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Abstract—A conjugate of a C11-b-derivative of estradiol and an asymmetric tetraphenylporphyrin was synthesized to study its
potential selective uptake by breast cancer cells naturally over-expressing the nuclear receptor for estrogen (ER). Competitive
radioligand binding assays of this conjugate with recombinant ER showed that the conjugate bound to ER in a dose-dependent
manner with an EC50 of 274 nM, compared with 1 nM for estradiol, the natural ligand. Cellular uptake studies with ER-positive
MCF-7 and ER-negative HS578t human breast cancer cells revealed that, the conjugate was taken up by MCF-7 cells in a dose-
dependent manner, which was obliterated by co-incubation with a large excess of estradiol. On the other hand there was very little
uptake of the un-conjugated porphyrin by MCF-7 and Hs578t cells. HS578t cells also showed insignificant uptake of the conjugate
under the conditions of our experiment. These results strongly suggested that specific interaction between the endogenous ER
in MCF-7 cells and the estrogen part of the conjugate enabled these cells to selectively internalize the conjugate over the un-
conjugated porphyrin. Therefore, ER-binding conjugates of estradiol and porphyrins could potentially be used for ER-targeted
photodynamic therapy of hormone-sensitive cancers of breast, ovary, gonads etc.
# 2002 Elsevier Science Ltd. All rights reserved.

Introduction

Selective delivery of cytotoxins to tumors is highly
desirable in treating carcinomas. Yet such a feat often
remains unattainable due to the lack of targets in cancer
cells that are uniquely recognized by these toxins.
Unique immune-signals on the surface of certain cancer
cells have been harnessed by chemically conjugating
toxins to antibodies to these signals. This method has
enjoyed limited applicability due mostly to the paucity
of active mechanisms for the internalization of the
immuno-toxins into cancer cells.

Nuclear receptors, due to their high-affinity binding to
their cognate ligands, act as beacons to attract and
selectively localize their ligands and ligand-mimics into
cells where these receptors are expressed. For example,

estrogen receptor (ER), the primary modulator in the
manifestation of biological effects of estrogens and anti-
estrogens, is abundantly expressed in breast, ovary and
gonads that are primary target organs for estrogen-
action.1�4 Thus, ER provides a viable target for the
selective delivery of toxins, by chemically conjugating
toxins/drugs to estrogens/anti-estrogens; and such a
process might constitute a potentially attractive method
for delivering drugs/toxins to hormone sensitive breast,
ovarian and cervical cancers.

The concept of ER-targeting has been previously inves-
tigated with phenylindole-aniline mustards, exploiting
the ER-binding and DNA-cleaving properties of
phenylindoles and aniline mustards respectively.5,6

These conjugates showed affinity for calf-uterine ER
and selective toxicity for the ER-positive cell line MCF-
7, compared to the ER-negative cell line MDA-MB-231.
However, it was suggested that the selective toxicity was
not due to nuclear ER delivery, as similar levels of
inter-strand cross-linking was observed in both cells
lines. Recently preliminary reports on the synthesis and
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cytotoxicity studies of estradiol-enediyne,7,8 and estra-
diol-geldanamycin conjugates have been published.9

Breast tumor cells are known to over-express estrogen
receptor (ER) in high levels particularly in their earlier
stages and under hormone-treatment.10,11 Therefore, we
hypothesized that a synthetic conjugate of estradiol and
a cytotoxin with high-affinity binding for indigenous ER
in the cancer cells might selectively localize the con-
jugate into the tumor. To test this hypothesis we chose a
porphyrin as the cytotoxin partner of the estradiol-toxin
conjugate

Porphyrins occupy a central position in photodynamic
therapy of cancer (PDT), which relies upon the selective
accumulation of a photosensitizer (e.g., psoralens,
pthalocyanins, acridine orange, merocyanines and por-
phyrins) into cancerous tissue followed by irradiation of
the diseased tissue. Upon irradiation with red light, the
excited state of the photosensitizer generates singlet
oxygen, which damages cellular components and
ultimately leads to cell death.12,13

We hypothesized that the tumor-localizing property of a
porphyrin in an estradiol-porphyrin conjugate could be
significantly enhanced by the strong interaction between
the estradiol part of the conjugate and over-expressed
ER in breast tumor cells. The resultant effect would be
reflected in the enhanced uptake of the conjugate by
hormone-sensitive (ER positive) tumor cells opposed to
unconjugated porphyrin.

Based on the above hypothesis we published a pre-
liminary report on the synthesis of an estradiol–por-
phyrin conjugate (E2–Por).

14 In the present study we
chose breast cancer cells with or without indigenous ER
as model systems to validate our hypothesis. We com-
pared the cellular uptake of a porphyrin (Por) and its
correspondng estradiol-porpyrin conjugate (E2–Por) in
ER-positive MCF-7 breast cancer cells to determine the
role of the estradiol part of E2–Por in the cellular uptake.
We also carried out uptake assays with ER-negative
HS578T cells to determine the role of indigenous ER in
the localization process. The present communication
includes detailed accounts of the synthesis of E2–Por and
its ER-binding and cellular uptake studies.

Results and Discussion

An essential part in designing estradiol-porphyrin con-
jugates to target nuclear ER was to identify positions of
the parent estradiol molecule where an appendage
(porphyrin) could be attached without seriously com-
promising ER-binding activity. During the past decade
numerous structure–activity studies have been carried
out, and three such positions, 7a, 11b and 17a have
been identified.15,16 It has be shown that modifications
at the C11b and C17a positions of estradiol, particularly
with hydrophobic groups, are well tolerated towards
ER-binding. The recently determined crystal structures
of the hormone-binding domain of ER, bound to estra-
diol, has substantiated the earlier structure–activity data

in demonstrating that those positions are indeed present
in areas with little interference from the peptide backbone
structure of ER.17,18

Synthesis of estradiol–porphyrin conjugates in which
porphyrin moieties are attached to estradiol via the 3-
hydroxyl group was reported by Chen et al.19,20 How-
ever, it has been amply demonstrated that modification
of the 3-hydroxyl group (of estradiol) leads to serious
impairment of ER-binding.20 Another report on the
synthesis of several asymmetric porphyrins, one of them
containing a 17a-ethynylestradiol, was published in
1995.21

We embarked upon the synthesis of an estradiol por-
phyrin conjugate in which the porphyrin moiety is
attached to 11-b-position of estradiol via a long tether
(Scheme 1). We reasoned that placing the porphyrin
away from the 11b-position of estradiol via a long tether
might not impair ER-binding seriously. Huang et al.22

has previously reported the synthesis of the carboxy-
methyl-porphyrin (Por 1). We decided to adopt a more
convenient procedure based on the popular method of
Lindsey et al.23 for the synthesis of unsymmetrical tet-
raphenylporphyrins. This procedure involved the
BF3.OEt2-catalyzed condensation of 4-carboxymethyl-
benzaldehyde, benzaldehyde and pyrrole followed by
oxidation with DDQ. Formation of the mono-(carboxy-
methylphenyl)porphyrin was favored by adjusting the
stoichiometry of the reaction as indicated in Scheme 1 and
high dilution. A mixture of porphyrins resulted and (1)
was obtained aftermultiple flash column chromatographic
purification steps.

Following the hydrolysis of (1), a DCC-mediated coupling
of (2) with N-hydroxy succinimide produced the acti-
vated ester (3). This ester readily reacted with the car-
boxy-protected amino acid, ethyl 4-aminobuyrate,
resulting in the protected porphyrin-amino acid (4).
Hydrolysis of the ester group produced the free car-
boxylic acid (5). The carboxy-porphyrin (5) reacted with
the protected 11b-substituted hydroxy-estradiol24,25 via
DCC-coupling reaction to produce the porphyrin con-
jugate (6). Removal of the benzyl-protecting groups was
readily achieved with H2/PdCl2(CH3CN)2 resulting in
the porphyrin-estradiol conjugate (7, E2–Por).

A competitive radio-ligand binding assay was used to
determine the ability of the porphyrin-estradiol con-
jugate (E2–Por) to bind specifically to ER. The results of
this binding assay, shown in Figure 1, demonstrated
that E2–Por displaced [3H]-estradiol, bound to the
estradiol-binding pocket of ER, in a dose-dependant
manner, similar to estradiol. Therefore, these results
strongly suggested that the conjugate (E2–Por) bound to
ER in a specific manner. However, the ER-binding affi-
nity (EC50) of E2–Por was 274 nM compared to one nM
for estradiol, the natural ligand, indicating a significant
reduction in the ER-binding affinity. This could be a
reflection of the modification of the 11b-position of
estradiol and introduction of a large and polar porphyrin
group. It is also probable that an eight (8) atom tether
between estradiol and the porphyrin was not sufficient
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to mitigate the significant loss in ER-binding by the
conjugate, E2–Por. However, we surmised that the rela-
tively low binding affinity of E2–Por might be sufficient
to target nuclear ER with this conjugate.

We hypothesized that the estradiol part of the estrogen-
porphyrin conjugate might bind to ER in cells that

express ER (e.g., breast tumor cells). Such an inter-
action would enhance the natural tumor-localizing
property of the porphyrin part (of the conjugate). As a
result, there would be higher uptake of the conjugate
than the unconjugated porphyrin. However, cells, which
do not express ER, will not display such selectivity. Our
hypothesis and the related possibilities are graphically
described in Figure 2.

We chose two cell lines, MCF-7 (hormone-sensitive
breast cancer cells, ER-positive) and Hs578T (hormone-
resistant breast cancer cells, ER-negative) to test our
hypothesis about targeting ER for the selective delivery
of E2–Por. As shown in Figure 3, when ER-negative
HS578t cells were incubated with the un-conjugated
porphyrin (Por 1) or estradiol-conjugated porphyrin,
E2–Por, there was little, if any, uptake of either por-
phyrin derivative at various concentrations under the
condition of these assays. Similarly there was very little
uptake of the un-conjugated porphyrin (Por 1) by
MCF-7 cells containing indigenous ER. In contrast,
there was a strong and dose-dependent uptake of the
estradiol–porphyrn conjugate (E2–Por) by the MCF-7
cells. These results strongly suggested that the uptake of
the conjugate (E2–Por) might be ER-mediated, and
presence of ER (in MCF-7 cells) significantly increased
the uptake.

In order to unequivocally establish the role of ER in the
preferential uptake of E2–Por by MCF-7 cells we incu-
bated MCF-7 cells with various concentrations (2.5, 5,
10, 20, and 40 nM) of either E2–Por or Por 1, in the

Figure 1. Competitive binding assays of estardiol and C11-b-estradiol-
porphyrin conjugate (E2–Por) with baculovirus expressed recombinant
ER. Concentrations of estradiol or the conjugate at 50% specific
binding (EC50) are denoted in the X-axis.

Scheme 1. Synthesis of C11-b-estradiol-porphyrin conjugate (E2–Por).
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presence or in the absence of an excess (1 mM) of estra-
diol, the natural ligand for ER. As shown in Figure 4,
presence of an excess of estradiol in the incubate almost
completely obliterated the cellular uptake of E2–Por.
There was no significant difference in the uptake of Por
1 in the presence or in the absence of estradiol, as exep-
ceted. These results conclusively proved that selective
uptake of E2–Por by MCF-7 cells was mediated by
endogenous ER.

It should be noted that the differential uptake of (E2–
Por) by the MCF-7 and Hs578t was substantial despite
relatively low ER-binding affinity of E2–Por compared
to estradiol. It is also noteworthy that the uptake of Por
1 by MCF-7 and Hs578t or E2–Por by Hs578t was quite

low, contrasting the natural tumor-localizing property of
porphyrins. Tumor accumulation of porphyrins is
known to be dependent on the chemical nature por-
phyrin as well as the dose. Therefore, we believe that this
apparent anomaly was due to the low concentrations of
Por 1 and E2–Por used in our assays.

Our observation emphasizes a classic problem in PDT
involving low tumor-accumulation of PDT dyes leading
to photo-toxicity of large body-areas. Clinically these
problems are often countered with administration of high
dose of the dye, which causes killing of healthy cells sur-
rounding the malignant tissues, and prolonged toxicity of
large body areas towards light-exposure. Attempts to
enhance the low tumor-selective accumulation of the

Figure 2. Graphic description of probable outcome of the internalization process of a porphyrin or a prophyrin-estradiol conjugate in cells that do
or do not express nuclear ER.

Figure 3. Uptake assays of un-conjugated porphyrin (Por 1) or the
conjugate (E2–Por) by ER +ve MCF-7 and ER -ve HS578T cells.

Figure 4. Uptake assays of un-conjugated porphyrin (Por 1) or the
conjugate (E2–Por) by ER +ve MCF-7 cells in the presence or in the
absence of one mM of estradiol.
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PDT-dyes have been made by conjugating porphyrins
with monoclonal antibodies26�28 with limited success. On
the other Akhlynina et al. recently demonstrated that
coupling chlorin e6 to a nuclear localization signal and
targeting nuclear insulin receptor in PLC/PRF/5 and rat
glioma C6 cells resulted in a more than 2000-fold
reduction of EC50 (opposed to chlorin e6 alone) and
increase of its photosensitizing activity.29

In conclusion, our results strongly suggested that hor-
mone-responsive breast tumors, naturally over-expres-
sing ER, could be targeted for the selective delivery of
estrogen-porphyrin conjugates for targeted PDT. How-
ever, we noted that photosensitization by Por 1 or E2–
Por was not sufficient to kill the cells. Therefore, we are
currently in the process of attaching porphyrins with
high fluorescence yield and cell-killing properties, such as
chlorin e6,29 to C-11b and C-17a positions of estradiol.
Results of these studies will be reported elsewhere.

Experimental

Synthesis

All reagents were purchased from Aldrich Chemical
Co., Milwaukee, WI, unless otherwise stated. Hexane,
methanol and CH2Cl2 were obtained from American
Bioanalytical, Natick, MA. Pyrrole and CH2Cl2 were
distilled from CaH2 immediately before use. [3H]-estra-
diol (sp. activity 72Ci/mmol) was obtained from New
England Nuclear, Boston, MA. NMR spectra of the
samples were obtained in CDCl3-solution with TMS as
internal standard on either a 270MHz ((Jeol GSX 270,
JEOL USA, Peabody, MA) or a 400MHz (Jeol GSX
400) spectrometer. Matrix-assisted laser desorption–
time of flight (MALDI–TOF) mass spectra of the syn-
thetic compounds were obtained at Analytical Biotech
Services, Watertown, MA. Fluorescence spectra were
obtained in a Hitachi F2000 spectrofluorimeter.

5-(4-Carboxymethylphenyl)-10,15,20-triphenylporphyrin
(1). Benzaldehyde (1.86mL, 18.2mmol), methyl 4-for-
mylbenzoate (1.0 g, 6.09mmol) and pyrrole (1.69mL,
24.4mmol) were dissolved in CH2Cl2 (1 lit), ethanol
(10mL) was added and the reaction flask was protected
from light. Argon gas was bubbled through this solution
for 10min. BF3.OEt2 (0.5mL) was added and the reac-
tion was stirred under argon for 1 h. DDQ (4.14 g,
18.2mmol) was added and the reaction was stirred for
another hour exposed to the air. NEt3 (10mL) was
added to the reaction mixture and it was evaporated to
dryness to produce a black tarry solid. This crude pro-
duct was adsorbed onto silica gel and purified by flash
column chromatography (silica gel, 230–400 mesh, 25%
CH2Cl2/hexane for the elution of tetraphenylporphyrin,
and 50% CH2Cl2/hexane for the removal of (1). Frac-
tions containing the desired product were combined and
recrystallized from CH2Cl2/methanol to produce (1) as
a purple solid (yield 0.57 g, 14%). 1H NMR d �2.86 (s,
2H, pyrrole–NH), 4.09 (s, 3H,–PhCO2CH3, 7.73 (m,
9H, Ph-H), 8.20 (d, J=7.5Hz, 6H, Ph-H), 8.29 (d,
J=7.5Hz, 2H, Ph-H), 8.42 (d, J=7.5Hz, 2H, Ph-H),

8.76 (s, 2H, b-pyrrole H), 8.84 (s, 6H, b-pyrrole H).
MALDI-TOF MS: 673.82 (calcd 672.78).

5-(4-Carboxyphenyl)-10,15,20-triphenylporphyrin (2). To
a suspension of (1) (160mg, 0.236mmol) in EtOH
(50mL) was added KOH (100mL, 5M aqueous solu-
tion). This suspension was heated to reflux for 18 h. The
reaction was allowed to cool to room temperature, then
the solid product was collected by vacuum filtration,
washed with water, then 1M HCl. The product was
dissolved in CH2Cl2/MeOH, dried over anhydrous
MgSO4, filtered and evaporated to dryness to produce
(2) as a green solid (yield 120mg, 77%). MS: 660.082
(calcd 658.76).

50 - (4 - Succinimidylcarboxy)phenyl,100,150,200 - triphenyl-
porphyrin (3). To a solution of (2) and N-hydroxy-
succinimide (41mg, 0.355mmol) in dry DMF (0.5mL)
and CH2Cl2 (5mL) was added DCC (73mg,
0.355mmol) and DMAP (1mg). The reaction was stir-
red under argon for 30min. The solution was filtered,
then evaporated to dryness. The crude product was re-
dissolved in CH2Cl2, washed with water, dried over
anhydrous MgSO4, filtered and evaporated to dryness.
The product was purified further by flash column chro-
matography (silica gel, 230–400 mesh, 25% CH2Cl2/
hexane). Fraction containing the desired product were
combined and evaporated to dryness to produce (3) as a
purple solid (yield 105mg, 78%). 1H NMR0 d �2.82 (s,
2H, pyrrole-NH), 3.00 (m, 4H, succinyl–CH2–), 7.77 (d,
J=7.7Hz, 9H, Ph-H), 8.21 (d, J=7.7Hz, 6H, Ph-H), 8.35
(d, J=7.7Hz, 2H, Ph-H), 8.37 (d, J=7.7Hz, 2H, Ph-H),
8.77 (s, 2H, b-pyrrole H), 8.86 (s, 6H, b-pyrrole H).

500 - [{40 - (3 - Carbethoxypropyl)carboxamido}]phenyl,1000,
1500,2000-triphenylporphyrin (4). Ethyl 4-aminobutyrate
hydrochloride (0.22 g, 1.32mmol) was dissolved in
water (2mL). NEt3 (1mL) was added and extracted
with CH2Cl2 (5mL). The CH2Cl2 extract was dried over
anhydrous MgSO, filtered and evaporated to dryness,
then re-dissolved in CH2Cl2. This solution was added to
a solution of (3) (100mg, 0.132mmol) in dry CH2Cl2
(5mL) and NEt3 (0.5mL). The reaction was stirred
under argon for 15min then evaporated to dryness. The
crude product was purified by flash column chromato-
graphy [silica gel 230–400 mesh, CH2Cl2 to remove
minor impurities then EtOAc to elute (4)]. Fraction
containing the desired product were combined and
recrystallized from CH2Cl2/hexane to produce (4) as a
purple solid (yield 98mg, 95%). MS 773.077 (calcd
771.918).

500 - [{40 - (3 - Carboxypropyl)carboxamido}]phenyl,1000,
1500,2000-triphenylporphyrin (5). To a suspension of (4)
(42mg, 53.4 mmol) in EtOH (10mL) was added KOH
(20mL, 5M solution). This suspension was heated to
reflux for 4 h. The reaction was allowed to cool to room
temperature, then the solid product was collected by
vacuum filtration, washed with water and then with 1M
HCl. The product was dissolved in CH2Cl2/MeOH,
dried over anhydrous MgSO4, filtered and evaporated
to dryness to produce (5) as a green solid (yield 35mg,
88%).

N. Swamy et al. / Bioorg. Med. Chem. 10 (2002) 3237–3243 3241



Porphyrin-dibenzyl-estradiol conjugate (6). To a solution
of (5) (10mg, 13.2 mmol) in dry DMF (0.1mL) and
CH2Cl2 (2mL) was added 3,17-dibenzyl, 11b-(2-
hydroxyethyl)estradiol (50 mL, 0.35M solution in
CH2Cl2, 17.5 mmol) under argon. DCC (14mg,
66.0 mmol) and DMAP (1mg, 8.20 mmol) were added
and the reaction was stirred under argon for 30min.
The reaction mixture was evaporated to dryness and the
crude product was purified by preparative TLC (25%
CH2Cl2/hexane) to produce (6) (yield 11mg, 69%). 1H
NMR d �2.82 (s, 2H, pyrrole–NH), 0.99 (s, 3H, C(18)-
CH3), 1.0–2.96 (overlapping m, 18H), 3.31 (t, J=8.0Hz,
1H, C18-H), 3.63 (m, 2H), 4.10 (m, 1H,–C(20)H2O–),
4.25 (m, 1H,–C(20)H2O–), 4.43 (s, 2H, C(17)OCH2Ph),
4.96 (s, 2H, C(3)OCH2Ph), 6.64 (d, J1=2.0Hz, 1H,
C(4)H), 6.76 (dd, J1=2.0Hz, J2=8.5Hz, 1H, C(2)H),
7.01 (d, J2=8.5Hz, 1H, C(1)H), 7.26 (t, J=8.0Hz,
C(3)Ph-H), 7.32 (d, J=8.0Hz, C(3)Ph-H), 7.72 (m, 9H,
C(30) & C(40) Ph-H), 8.12 (d, J=7.5Hz, 2H, C(200) Ph-
H), 8.17 (d, J=7.5Hz, 6H, C(20) Ph-H), 8.23 (d,
J=7.5Hz, 2H, C(30) Ph-H), 8.74 (s, 2H, b-pyrrole H),
8.81 (s, 6H, b-pyrrole H).

Porphyrin-estradiol conjugate (7, E2–Por). PdCl2(CH3

CN)2 (1mg) was added to a solution of (6) (11mg,
9.0 mmol) in 50% EtOAc/EtOH (5mL) under H2 and
the reaction was stirred for 30min. The solution was
filtered, and then evaporated to dryness. The crude
product was purified by preparative TLC (CH2Cl2) to
produce (7, E2–Por), as a purple solid (yield 7mg, 78%).
1H NMR d �2.84 (s, 2H, pyrrole–NH), 0.72–3.21
(overlapping m, 22H), 3.95 (m, 1H), 4.18 (m, 1H) 6.52
(s, 1H, C(4)H), 6.69 (d, J=8.5Hz, 1H, C(1)H), 6.85 (d,
J=8.5Hz, 1H, C(2)H), 7.73 (m, 9H, Ph-H), 8.15 (over-
lapping m, 10H, Ph-H), 8.69 (d, J=Hz, 1H), 8.78
(overlapping m, 7H, C(200)); MALDI-TOF MS 1043.26
(calcd 1043.298).

Competitive binding assays of estradiol and estradiol-
porphyrin conjugate (E2–Por) with ER

Baculovirus expressed recombinant ER (2 nM, Pan-
Vera, Madison, WI) was incubated with 0.125 nM of
[3H]17-b-estradiol in the presence of increasing con-
centrations of estradiol or the conjugate (E2–Por) in an
assay buffer (10mM Tris, pH 7.5, 10% glycerol, 2mM
of monothioglycerol, and 1mg/mL BSA) for 15 h at
4 �C. A 50% hydroxylapatite (HAP) slurry was added
to remove protein-bound to [3H]17-b-estradiol from
unbound [3H]17-b-estradiol. After centrifugation and
three washes in the ER wash buffer (40mM Tris, pH
7.4, 100mM KCl, 1mM EDTA, 1mM EGTA) the
HAP pellet was transferred to a scintillation vial and re-
suspended in 200 mL ethanol. Radioactivity, bound to
the HAP-pellet was determined in a liquid scintillation
counter after the addition of scintillation cocktail.

Cellular uptake of estradiol-porphyrin conjugate (E2–
Por) and un-conjugated porphyrin (Por, 1) in ER-positive
MCF-7 and ER-negative Hs578t cells

Incubation. MCF-7 and Hs578T cells (ATCC, Rockville,
MD) were grown in DMEM containing 5% charcoal-

stripped fetal bovine serum (FBS) in the absence of
phenol red (100,000 cells/well in a 24-well plate). They
were serum depleted for one day, and then were treated
with 0.5mL of media containing increasing concentra-
tions of un-conjugated prophyrin (Por 1) or the estra-
diol-porphyrin conjugate (E2–Por) (2.5, 5, 10, 20 and
40 nM) for 3 h in dark. After the incubation the wells
were washed twice with in DMEM containing 5%
charcoal-stripped FBS in the absence of phenol red fol-
lowed by DMEM without phenol red.

In another experiment MCF-7 cells were incubated with
E2–Por or Por 1 (2.5, 5, 10, 20, and 40 nm) in the
absence or in the presence of one mM of estradiol. Rest
of the procedure was same as described earlier.

Uptake-measurement. We observed that fluorescence-
yields of Por 1 and E2–Por was not sufficient enough to
be detected directly in a spectrofluorimeter. Therefore,
we applied an indirect method, which exploited high
fluorescence-yield of the dihydrofluorescien diacetate-
fluorescein diacetate redox system. However, this sys-
tem required activation of dihydrofluorescein diacetate
with singlet oxygen, which was provided by exposing
the cells to red light in the presence of porphyrins as the
photosensitizers. It should be noted that there was no
observable cell-kill by this process.

Therefore, the cells, after DMEM-wash, were incubated
with dihydrofluorescein diacetate (2mM final) in 0.5mL
of DMEM without phenol red for 30min. The wells
were washed thrice with ice-cold PBS, and dissociated
from the plate using enzyme free cell dissociation solu-
tion (Speciality Media, Lavallette, NJ). The plates were
exposed to visible light using a slide viewer with a red
filter for 20min at 25 �C (to photoactivate the porphyrin
and generate oxygen which oxidized the non-fluorescent
dihydrofluorescein diacetate to fluorescein diacetate, a
fluorescent molecule). After the light-exposure the cells
were lysed by the two additions of 0.5mL of PBS con-
taining 0.4% Triton X100 to each well. The contents of
each well were transferred to microcentrifuge tubes and
centrifuged at 10,000�g for 5min. The supernatants
were used to determine the fluorescence at 530 nm
(excitation wavelength at 485 nm).
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