), 4.44 (s, 2 H), 4.47 (s, 2 H), 4.81 (s, 2 H), 8.63 (s, 1 H), 8.67 (m, 2 H), 8.70 (s,
1 H), 8.72 (m, 1 H), 8.80 (s, 1 H), 9.04 (s, 1 H). LD-MS: m/z obsd. 570.4. ESI-MS: m/z
obsd. 285.7175, calcd. 285.7175 ([M + 2H]2+, M = C35H51N7). UV-vis (CH2Cl2): λabs, nm
342, 367, 491, 718.

3-[bis(3-(trimethylammonio)propyl)aminomethyl]-8,8,18,18-
tetramethylbacteriochlorin diiodide (BC-3′)—Under conditions similar to those for
BC-2′, BC-3 (5.0 mg) afforded a green solid (6.3 mg, 82%). 1H NMR (DMSO-d6): δ, ppm
–2.51 (brs, 1 H), –2.42 (brs, 1 H), 1.93 (s, 6 H), 1.94 (s, 6 H), 2.12 (m, 4 H), 2.82 (m, 4 H),
3.09 (s, 18 H), 3.38 (m, 4 H, overlapped by H2O signal), 4.44 (s, 2 H), 4.48 (s, 2 H), 4.90 (s,
2 H), 8.88 (brs, 1 H), 8.89 (s, 1 H), 8.91 (d, J = 1.65 Hz, 1 H), 8.93 (s, 1 H), 8.95 (s, 1 H),
8.97 (brs, 1 H), 9.07 (s, 1 H). ESI-MS: m/z obsd. 299.7338, calcd. 299.7332 ([M]2+, M =
C37H57N7). UV-vis (H2O): λabs, nm 339, 364, 493, 719. UV-vis (CH2Cl2): λabs, nm 342,
367, 491, 719.

3-(dipropylaminomethyl)-8,8,18,18-tetramethylbacteriochlorin (BC-4)—A
solution of BC-1 (7.1 mg, 0.018 mmol) in 1,2-dichloroethane (1.0 mL) was treated with
dipropylamine (15 μL, 0.090 mmol). The mixture was stirred at room temperature under
argon for 5 min before adding NaBH(OAc)3 (10. mg, 0.05 mmol) all at once, followed by
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glacial acetic acid (1.4 μL, 0.024 mmol). The reaction was complete after 16 h as
determined by TLC (silica, CH2Cl2). The mixture was quenched by the addition of saturated
aqueous NaHCO3 (2 mL) and ethyl acetate. The organic layer was separated, dried
(Na2SO4), and concentrated. The crude product was subjected to column chromatography
[silica, CH2Cl2/MeOH (99:1)] to yield a green solid (6.3 mg, 75%). 1H NMR: δ, ppm -2.33
(brs, 1 H), -2.17 (brs, 1 H), 0.95 (t, J = 7.29, 6 H), 1.76 (m, 4 H), 1.96 (s, 6 H), 1.97 (s, 6 H),
2.74 (t, J = 7.29, 4 H), 4.43 (s, 2 H), 4.47 (s, 2 H), 4.82 (s, 2 H), 8.63 (s, 1 H), 8.67 (m, 1 H),
8.69 (s, 2 H), 8.72 (m, 1 H), 8.79 (s, 1 H), 9.04 (s, 1 H). LD-MS: m/z obsd. 483.5, calcd.
483.3 (C231H41N5). ESI-MS: m/z obsd. 383.2230, calcd. 383.2236 ([M′]+, C25H27N4,
where M′ = M - N(CH2CH2CH3)2, M = C31H41N5). UV-vis (CH2Cl2): λabs, nm 341, 367,
491, 717.

3-(N-methyl-N,N-dipropylammoniomethyl)-8,8,18,18-
tetramethylbacteriochlorin (BC-4′)—Under conditions similar to those for BC-2′,
BC-4 (5.0 mg) afforded a green solid (5.0 mg, 80%). 1H NMR: δ, ppm -1.44 (brs, 1 H),
-1.28 (brs, 1 H), 1.11 (t, J = 7.15 Hz, 6 H), 1.87 (s, 6 H), 1.89 (s, 6 H), 1.93–2.18 (m, 4 H),
3.43 (s, 3 H), 3.57–3.74 (m, 2 H), 3.74–3.92 (m, 2 H), 4.31 (s, 2 H), 4.54 (s, 2 H), 5.99 (s, 2
H), 8.46 (s, 1 H), 8.51 (s, 1 H), 8.56 (d, J = 1.93 Hz, 1 H), 8.58 (s, 1 H), 8.62–8.74 (m, 2 H),
9.41 (s, 1 H). ESI-MS: m/z obsd. 383.2230, calcd. 383.2236 ([M′]+, C25H27N4, where M′ =
M - N[(CH3)(CH2CH2CH3)2], M = C32H44N5). UV-vis (CH2Cl2): λabs, nm 341, 365, 498,
715.

Cell culture
HeLa cancer cells (ATCC Manassas, VA) were cultured in RPMI medium with L-glutamine
and NaHCO3 (Sigma, St Louis, MO) supplemented with 10% fetal bovine serum, penicillin/
streptomycin (100 U/mL) (Sigma) at 37 °C in 5% CO2-humidified atmosphere in 75 cm2

flasks (Falcon, Invitrogen, Carlsbad, CA). On reaching 80% confluence, the cells were
washed with phosphate-buffered saline (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 10,000/well in flat-bottom 96-well plates (Fisher
Scientific, Pittsburgh, PA).

In vitro PDT studies
After 24 h growth the cells were incubated with different concentration of bacteriochlorins
diluted in RPMI medium (containing 10% serum, 100 U/mL penicillin and 100 μg/mL
streptomycin), and further incubated for an additional 24 h. The cells were then washed
twice with PBS, the medium was replaced with fresh complete medium, and 10 J/cm2 of
illumination was delivered with a Lumacare lamp (Newport Beach, CA) (700–850 nm
range). Control groups were as follows: no bacteriochlorin and light treatment, light alone,
and bacteriochlorin alone (at the same dilution used for PDT experiments). For kinetics
studies, incubations were carried out with 10 nM of bacteriochlorins BC-2′, BC-3′, and
BC-4′ for various times, and subsequently light with 10 J/cm2 of light was delivered.

Biological assays
MTT assay—Following PDT treatment the cells were returned to the incubator. After
overnight incubation, the cell-culture media was removed and replaced with 500 μg/mL of
MTT diluted in serum-free media. The cells were incubated for 4 h. At the end of incubation
the media was removed, and the cells were dissolved in DMSO. The plate was read at 570
nm using a microplate spectrophotometer (Spectra Max 340 PC, Molecular Devices,
Sunnyvale, CA). Each experiment was repeated 3 times.
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Subcellular localization by fluorescence microscopy—Cells were plated in an
optically transparent 96-well black-sided plate and grown for 24 h. The cells were then
incubated with 250 nM bacteriochlorins in complete medium for another 24 h. Cells were
washed in PBS and 5 μg/mL of (i) LysoTracker green DND-26, (ii) MitoTracker green FM,
or (iii) ER-Tracker green (Molecular Probes Invitrogen, Carlsbad, CA) was added and
incubated for 30 min at 37 °C. Cells were again washed in PBS and 5–10 min later observed
on an Olympus confocal FV1000 microscope and analyzed using the Olympus Fluoview
software (Olympus America, Inc. Center Valley, PA). The microscope used excitation with
a 488-nm argon laser and emission using either a band pass filter (525 ± 10 nm) or a 580-nm
long pass filter and a 63x1.20 NA water immersion lens.

Nuclear condensation studies—The cells after PDT treatment were kept at 37 °C for
24 h and then stained with Hoechst 33342 (0.5 μg/mL). Cells were again washed in PBS and
the confocal laser fluorescence microscope was used to image the cells at a resolution of 800
× 800 pixels. The microscope employed excitation with a 405-nm laser and emission using
either a band pass filter (470 ± 10 nm) or a 480-nm long pass filter.

Statistical analysis—Each value is the mean of three separate experiments with an error
bar that reflects the standard deviation or standard error of the mean for that determination.

CONCLUSION
A de novo synthesis has afforded stable bacteriochlorins that bear a single side-chain
containing one or two positive charges. The compounds with one positive charge, BC-2′
and BC-4′, have LD50 values in the low nanomolar range. These values indicate that the
two compounds are substantially more efficacious than any of the bacteriochlorins that we
have studied previously. Additionally to our knowledge, they appear to be among the most
powerful photosensitizers against cancer cells in vitro that have so far been reported. This
high activity, relatively low dark toxicity and the ability to be activated by NIR light (which
affords excellent tissue penetration), suggest that these bacteriochlorin motifs should be
further investigated to mediate PDT in animal models of cancer.
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Chart 1.
Synthetic, cationic bacteriochlorin amphiphiles examined herein
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Chart 2.
Representative bacteriochlorins (counterions are omitted for clarity)
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Scheme 1.
Synthesis of amphiphilic bacteriochlorins
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Fig. 1.
Absorption spectra of BC-2′ (solid) and BC-3′ (dashed) in CH2Cl2, normalized in the Qy
band
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Fig. 2.
Photobleaching of bacteriochlorins (1 μM in methanol) using 400-nm excitation and
monitored by reduction in fluorescence (600-800 nm)
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Fig. 3.
In vitro PDT killing of HeLa cells incubated with increasing concentrations of
bacteriochlorin for 24 hours in complete medium and illuminated with NIR light (5, 10 and
20 J/cm2). (a) BC-2′; (b) BC-3′; (c) BC-4′
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Fig. 4.
Effect of incubation time on PDT killing. Bacteriochlorins were incubated at 10 nM, and 10
J/cm2 of NIR light was used. (a) BC-2′; (b) BC-3′; (c) BC-4′
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Fig. 5.
Subcellular localization by confocal microscopy. For all panels (a–c), the left columns
display bacteriochlorin red fluorescence, the middle columns display green fluorescence
from organelle-specific probes, and the right columns display the overlays of the
bacteriochlorin and probe fluorescence. Bacteriochlorins were used at 250 nM for 24 h and
probes at 5 μg/mL for 30 min. (a) MitoTracker; (b) LysoTracker; (c) ER-Tracker. Scale bar
= 50 μM for a and b, and 100 μm for c
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Fig. 6.
Cellular morphology by bright-field fluorescence microscopy of PDT-treated cells. (a)
Control cells; (b) BC-2′, PDT treated; (c) BC-3′, PDT treated; (d) BC-4′, PDT treated.
Nuclear morphology of PDT-treated cells by Hoechst fluorescence staining of nuclei: (a)
control cells; (b) BC-2′, PDT treated; (c) BC-3′, PDT treated; (d) BC-4′, PDT treated.
Scale bar = 100 μm
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Table 1

LD50 values of bacteriochlorins against HeLa cells after various fluences of light
a

5 J/cm2 10 J/cm2 20 J/cm2

BC-2′ 6.0 nM 3.0 nM 1.5 nM

BC-3′ N/D (>10 nM) 10 nM 7.5 nM

BC-4′ 5.0 nM 2.5 nM 1.5 nM

a
Values were obtained from the data in Fig. 1. N/D, not determined.
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