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A cationic chalcogenoxanthylium photosensitizer effective in vitro
in chemosensitive and multidrug-resistant cells
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Abstract—Pentacyclic thio- (1) and seleno- (2) analogues of tetramethylrosamine (TMR) were prepared with a julolidyl fragment
replacing the 3-dimethylamino substituent in the xanthylium core. The pentacylic structure increases the lipophilicity of 1 and 2 rel-
ative to TMR-S and TMR-Se and locks the lone-pair of electrons on the julolidyl N atom into conjugation with the xanthylium
core. This conformational rigidization leads to longer wavelengths of absorption, but has little impact on other photophysical prop-
erties such as quantum yields for fluorescence and singlet-oxygen generation and fluorescence lifetimes in 1 and 2 relative to TMR-S
and TMR-Se. Both 1 and 2 are effective photosensitizers against chemosensitive AUXB1 cells in vitro at 1 · 10�7 M and compound
2 is an effective photosensitizer against multidrug-resistant CR1R12 cells in vitro at 1 · 10�7 M. While the uptake TMR-S into
CR1R12 cells as measured by fluorescence is significantly lower than uptake into chemosensitive AUXB1 cells, there is no significant
difference in the uptake of 1 into either AUXB1 or CR1R12 cells. The addition of 2 · 10�4 M verapamil to the cells prior to treat-
ment with 1 had no significant effect on the uptake of 1 into either AUXB1 or CR1R12 cells. Treating lipid-activated, purified Pgp
with 2 and light gave complete inhibition of Pgp ATPase activity.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Multidrug resistance (MDR)1–3 poses a serious threat to
human health in a number of areas including cancer che-
motherapy, AIDS, bacterial, parasitic, and fungal dis-
eases.4–7 In cancer, MDR is conferred by multidrug
efflux pumps that expel multiple chemically and struc-
turally dissimilar drugs from the cell. The expression
of these efflux pumps can be up-regulated by a single
exposure to a chemotherapeutic agent. The promiscuity
of multidrug-binding pumps is an intriguing problem.
Effective clinical intervention will require design of
mechanism-based inhibitors of these multidrug-binding
proteins. The major proteins responsible for MDR in
cancer are: (1) the mammalian plasma membrane pro-
tein P-glycoprotein (Pgp, also known as MDR1 or
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ABCB1), (2) the multidrug resistance protein series
(including multidrug resistance protein 1, MRP1 or
ABCC1), (3) breast cancer resistance protein (BCRP,
MXR, or ABCG2), and (4) lung-resistance related pro-
tein (LRP).8 All four proteins belong to a larger family
known as ATP Binding Cassette (ABC) proteins, the
majority of which are transporters.1 In humans, 48
members of this family are divided into seven subclasses
based upon degree of homology.2

Pgp is the most studied MDR efflux protein. However,
the mechanism by which over-expression of Pgp is
induced during exposure to chemotherapeutics or chem-
ical agents is not fully understood. Induction may occur
at the transcriptional level either due to gene amplifica-
tion, gene rearrangement, DNA methylation, promoter
mutation or chromatin modification.9 With any one of
these factors, transcription is the key for induction of
the proteins and in some cases this could be a rapid
response to intra/extracellular stimuli.9a There is still
much to be learned regarding gene regulation of Pgp
expression.
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Myriad MDR reversal agents, including verapamil
(VER), cyclosporin A, and PSC833, have been examined
to counteract the mechanisms of drug resistance.1,3,10

However, these compounds have major drawbacks, such
as alterations in cell metabolism and their toxicity to-
ward normal tissues. The therapeutic window for these
compounds is also severely restricted because the dose
necessary for effective inhibition of Pgp, in many cases,
exceeds the minimal toxic concentration in normal tis-
sue.1,11,12 Ideally, Pgp modulators would be adminis-
tered in combination with chemotherapeutic agent(s)
to increase anti-cancer drug uptake, retention, and effec-
tiveness. Unfortunately, concomitant administration of
high doses of modulators and therapeutic doses of
anti-cancer agents has resulted in unacceptable toxicity
requiring chemotherapeutic dose reduction and ineffec-
tive treatment.12

Photodynamic therapy (PDT)13 offers an alternative
approach for inhibiting Pgp and other efflux pumps.
If the photosensitizer is bound to or transported by
the efflux pump in the cancer cells, irradiation may
lead to irreversible efflux pump inhibition by photo-
chemical generation of reactive oxygen species such
as singlet oxygen, superoxide, or hydroxy radicals.
Several photosensitizers have been examined with mul-
tidrug-resistant cells. For example, meta-tetra(hydroxy-
phenyl)chlorin (mTHPC) shows no difference in
uptake and little difference in efficacy in vitro between
MCF-7 cells and MCF-7/DXR cells that express
Pgp.14 In vivo, other studies show that there is no sig-
nificant correlation between tumor mTHPC levels and
PDT response, which suggests that PDT effects are
most likely associated with vascular damage.15 Photo-
frin� also accumulates less in some drug-resistant cells
in comparison to chemosensitive parent cell lines.16

The rhodacyanine dye Rhodac is less phototoxic to
multidrug-resistant cells in comparison to normal
cells.17 BCRP (ABCG2)-transfected HEK-293 cells
are resistant to PDT with pheophorbide a (a BCRP
substrate), pheophorbide a methyl ester, chlorin e6,
and 5-aminolevulinic acid, but not to mTHPC or
meso-tetra(3-hydroxyphenyl)porphyrin.18
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Scheme 1. Synthesis of photosensitizers 1 and 2.
Among the best transport molecules for Pgp are the xan-
thylium dyes rhodamine 123 (Rh-123), rhodamine 6g
(R6G), and tetramethylrosamine (TMR, Chart 1).19,20

These dyes have been used as fluorescent markers to
determine the efficacy of Pgp modulators20,21 as well
as uptake of the dyes in drug-resistant and chemosensi-
tive cells.16 While none of the rhodamine dyes Rh-123,
TMR, or R6G inhibits Pgp function intrinsically either
in the dark or with irradiation,20,22 tetrabromorhod-
amine 123 (TBR, Chart 1) has shown phototoxicity
toward Pgp-expressing cell lines.23 However, the absorp-
tion maximum for TBR is <550 nm; well removed from
the 600 to 900-nm window that is optimal for PDT.13

The combination of a Pgp-modulator and photosensitiz-
er has given increased uptake/phototoxicity in drug-
resistant cells. For example, in Pgp-expressing cells,
the addition of VER gives increased uptake of Rh-
12316 as well as the heavy-chalcogen photosensitizers
TMR-S and TMR-Se.24 In contrast, the uptake of
Photofrin� is unaffected by the addition of VER16

although a cationic chlorin derivative has shown in-
creased uptake in drug-resistant cells when the transport
system is inhibited.25 Again, co-administration of mod-
ulators of MDR efflux pumps and a photosensitizer
may give undesirable toxicity.12 Ideally, a photosensitiz-
er that absorbs light in the 600–900-nm window and that
is simultaneously an inhibitor/modulator of Pgp (and/or
other efflux pumps) might allow a more effective treat-
ment of multidrug-resistant tumors by PDT.

The synthesis of a library of TMR derivatives and their
interaction with isolated Pgp have recently been de-
scribed.26 Within this library, proper location of hydro-
gen-bond acceptors gave derivatives that stimulated Pgp
ATPase activity while more hydrophobic groups at the
9-position gave little if any stimulation. We report here
the synthesis of pentacyclic analogues 1 and 2 (Scheme
1) of TMR and the comparison of the uptake of 1 in che-
mosensitive and drug-resistant cells, as well as the ability
of 2 to function as a photoinactivator of Pgp and as a
photosensitizer for both chemosensitive and multidrug-
resistant cells.
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Figure 1. Absorbance and emission of compounds 1 and 2 in MeOH.
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2. Results

2.1. Synthesis of photosensitizers

Compounds 1 and 2 were prepared by the addition of
phenylmagnesium bromide to chalcogenoxanthones 3
and 4,27 respectively, followed by the addition of
HPF6 (Scheme 1). Compounds 1 and 2 were isolated
in 93% and 94% yields, respectively.

2.2. Physical and photophysical properties of 1 and 2

The N atom of the julolidyl fragment in 1 and 2 is locked
into conjugation with the xanthylium core and cannot
rotate unlike the dimethylamino substituent in the 6-po-
sition, which is free to rotate. Compounds 1 and 2 have
absorption maxima, kmax, of 582 and 588 nm in MeOH
(Table 1 and Fig. 1), which are 11 and 7 nm longer than
kmax for TMR-S and TMR-Se, respectively.28 In dichlo-
romethane, values of kmax are 582 and 591 nm and, in
water, 581 and 590 nm for 1 and 2, respectively. While
kmax for 2 is still below 600 nm, the molar extinction
coefficient, e, for 2 is 1.26 · 105 M�1 cm�1 at 588 nm in
MeOH and the bandwidth at half-height is 35 nm such
that dye 2 absorbs strongly at 600–610 nm
(e > 6 · 104 M�1 s�1).

Emission spectra for 1 and 2 are shown in Figure 1 with
emission maxima (kEM) of 600 and 610 nm, respectively,
for 1 and 2 in MeOH (Table 1). The conformational
locking in 1 and 2 has little impact on values of the
quantum yield for fluorescence (/F) or the quantum
yield for the generation of singlet oxygen [/(1O2)] rela-
tive to TMR-S and TMR-Se (Table 1). Values of /F

for TMR-S and 1 are 0.44 and 0.36, respectively, and
for TMR-Se and 2 are 0.009 and 0.19, respectively. Val-
ues of /(1O2) for TMR-S and 1 are 0.21 and 0.28,
respectively, while the selenoxanthylium analogues
TMR-Se and 2 have values of /(1O2) of 0.87 and 0.85,
respectively. Excited-state fluorescence lifetime values,
sF, are nearly identical for TMR-S and 1, and values
of sF are much shorter for the selenoxanthylium dyes
TMR-Se and 2.

The extra four methylenes in the julolidyl fragment of 1
and 2 relative to TMR-S and TMR-Se also increase the
lipophilicity of dyes 1 and 2. While both TMR-S and
TMR-Se have values of the n-octanol/water partition
coefficient (logP) near 0.0,26 1 and 2 have values of logP
of 2.3 and 2.4, respectively.
Table 1. Absorption maxima (kmax), molar extinction coefficients (e), emissi

fluorescence lifetimes (sF), and quantum yields for singlet oxygen generation

Compound kmax (nm) emax · 10�4 (M�1 cm�1) kEM

TMR-Sb 571 6.3 599

TMR-Seb 581 4.4 608

1 582 ± 1 10.5 ± 0.5 600

2 588 ± 1 12.6 ± 0.5 610

a Quantum yields were determined using cresyl violet dissolved in MeOH as
b Data from reference 28.
c Too short for measurement.
2.3. Photoinactivation of Pgp ATPase activity in isolated
protein

In a recent study, we examined a small library of chalco-
genoxanthylium dyes related in structure to TMR for
their ability to stimulate Pgp ATPase activity26 using lip-
id-activated, mouse MDR3 Cys-less Pgp.29 From this
study, it was clear that many of the TMR analogues
were strongly protein bound. We hypothesized that irra-
diation of the dye–Pgp complex where the dye was a
heavy chalcogen analogue of TMR might give photoin-
activation of Pgp.

Lipid-activated, mouse MDR3 Cys-less Pgp was
exposed to various concentrations of selenoxanthylium
dye 2 in the dark and was then passed through a gel
filtration column to remove unbound dye. Light-in-
duced inactivation of Pgp ATPase was performed on
the filtered dye–Pgp complex using 3.0 J cm�2 of fil-
tered 350–800-nm light delivered at 50 mW (60 s of
irradiation). The remaining Pgp ATPase activity was
evaluated in the presence of 1.5 · 10�4 M VER, which
is generally considered to give robust stimulation of
Pgp ATPase activity. The combination of 2 and light
gave complete inhibition of Pgp ATPase activity as
shown in Figure 2a with an EC50, the effective concen-
tration of photosensitizer and 3.0 J cm�2 light to give
50% inhibition of 1.5 · 10�4 M VER-induced stimula-
tion of ATPase, of (4.7 ± 0.6) · 10�7 M. The photoin-
activation at constant photosensitizer concentration
was also linearly dependent on the light dose as shown
in Figure 2b. Light alone had no impact on ATPase
on maxima (kEM), quantum yields for fluorescence (/F), excited-state

[/(1O2)] for TMR-S, TMR-Se, and dyes 1 and 2

(nm) /F
a sF (ns) /(1O2)

0.44 1.5 0.21

0.009 0.05 0.87

± 1 0.36 ± 0.01 2.24 ± 0.02 0.28 ± 0.02

± 1 0.019 ± 0.001 <0.1c 0.85 ± 0.02

the standard; (/f 0.54).



Figure 2. Photoinactivation of Pgp ATPase activity (a) with various concentrations of photosensitizer 2 and 3.0 J cm�2 of 350–800-nm filtered light

and (b) with 5 · 10�6 M photosensitizer and various quantities of light. Each point represents the mean of at least three experiments performed in

duplicate. Error bars have been omitted for clarity, but are all 610%.
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activity indicating that the photosensitizer was neces-
sary for photoinactivation. The photosensitizer-induced
photoinactivation appeared to be irreversible since
residual ATPase activity was unchanged over the �1-h
time course of the ATPase experiments.

2.4. Uptake of TMR-S and 1 into AUXB1 and CR1R12
cells

Ideally, the impact of the pentacyclic structure in 2 on
photosensitizer uptake could be compared to the uptake
of TMR-Se. Unfortunately, /F for 2 is only 0.019 (Table
1) and /F for TMR-Se is only 0.009,28 which does not
allow easy determination of cellular uptake of either 2
or TMR-Se by fluorescence. Fortunately, both TMR-S
and thioxanthylium dye 1, which are quite similar to
TMR-Se and 2, respectively, in structure, are highly
fluorescent, with values of /F of 0.44 and 0.36, respec-
tively (Table 1), and their presence was easily detected
in chemosensitive AUXB1 cells and multidrug-resistant
CR1R12 cells.

Drug-sensitive AUXB1 cells or multidrug-resistant
CR1R12 cells were exposed to 5 · 10�6 M TMR-S or 1
in the dark for 2 h in complete medium. Consistent with
previous data, TMR-S was taken up by both cell lines.
The data displayed in Figure 3a demonstrate that TMR-
Figure 3. Relative uptake of (a) TMR-S and (b) dye 1 in chemosensitive A

absence of 2 · 10�4 M VER. Each bar represents the mean of at least three

deviation.
S uptake in multidrug-resistant CR1R12 cells is signifi-
cantly less in comparison to AUXB1 cells (P < 0.005)
and is roughly 40% of the uptake of TMR-S in the drug-
sensitive AUXB1 cells under these conditions. The addi-
tion of 2 · 10�4 M VER prior to dye exposure did not
have a significant effect on the TMR-S uptake into the
AUXB1 cells but gave a statistically significant increase
in uptake (P < 0.0001) with a nearly 4-fold increase in
TMR-S uptake in the CR1R12 cells. In the presence of
2 · 10�4 M VER, the uptake of TMR-S is comparable
in both AUXB1 and CR1R12 cells.

In contrast as shown in Figure 3b, there is no significant
difference in the uptake of dye 1 into either CR1R12
cells or AUXB1 cells (P > 0.05). The addition of
2 · 10�4 M VER prior to dye exposure had no signifi-
cant impact on the uptake of 1 into either cell line
(P > 0.05).

2.5. Phototoxicity of chalcogenoxanthylium dye 2 toward
chemosensitive and multidrug-resistant cells

In the absence of prior exposure of cells to 5 · 10�5 M
VER, neither TMR-S nor TMR-Se showed any signifi-
cant dark or phototoxicity (>90% cell survival) toward
CR1R12 cells at concentrations 6 5 · 10�6 M.24 In con-
trast, both TMR-S and TMR-Se were highly phototoxic
UXB1 cells and multidrug-resistant CR1R12 cells in the presence and

experiments performed in triplicate. Error bars indicate one standard



Figure 4. Dark and phototoxicity of selenoxanthylium dye TMR-Se, thioxanthylium dye 1, and selenoxanthylium dye 2 toward (a) AUXB1 cells and

(b) CR1R12 cells at 1 · 10�7 M with 5 J cm�2 of filtered 350–800-nm light. Data are expressed as the fraction of cell viability compared to control

cells, those exposed to neither dye nor light. Each bar represents the mean of at least three experiments performed in triplicate. Error bars indicate

one standard deviation.
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toward AUXB1 cells with EC50s of 1 · 10�7 and
2 · 10�7 M, respectively.24

In the current study, TMR-Se was included as a control
compound and approximately 50% phototoxicity was
observed in AUXB1 cells treated with 1 · 10�7 M
TMR-Se with 5 J cm�2 of 350–800-nm light when com-
pared to dark controls, that is, cells treated with
1 · 10�7 M TMR-Se and no light (Fig. 4a). Consistent
with earlier results, TMR-Se showed no phototoxicity
toward CR1R12 cells at 1 · 10�7 M with 5 J cm�2 of
350–800-nm light in comparison to dark controls with
>90% cell survival (Fig. 4b).24 Both thioxanthylium
dye 1 and selenoxanthylium dye 2 gave 70% phototoxic-
ity toward AUXB1 cells in comparison to dark controls
(P < 0.01) at 1 · 10�7 M with 5 J cm�2 of 350–800-nm
light (Fig. 4a). However, only selenoxanthylium dye 2
showed significant phototoxicity (80% phototoxicity)
Figure 5. Effect of compound 2 on the viability of CR1R12 cells in

culture in the dark (filled squares) or 24 h after exposure to various

concentrations of dye and 5.0 J cm�2 of filtered 350–800-nm light

(open squares). Each point represents three separate experiments

performed in duplicate for the viability of cultured CR1R12 cells

maintained in the dark or 24 h after exposure of cells to light. Data are

expressed as the fraction of control cell viability, exposed to neither

dyes nor light, error bars are the SEM.
toward CR1R12 cells when compared to dark controls
(P < 0.001) at 1 · 10�7 M with 5 J cm�2 of 350–800-
nm light (Fig. 4b).

The dark and phototoxicity for compound 2 at various
concentrations toward CR1R12 cells with 5.0 J cm�2 of
350–800-nm light is shown in Figure 5. The EC50, the
effective concentration of photosensitizer and 5.0 J cm�2

of 350–800-nm light to give 50% cell kill, for compound
2 is �1 · 10�7 M toward multidrug-resistant CR1R12
cells and toward chemosensitive AUXB1 cells (data
not shown). Compound 2 also displayed minimal dark
toxicity (>90% cell survival) at concentrations
61 · 10�5 M toward CR1R12 cells (Fig. 5) and
63 · 10�6 M toward AUXB1 cells (data not shown).
3. Discussion

The chalcogenoxanthylium dyes 1 and 2 are pentacyclic
core ring systems that contain a julolidyl fragment
around the 3-amino substituent of the xanthylium core.
These dyes are significantly more lipophilic than TMR-S
and TMR-Se due to the additional four methylene car-
bons in the julolidyl fragment. The lone-pair of electrons
on the julolidyl nitrogen is conformationally locked into
conjugation with the xanthylium p-framework causing a
red shift in kmax for 1 and 2 in comparison to TMR-S
and TMR-Se, respectively. The rigidization of dyes 1
and 2 is also expected to slow the rate of internal conver-
sion, but if this is the case, it has little effect on other
photophysical properties such as /F and /(1O2) where
the thioxanthylium dyes TMR-S and 1, and the seleno-
xanthylium dyes TMR-Se and 2 have similar values of
/F and /(1O2) (Table 1). TMR-S and 1 also have similar
excited-state fluorescence lifetimes, sF. As photosensitiz-
ers, the selenoxanthylium dye 2 absorbs longer wave-
lengths of light (kmax of 588 vs 582 nm) and has a
higher value of /(1O2) (0.85 vs 0.28) when compared
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to 1 and, thus, has better characteristics as a photosen-
sitizer in comparison to 1.

Ideally, a photosensitizer that is effective against multi-
drug-resistant cancer cells is either unrecognized by the
efflux pump(s) in the cell or acts as an inhibitor of the
cellular efflux pump(s). With either condition alone or
in combination, the photosensitizer will have a higher
intracellular uptake compared to drugs that are recog-
nized and transported by the efflux pumps. The chlorin
mTHPC is one example of a photosensitizer that accu-
mulates comparably in multidrug-resistant cells and in
chemosensitive cells.14,18 Although /F for compound 2
was too small to allow easy determination of cellular up-
take, compound 1 is structurally similar with /F of 0.36
and its presence in AUXB1 and CR1R12 cells is easily
determined. While TMR-S shows reduced uptake in
CR1R12 cells in comparison to AUXB1 cells, com-
pound 1 shows similar uptake in both chemosensitive
AUXB1 and multidrug-resistant CR1R12 cells. The
addition of 2 · 10�4 M VER had no statistically signifi-
cant effect on the uptake of 1 into either AUXB1 or
CR1R12 cells.

As a photosensitizer, compound 2 is effective at a con-
centration of 1 · 10�7 M with 5 J cm�2 of 350–800-nm
light both toward chemosensitive AUXB1 cells (70%
phototoxicity) and toward multidrug-resistant
CR1R12 cells (80% phototoxicity). Dark toxicity
(<90% survival) is not observed with 2 at concentrations
63 · 10�6 M in AUXB1 cells and 61 · 10�5 M in
CR1R12 cells. In contrast, while TMR-Se and thioxan-
thylium dye 1 are effective as photosensitizers toward
chemosensitive AUXB1 cells at a concentration of
1 · 10�7 M, they show little if any phototoxicity toward
CR1R12 cells (>75% cell survival) at concentrations of
1 · 10�7 M with 5 J cm�2 of 350–800-nm light.

Compound 2 as a photosensitizer appears to be capa-
ble of photoinactivation of lipid-activated, mouse
MDR3 Cys-less Pgp.29 To the best of our knowledge,
photoinactivation of the isolated protein has not been
previously demonstrated. As shown in Figure 1, com-
pound 2 photoinactivates Pgp with an EC50 of
(4.7 ± 0.6) · 10�7 M at 3.0 J cm�2 of 350–800-nm light
and the level of inactivation is proportional to the
light dose. The isolated Pgp is unaffected by irradia-
tion in the absence of photosensitizer and the
photosensitizer-induced inactivation appears to be
irreversible.

In summary, compound 2 represents an exciting lead
molecule for a new class of cationic photosensitizers
that are effective against multidrug-resistant cells at
1 · 10�7 M concentrations and that can photoinacti-
vate multidrug efflux pumps such as Pgp. Synthetical-
ly, we can vary the 9-substituent in these derivatives
via the addition of various Grignard and organolithi-
um reagents to the chalcogenoxanthones 3 and 4.
Our challenges are to design derivatives that absorb
longer wavelengths of light (kmax > 600 nm) while
maintaining desirable photophysical and biological
properties.
4. Experimental

4.1. General methods

Solvents and reagents were used as received from Sig-
ma–Aldrich Chemical Co. (St. Louis, MO) unless other-
wise noted. Cell culture media and antibiotics were
obtained from Grand Island Biological (Grand Island,
NY). Fetal bovine serum (FBS) was purchased from
Atlanta Biologicals (Atlanta, GA). Concentration in
vacuo was performed on a Büchi rotary evaporator.
TMR-S and TMR-Se were prepared according to Ref.
24a. Chalcogenoxanthones 3 and 4 were prepared
according to Ref. 27. NMR spectra were recorded on
Varian Gemini 300 or Inova 400 or 500 instruments with
residual solvent signal as the internal standard. UV–vis–
near–IR spectra were recorded on a Perkin-Elmer
Lambda 12 spectrophotometer equipped with a circulat-
ing constant-temperature bath for the sample chambers.
Elemental analyses were conducted by Atlantic Microl-
abs, Inc.

4.1.1. Synthesis of thioxanthylium dye 1. Phenylmagne-
sium bromide (1 M, 3.0 mL, 3.0 mmol) was added to
thioxanthone 3 (0.106 g, 0.3 mmol) suspended in dry
THF (10 mL). The resulting orange solution was heated
at reflux for 1 h. The reaction mixture was cooled to
0 �C. A 12% solution of hexafluorophosphoric acid
(5 mL) was slowly added to the reaction mixture pro-
ducing a deep blue color. Ice water (60 mL) was added
producing a dark blue precipitate, which was collected
by filtration. The precipitate was washed with cold ether
(3·) to give 0.106 g (93%) of 1 as a purple crystalline sol-
id, mp > 300 �C: 1H NMR (500 MHz, CD2Cl2) d 7.62
(m, 3H), 7.31 (d, 1H, J = 10.0 Hz), 7.30 (m, 2H), 7.11
(d, 1H, J = 2.5 Hz), 7.06 (s, 1H), 6.87 (dd, 1H, J = 2.5,
10.0 Hz), 3.54 (t, 2H, J = 7.0 Hz), 3.53 (t, 2H,
J = 7.0 Hz), 3.23 (s, 6H), 2.88 (t, 2H, J = 6.5 Hz), 2.67
(t, 2H, J = 6.0 Hz), 2.17 (m, 2H), 1.96 (m, 2H); 13C
NMR (75.5 MHz, CD2Cl2) d 158.5, 153.0, 149.6,
142.7, 140.4, 136.4, 135.9, 133.6, 129.7, 129.5, 129.0,
125.9, 119.5, 118.8, 114.8, 114.2, 105.9, 51.8, 50.8,
40.6, 28.1, 24.4, 20.6, 20.2; HRMS (ESI) m/z 411.1890
calcd for C27H27N2S+: 411.1889. Anal. Calcd for
C27H27F6N2PS: C, 58.27; H, 4.89; N, 5.03. Found: C,
57.94; H, 4.99; N, 4.87.

4.1.2. Synthesis of selenoxanthylium dye 2. Phenylmag-
nesium bromide (1 M in ether, 3.0 mL, 3.0 mmol) was
added to selenoxanthone 4 (0.105 g, 0.26 mmol) sus-
pended in dry THF (10 mL). The resulting orange solu-
tion was heated at reflux for 1 h. The reaction mixture
was cooled to 0 �C. A 12% solution of hexafluorophos-
phoric acid (5 mL) was slowly added to the reaction
mixture producing a deep blue color. Ice water
(60 mL) was added producing a dark blue precipitate,
which was collected by filtration. The precipitate was
washed with cold ether (3·) to give 0.150 g (94%) of 2
as a purple crystalline solid, mp > 300 �C: 1H NMR
(500 MHz, CD2Cl2) d 7.60 (d, 1H, J = 2.0 Hz), 7.61–
7.58 (m, 2H), 7.32 (d, 1H, J = 10.0 Hz), 7.28–7.26 (m,
3H), 7.08 (s, 1H), 6.78 (dd, 1H, J = 2.5, 10.0 Hz), 3.53
(t, 2H, J = 6.0 Hz), 3.50 (t, 2H, J = 6.0 Hz), 3.21 (s,
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6H), 2.78 (t, 2H, J = 6.5 Hz), 2.64 (t, 2H, J = 6.0 Hz),
2.19 (tt, 2H, J = 6.0, 6.5 Hz), 1.96 (tt, 2H, J = 6.0,
6.0 Hz); 13C NMR [75.5 MHz, CD2Cl2] d 160.2, 152.6,
149.5, 144.0, 142.9, 137.8(8), 137.8(6), 136.0, 129.6,
129.3, 128.9, 125.3, 120.2, 119.7, 117.0, 114.5, 108.8,
51.9, 51.0, 40.6, 28.0, 26.3, 20.7, 20.4; HRMS (ESI)
m/z 459.1344 (calcd for C27H27N2Se+: 459.1334). Anal.
Calcd for C27H27F6N2PSe: C, 53.74; H, 4.51; N, 4.64.
Found: C, 54.07; H, 4.51; N, 4.62.

4.2. Determination of quantum yields for the generation of
singlet oxygen

The quantum yields for singlet-oxygen generation with
chalcogenoxanthylium dyes 1 and 2 were measured by
direct methods in MeOH.24b A SPEX 270 M spectrom-
eter (Jobin Yvon) equipped with InGaAs photodetector
(Electro-Optical Systems Inc., USA) was used for
recording singlet-oxygen emission spectra. A diode
pumped solid-state laser (Millenia X, Spectra-Physics)
at 532 nm was the excitation source. The sample solu-
tion in a quartz cuvette was placed directly in front of
the spectrometer entrance slit e and the emission signal
was collected at 90� relative to the exciting laser beam.
An additional longpass filter (850 nm LP) was used to
attenuate the excitation laser and the fluorescence from
the photosensitizer.

4.3. Determination of fluorescence quantum yields

Fluorescence quantum yields (/F) and excited-state fluo-
rescence lifetimes (sF) were determined using techniques
that we have previously described.30 Briefly, electronic
absorbance spectra were recorded by using a HP model
8452A UV–vis spectrophotometer. Steady-state fluores-
cence spectra were recorded by using an SLM-AMIN-
CO model 8100. A 450 W Xe arc lamp was used as
the excitation source. Double and single grating mono-
chromators served as the excitation and emission wave-
length selection devices, respectively. The excitation
wavelengths were set at 560 and 580 nm for compounds
1 and 2, respectively. The excitation and emission spec-
tral bandpasses were maintained at 4 nm. All emission
spectra were background corrected by using appropriate
blanks. Quantum yields were determined by using cresyl
violet dissolved in MeOH as the standard; its value is
0.54.31

Time-resolved fluorescence experiments were carried out
by using an IBH model 5000 W SAFE time-correlated
single photon counting fluorescence lifetime instrument.
A 595 nm pulsed light emitting diode (LED) (1 MHz)
served as the excitation source. Single grating mono-
chromators were used for wavelength selection. The
excitation wavelength was adjusted to 595 nm (bandpass
of 32 nm) and the emission monochromator was set at
620 nm (bandpass of 16 nm). To avoid pulse pileup,
the count rate at each detector was always <2% of the
LED repetition rate. The instrument response function
and the time-resolved fluorescence intensity decay traces
(under magic angle polarization conditions) were simul-
taneously recorded. All experiments were conducted un-
der ambient conditions (20–22 �C) until there were at
least 104 counts in the peak multichannel analyzer chan-
nel. The time-resolved intensity decay data were ana-
lyzed by using Globals WE (Globals Unlimited), a
commercially available global analysis software pack-
age. All time-resolved intensity decay traces were single
exponential over at least four lifetimes.

4.4. Determination of n-octanol/water partition
coefficients

The octanol/water partition coefficients were all mea-
sured at pH 6 (phosphate-buffered) using UV–vis spec-
trophotometry. The measurements were done using a
‘shake flask’ direct measurement.32 Mixing for 3–5 min
was followed by 1 h of settling time. Equilibration and
measurements were made at 23 �C using a Perkin-Elmer
Lambda 12 spectrophotometer.

4.5. Cells and culture conditions

Cultured cells used in this study were the Chinese ham-
ster ovary parental cell line AUXB1,33 a chemosensitive
cell line in which Pgp content is very low and the multi-
drug-resistant cell line CR1R12 which highly constitu-
itively expresses Pgp. Multidrug resistance in CR1R12
cells was established from the CHRC5 cell line34 by
sequential culturing in increasing concentrations of col-
chicine with 5 · 10�6 g mL�1 being the final concentra-
tion used. Cell lines were maintained in passage
culture on 60-mm diameter polystyrene dishes in
4.0 mL minimum essential medium (a-MEM) supple-
mented with 10% fetal bovine serum (FBS), 50 U/mL
penicillin G, 5.0 · 10�5 g mL�1 streptomycin, and
1.0 · 10�6 g mL�1 Fungizone� (complete medium).
Only cells from passages 1 to 10 were used for experi-
ments. A stock of cells, passages 1–4, were maintained
at �86 �C to initiate the experimental cultures. Cultures
were maintained at 37 �C in a 5% CO2 humidified atmo-
sphere (Forma Scientific, Marietta, OH). Passage was
accomplished by removing the culture medium, then
adding a 1.0 mL solution containing 0.25% trypsin,
incubating at 37 �C for 2–5 min to remove cells from
the surface followed by seeding new culture dishes with
an appropriate number of cells in 4.0 mL of a-MEM.
Cell counts were performed using a particle counter
(Model ZM, Coulter Electronics, Hialeah, FL).

4.6. Uptake of TMR-S and 1 into AUXB1 and CR1R12
cells

One day prior to uptake experiments, �1 · 104 AUXB1
or CR1R12 cells (in 2 · 10�4 L volume) were seeded per
well on the inner wells of 96-well sterile tissue culture
plates (Corning). (The outer wells were not used to
avoid issues associated with evaporation of the aqueous
media.) After 24 h and approximately 70% confluency,
media were replaced with fresh media containing
5 · 10�6 M of either TMR-S or compound 1. At this
point, all manipulations were performed in the dark to
avoid phototoxic effects. To avoid dye precipitation,
media containing photosensitizers were prepared imme-
diately prior to use by adding concentrated photosensi-
tizer and VER (2 · 10�4 M final if present) from DMSO
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stocks to 1 mL of media and this was then aliquoted to
four 2 · 10�4 mL replicate wells. In all cases DMSO did
not exceed 0.2%, and this was not toxic to the cells.
After the media/dye mix was added, plates were
wrapped in foil and placed at 37 �C with 5% CO2 for
3 h. Next, plates were removed and wells were rinsed
with 2 · 10�4 L sterile 0.9% NaCl (w/v). Finally,
1 · 10�4 L of 50% ethanol (v/v); 1% acetic acid (v/v)
was added to each well. The amount of dye present
was determined by fluorescence in a microplate reader
(SpectraMax Gemini) and compared to a dilution series
with excitation appropriate for each dye. For TMR-S
excitation was at 575 nm and for compound 1 excitation
was at 584 nm. In both cases, the emission at 650 nm
was recorded.

4.7. Photoinactivation of pure Pgp

Mouse mdr3 CysLess Pgp was purified as described pre-
viously.29 CysLess Pgp displays equivalent activity as
wild-type and has already been extensively used to com-
pare the effects of TMR analogues in a previous offer-
ing.26 One advantage of using CysLess Pgp is that the
need to pre-incubate with a reducing agent such as
1,4-dithiothreitol to prevent inactivating disulfide be-
tween P-loop cysteines is not necessary. Moreover, we
wanted to avoid inactivation so that photoinactivation
by the chalcogenoxanthylium dye is clearly established.
CysLess Pgp was activated by incubation with Esche-
richia coli lipids at a 2:1 ratio (w/w) for 20 min at room
temperature followed by 30-s sonication in a bath soni-
cator kept at 4 �C. Next, 1 · 10�5 g of lipid-activated
Pgp was incubated in a final volume of 5 · 10�5 L in
4 · 10�2 M Tris–HCl, pH 7.4; 1 · 10�4 M EGTA (TE
buffer) with the indicated amount of dye added from a
concentrated DMSO stock. The final DMSO concentra-
tion did not exceed 2% and this was not inhibitory for
Pgp in the absence of dye. All manipulations upon mix-
ture of dye with Pgp were performed in the dark. This
mixture was kept at room temperature for 20 min to al-
low dye binding. Next, samples were placed on ice for a
minimum of 5 min and then an additional 5 · 10�2 L of
ice-cold TE buffer was added, and the samples were
quickly passaged through centrifuge columns at 4 �C
(1K rpm spin for 2 min in a clinical centrifuge) as previ-
ously described.26 Columns were home-made and con-
sisted of 1-mL (tuberculin) syringes packed with G-50
Sephadex equilibrated with 5 · 10�2 M Tris–HCl, pH
7.4; 0.001% n-dodecyl-b-DD-maltopyranoside (DDM;
Anatrace). During optimization of this method, we
found that addition of 8 · 10�6 M of 1% DDM to the
collection tube helped to stabilize Pgp at subsequent
steps. Next the entire sample (�9 · 10�5 L) was added
to a quartz cuvette (1 cm) and irradiated for 1 min at
ambient temperature with 50 mW of 350–800-nm broad
band light from a filtered tungsten source. The sample
was quickly removed and two 4 · 10�5 L aliquots were
placed in a 96-well plate on the inner wells kept on ice
in the dark. Upon processing of all samples,
4 · 10�5 L of a 2· concentrated ATPase cocktail con-
taining 2 · 10�2 M NaATP, 2.4 · 10�2 M MgSO4,
3 · 10�3 M phosphoenol pyruvate, 1 · 10�3 M NADH,
and 2 · 10�4 g mL�1 each of pyruvate kinase and lactate
dehydrogenase (Roche), and 1.5 · 10�1 M VER was
added and ATPase activity was determined by the rate
of oxidation of NADH measured at 340 nm at 37 �C
in a plate reader as previously described.26 Relative
ATPase rates as a function of dye concentration were
plotted and IC50 values determined using non-linear
regression with Sigmaplot software. Since the centrifuge
columns effectively remove unbound photosensitizer, the
IC50 for photoinactivation obtained by this method is
representative of photosensitizer that is tightly bound/
directly associated with Pgp, and not the result of indi-
rect damage. Light alone did not cause photoinactiva-
tion and the effect of the photosensitizer was
irreversible (no reactivation of Pgp was seen after more
than 1 h during the kinetic assay). While damage was
found to be light dose-dependent, a time of 1 min was
chosen for convenience of experimental manipulations.

4.8. Irradiation of cultured cells

After seeding on 12-well plates, AUXB1 or CR1R12
cells were incubated for 24 h to allow cells to attach to
the surface. Stock solutions of 2, prepared at
1 · 10�3 M, were then added directly to the cell culture
medium to give a final dye concentration of 3 · 10�9

to 1 · 10�5 M. Cell monolayers were then incubated
for 3 h at 37 �C in the dark in a humidified 5% CO2

atmosphere. The media were then removed and 1.0 mL
of a-MEM minus FBS and phenol red (clear medium)
was added to each well. One plate, with the lid removed,
was then exposed to 350–800 nm light delivered at
1.4 mW cm�2 for 1 h (5.0 J cm�2) from a filtered tung-
sten source for the various dye concentrations. The
remaining plate was kept in the dark during the irradia-
tion period. Immediately following irradiation the clear
medium was replaced with complete medium and the
monolayers were incubated for an additional 24-h peri-
od as above. Subsequently, cells were trypsinized and
counted to determine cell viability.

4.9. Statistical analysis

Pairwise inter-comparisons among the experimental
groups and comparisons with the controls were per-
formed using student’s t-test. A value of P < 0.05 is con-
sidered significant.
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