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ABSTRACT: A water-soluble derivative of N-confused
porphyrin (NCP) was synthesized, and the photodynamic
therapeutic (PDT) application was investigated by photo-
physical and in vitro studies. High singlet oxygen quantum
yield in water at longer wavelength and promising IC50 values
in a panel of cancer cell lines ensure the potential candidacy of
the sensitizer as a PDT drug. Reactive oxygen species (ROS)
generation on PDT in MDA-MB 231 cells and the apoptotic
pathway of cell death was illustrated using different techniques.

■ INTRODUCTION
In recent years, photodynamic therapy (PDT) has emerged as a
promising and noninvasive treatment for various types of
cancer.1−4 The technique involves controlled generation of
short-lived cytotoxic agents within a cell on irradiation of a
prodrug or photosensitizer. Light excitation of a dye causes an
intermolecular triplet−triplet energy transfer that generates the
highly reactive cytotoxic agent, singlet oxygen molecule (1O2),
within a target region, which in turn destroys the affected cells.5

PDT application of a sensitizer has coupled with a few specific
properties of the photosensitizer such as high absorption
coefficient in the red region of visible light, high quantum yield
of the triplet state, long triplet state lifetimes, and triplet state of
appropriate energy (≥95 kJ mol−1) to allow for efficient energy
transfer to ground state oxygen to generate the reactive singlet
oxygen species.6 At the same time, hydrophilicity and specific
retention of the sensitizer in the malignant tissues are critical in
the successful application of a sensitizer as a photodynamic
therapeutic drug.7,8 Hydrophilicity of the PDT drug ensures
better transportation through blood, which in turn can be
achieved through sulfonation, carboxylation, or alkylation of
N-pyridyl-substituted compounds.8−11

In terms of the singlet oxygen quantum yield, dyes, such as rose
bengal, rhodamine, hyperacine, eosin, and methylene blue, have
proved to be effective photosensitizers, which possess triplet
states of appropriate energy for sensitization of oxygen, but lacks
practical application in view of other requirements described.12

On the other hand, porphyrin and its derivatives have been
accepted as potent candidates for diverse applications in the areas
of biology, medicine, material science, and catalysis.13 Bio-

compatibility and preferable absorption in the red region of the
analogues such as chlorin, bacteriochlorin, porphyrazine,
pheophytin, porphycene, and texaphyrin attained much more
importance for their application in photodynamic therapy.14−17

However, the first photosensitizer approved for clinical use was a
mixture of porphyrin derivatives,18 despite a few drawbacks
including its complex structure, relatively low absorption in the
tissue transparency window, which diminishes at 630 nm, slow
clearance from the body, and prolonged skin photosensitivity.19

These limitations have been reduced to a certain extent in the
second generation of photosensitizers, where compounds with
better absorption in the therapeutic window play the role.14−17

N-Confused porphyrin, (NCP), an isomer of porphyrin, was
introduced independently by Furuta et al.20 and Latos-
Grazẏn ́ski’s group21 and has a chemical formula of C20H14N4

in its macrocyclic core with an 18 π electron conjugated pathway
as a normal derivative. In N-confused porphyrin, one of the
pyrrole rings is confused or inverted to form an N3C core with
(1.1.1.1) arrangement of meso-carbons, and hence it is
considered a “true porphyrin isomer”. The molecule attained
much interest for its versatile receptor properties, coordinates
with a vast variety of metal cations, including main group ele-
ments,22−24 lanthanides,25 and early, middle, and late transition
metals,26−29 and stabilizes their variable oxidation states. Affi-
nities of these derivatives with various anions in the metal
complexed form as well as free base state30 and the biological
applications were also explored.31−33 Interestingly, the better
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molar extinction coefficients compared with normal porphyrin in
the higher Q-band region may suit the confused derivatives as a
sensitizer for PDT. Even though the N-confused porphyrin
derivatives are well-known for their receptor properties,22−30

reports in which these derivatives are used in PDT applications
are rare. Here in this report, we introduce a water-soluble deri-
vative of N-confused porphyrin, meso-tetrakis(p-sulfonatophenyl)-
N-confused porphyrin tetrasodium salt (NCPS) and investigate
the photodynamic activity of the sensitizer by photophysical
studies in water as well as in methanol and in vitro analysis with
different cancer cells lines.

■ RESULT AND DISCUSSION
The synthesis of meso-tetrakis(p-sulfonatophenyl)N-confused
porphyrin tetrasodium salt (NCPS) involves a two-step process
as shown in Scheme 1, starting from tetraphenyl N-confused
porphyrin (NCP), which was prepared by Lindsey’s method.34

To synthesize NCPS, we adopted the known method of
sulfonation for normal porphyrin,35 where the tetraphenyl
derivative was dissolved in concentrated H2SO4 and heated for
5 h at 90 °C, then stirred overnight at room temperature. After
neutralization of the excess acid with sodium hydroxide solution,
the reaction mixture was washed many times with methanol to
extract the compound and filtered to remove the sodium sulfate
salt formed during neutralization. The methanol solution was
evaporated, and the solid obtained was extracted through a
Soxhlet apparatus using methanol to derive NCPS in 56% yield
from the corresponding tetraphenyl derivative. The compound
was highly soluble in water and characterized by using 1H NMR,
13C NMR, MALDI-TOF, and IR analysis.36

Electronic Absorption and Photophysical Properties.
Absorption spectra of the compound (Figure 1) were recorded
both in deionized water and in methanol and showed the Soret
band at 444 and 440 nm, respectively, withQ-bands ranging from
550 to 800 nm. The better absorption of NCPS compared with
the counterpart of normal porphyrin after 700 nm(1400M−1 cm−1 at
747 nm in water for NCPS, where the absorbance of normal
sulfonated derivative ends at 630 nm) enhances the utility of the
sensitizer as a photodynamic therapeutic drug. On the other
hand, the fluorescence quantum yield calculated for NCPS with
respect to tetraphenyl porphyrin was too low, and the yield
obtained in methanol is 0.0032,36 which is comparable with the
similar N-confused systems.37

Triplet−triplet energy transfer is the key step to generate
singlet oxygen, which is the cytotoxic agent in photodynamic
therapy. Hence a stable triplet state and efficient energy transfer
enhances the possibility of a photosensitizer to be used as a
photodynamic therapeutic drug, and the quantification of these
parameters are in terms of triplet lifetime and triplet quantum
yield, respectively. Triplet state properties of N-confused

porphyrins are well studied in the literature.38−40 Transient
state properties of NCPS were investigated using nanosecond
laser flash photolysis with a 355 nm laser pulse. Figure 2 shows
the triplet absorption of NCPS in deionized water with the decay
profile at 490 nm in the inset. The formation of the triplet state
was confirmed by the absorption quenching in the presence of
dissolved oxygen.36 Transient absorption of the compound

Scheme 1. Synthesis of NCPS

Figure 1.Normalized absorption spectra of NCPS both inmethanol and
deionized water.

Figure 2.Triplet absorption of NCPS in deionized water recorded at 7.2
μs. Inset shows the transient decay at 490 nm.
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shows maxima at 490 nm in deionized water with bleach at
440 nm range where the compound has significant ground
state absorption. Triplet absorption profile of the compound in
methanol was similar to that in water.36 Triplet lifetime of the
compound was measured both in deionized water and in
methanol and found to be 16 and 1.2 μs, respectively.36 Since,
low water solubility and triplet lifetime remain the main barriers
formany sensitizers to their real application, comparatively better
triplet lifetime of the sensitizer in water was promising.
The efficiency of triplet−triplet energy transfer was quantified

by calculating triplet quantum yield, using the energy transfer
method to β-carotene with tris(bipyridyl)ruthenium(II) com-
plex, [Ru(bpy)3]

+2.41,42 However, the insolubility of β-carotene
in water prevents determination of the triplet quantum yield of
the sensitizer in water, but the respective value in methanol was
obtained as 0.70 ± 0.05.
The generation of cytotoxic singlet oxygen from its triplet

ground state by the energy transfer process from the triplet state
of the sensitizer underscores an important step in photodynamic
therapy. We adopted an indirect method to calculate the singlet
oxygen quantum yield using 1,3-diphenyl isobenzofuran (DPBF)
as a singlet oxygen scavenger43−45 and meso-tetrakis(p-
sulfonatophenyl)porphyrin tetrasodium salt (TPPS) as refer-
ence, where the singlet oxygen quantum yield of TPPS was found

to be 0.60 in water and 0.70 in alcohols.46,47 In order to calculate
the quantum yield, the sensitizer along with DPBF was irradiated
using a xenon lamp with a 600 nm long pass filter at different time
intervals from 10 to 90 s. The decrease in the absorption of DPBF
was monitored at 411 nm as shown in Figure 3a, which is due to
the dye sensitized generation of singlet oxygen followed by
photooxidation of DPBF. Absorbance at the irradiating wave-
length was adjusted to 0.02 for both the sensitizer and the
reference. From the slope of the graph obtained by plotting
change in optical density against the time interval (Figure 3b),
the singlet oxygen quantum yield was calculated as 0.70± 0.03 in
methanol and 0.55 ± 0.05 in water.36

In Vitro Studies. Cytotoxicity Studies of NCPS in Different
Cell Lines. Photocytotoxicity of sulfonated derivatives of different
porphyrin and phthalocyanine derivatives have been studied
extensively during the past years. These sulfonated derivatives
were known for their excellent membrane permeability and
lysosomal accumulation in cells with high selectivity toward
carcinomas.48−50 The photodynamic activity of NCPS was eva-
luated against eight different cell lines, namely, human colon
cancer cells (HCT-116), human breast cancer cells (MCF7-ER,
PR positive, andMDA-MB-231-ER, PR negative), human pancreatic
cancer cells (MIA-PaCa-2), human cervical cancer cells (HeLa
and SiHa), and human oral cancer cells (SCC-172 and SCC-131).

Figure 3. (a) Change in the absorption spectra of DPBF upon irradiation with (i) NCPS or (ii) TPPS in methanol and (b) Plot of change in absorbance
of DPBF at 411 nm vs irradiation time (λirr > 600 nm) in the presence of NCPS versus TPPS as the standard in methanol.
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The cytotoxicity of NCPS in these cell lines was investigated both
in the presence and in the absence of light using MTT assay as
shown in Figure 4.
Cytotoxic studies revealed that NCPS is essentially non-

cytotoxic in the absence of light but interestingly on the other
hand exhibits high photocytotoxicity. The comparative study of
IC50 values for NCPS on the above cell lines showed that the IC50

value of MDA-MB-231 cells (6 μM) is about 5-fold lower than
that for the HeLa cells (25 μM). Oral and cervical cancer cells
showed an increase in IC50 values compared with breast,
pancreatic, and colon cancer cells (Table 1). Our observations
suggest that NCPS exhibits more photocytotoxicity toward

adenocarcinomas over the other epithelial cancer cell lines
studied.

NCPS-Sensitized ROS Generation. Reactive oxygen species
(ROS), particularly singlet oxygen, have a central role in
photodynamic cytotoxicity.51−54 During our investigation, the
formation of cellular ROS after PDTwith NCPS was determined
using the CM-H2DCFDA probe (Invitrogen). The probe emits
a green fluorescence after the oxidation reaction with reactive
oxygen species and after the diacetate groups are removed by
cellular esterase.55,56 NCPS induced accumulation of ROS in the
cells, resulting in a substantial increase in the number of
fluorescent cells as detected by flow cytometry and fluorescent
imaging.MDA-MB-231 cells showed the least IC50 value (6 μM);

Figure 4.MTT assay was done on a panel of cancer cells and shows cytotoxicity of NCPS in the presence and absence of light. NCPS shows significant
cytotoxicity in the presence of light in all cells but shows negligible cytotoxicity in the absence of light.
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hence for further investigation this cell line formed the model for
analysis. Figure 5 shows the effects of NCPS on ROS generation
followed by PDT and the concentration-dependent increase in
cellular ROS content after PDT with NCPS.
Cellular damage during photodynamic therapy is mediated

through apoptosis.57 Apoptosis is a normal physiological process
essential for the control of tissue development, involution, and
tissue homeostasis.58 It is a tightly regulated process of cell
suicide, controlled by both intracellular and extracellular signals,
terminating in a characteristic sequence of morphological and
biochemical changes for the systematic dismantling of the cell.
The process limits leakage of intracellular material to the
immediate environment and thereby prevents tissue inflamma-
tion.59

The earliest hallmark of apoptosis is the loss of plasma
membrane asymmetry.45 In apoptotic cells, the membrane
phospholipid phosphatidylserine is translocated from the inner
to outer leaflet of the plasma membrane, thus exposing
phosphatidylserine to the external cellular environment. Annexin
V (tagged with FITC) has high affinity for phosphatidylserine
and therefore serves as a sensitive probe for identifying apoptotic
cells by fluorescence microscopy and flow cytometry.60

Generally, Annexin V−FITC is used together with propidium
iodide (PI), which is another fluorescent probe to distinguish
viable cells from dead cells, because the former can penetrate
through the intact and viable cells but the latter only dead cells.
We studied the cell death mechanism induced by PDT using
NCPS by examining the dual fluorescence of Annexin V−FITC/
PI using flowcytometry as shown in Figure 6. The cell
populations at different phases of cell death, namely, viable
(AnnexinV−FITC−/PI−), early apoptotic (Annexin V−FITC+/
PI−), and necrotic or late-stage apoptotic (Annexin V−FITC+/
PI+) were examined at different drug doses.
We observed that most of the cells were negative for Annexin

V−FITC and PI after treatment with NCPS (12 μM) in the
absence of light. This indicates that NCPS is noncytotoxic
toward MDA-MB-231 cells in darkness. However, upon
illumination, the percentage of cells at the early apoptotic stage
(i.e., externalization of phospholipid phosphatidylserine but not
membrane leakage, Annexin V−FITC+/PI−) increased from
3.5%± 0.41% to 83.9%± 7.8% when the concentration of NCPS
increased from 0 to 12 μM. From these results, it can be
concluded that NCPS upon PDT induces apoptosis extensively.
Chromatin condensation is another sensitive marker of

apoptosis,61−63along with a decrease in membrane potential
across the mitochondrial inner membrane.64,65 In the present
study, Hoechst stain was employed to observe chromatin
condensation, and cells were viewed under a fluorescent
microscope. It was found that PDT with NCPS in MDA-MB-
231 cells at 6 μM resulted in 72% ± 4.6% chromatin

condensation, whereas at 12 μM 91% ± 2.6% condensation
was observed. In light and dark controls, only 10.4% ± 1.5% and
7.6% ± 1.2% chromatin condensation was observed (Figure 7).
This demonstrates that NCPS induces apoptosis in a
concentration-dependent manner.
Also, the changes in mitochondrial membrane potential were

monitored using the JC1 cationic fluorescent dye. The
accumulation of JC1 in mitochondria yields both green and
red fluorescence. However, a decrease in the mitochondrial inner
membrane potential due to apoptosis causes a decrease in red
fluorescence that can be easily monitored by fluorescent
microscopy.66−68 PDT with NCPS in MDA-MB-231 cells at
6 μM resulted in about 69.7% ± 5.4% decrease in membrane
potential, where as at 12 μM, 88.5% ± 4.9% decrease in
mitochondrial membrane potential was observed. In light and
dark controls, only 12.1% ± 4.9% and 10.3% ± 1.3% chromatin
condensation was observed (Figure 7). Thereby our studies
illustrate a mitochondrial-mediated cell death pathway through
apoptosis during PDT with NCPS.
Another confirmation for NCPS-induced apoptosis was from

the cleavage of PARP, a 116 kDa nuclear poly(ADP-ribose)
polymerase, which is involved in DNA repair reaction to cellular
stress.69 This protein can be cleaved by many ICE-like caspases
in vitro70,71 and is one of the main cleavage targets of caspase-3
in vivo.72,73 In human PARP, the cleavage occurs between Asp214
and Gly215, which separates the PARP amino-terminal DNA
binding domain (24 kDa) from the carboxy-terminal catalytic
domain (89 kDa).70−72 PARP helps cells to maintain their
viability; cleavage of PARP facilitates cellular disassembly and
serves as a marker of cells undergoing apoptosis.74 During our
experiment, no PARP cleavage was observed after treatment with
NCPS (12 μM) in the absence of light, which again confirms the
noncytotoxic nature of NCPS in the absence of light (Figure 8).
However, upon illumination, NCPS induces PARP cleavage at
both concentrations of 6 and 12 μM, thus confirming that NCPS
induces cell death via apoptosis.

■ CONCLUSION
In conclusion, a water-soluble N-confused porphyrin derivative
with better molar extinction coefficient in the red region of visible
light compared with normal porphyrin derivatives has been
synthesized. Photophysical studies of the molecule have been
conducted both in deionized water and in methanol followed by
in vitro anticancer studies. The calculated value of singlet oxygen
quantum yield of the sensitizer was comparable with the reported
value of other structurally similar porphyrin derivatives. In vitro
studies analyzed in a series of cancer cell lines showed promising
IC50 values. Upon illumination, NCPS exhibited more photo-
cytotoxicity to adenocarcinomas than the other epithelial cell
lines, and maximum activity has been attributed toward breast
adenocarcinomaMDA-MB-231 cells, with an IC50 value as low as
6 μM. As shown by flow cytometry and fluorescent imaging using
ROS probe CM-H2DCFDA, NCPS induces accumulation of
ROS in the cells in a concentration-dependent manner.
Apoptosis-induced cell death during PDT with NCPS was
found to be mediated in a mitochondrial-dependent manner as
evidenced by JC1 mitochondrial membrane potential assay.
Apoptotic potential of NCPS was also confirmed by DNA
condensation, Annexin V apoptotic assay, and PARP cleavage.
Overall, both the photophysical and in vitro studies ensure the
potential candidacy of the sensitizer as a photodynamic
therapeutic drug, and in vivo analysis is underway in our
laboratory.

Table 1. Comparison of IC50 Values of NCPS in a Panel of
Cancer Cells

cell line IC50 (μM)

HeLa 25
SiHa 20
SCC-131 13
SCC-172 11
MIA-PaCa-2 8
HCT-116 8
MCF-7 12
MDA-MB-231 6
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■ EXPERIMENTAL SECTION
Materials and Methods. Tetrasulfonated derivative of N-confused

porphyrin (NCPS) was prepared from corresponding tetraphenyl
N-confused porphyrin, which in turn was prepared by Lindsey’s method.34

The reagents for the synthesis as well as photophysical studies were
obtained from Sigma-Aldrich and Merck, India, and used as such. All
solvents were distilled and dried before use. Deionized water was from
Millipore.

1H and 13C NMR spectra were recorded on a Bruker Biospin
400 MHz spectrometer. NMR experiments were done in DMSO-d6.
1H NMR spectra were obtained in 512 scans and 13C in 17000 scans.

Spectra were referenced internally by using the residual solvent (1H δ =
2.5 and 13C δ = 39.4 for DMSO-d6) resonances relative to SiMe4. Matrix-
assisted laser desorption ionization−time-of-flight (MALDI−TOF)
mass spectra were recorded in a Shimadzu Biotech Axima mass
spectrometer. Elemental analysis were conducted using a Perkin-Elmer
2400 series II instrument, and the purity of the compound was
determined as >95%. Infrared spectrum of the compound was recorded
on a Perkin-Elmer FT-IR spectrometer, spectrum RXI.

Electronic absorption spectra and steady-state fluorescence spectra
were recorded on an Agilent diode array UV−visible spectrophotometer
(model 8453) and Perkin-Elmer LS55 fluorescence spectrometer,
respectively. The transient absorption studies were carried out using

Figure 5.NCPS (12 μM)-treated cells in the dark (dark control) and without NCPS in light (light control) were then labeled with the CM-H2DCFDA
probe after 24 h of PDT. (a) Flow cytometry analysis of MDA-MB-231 cells, showing induction of intracellular ROS by NCPS in PDT. Data are
expressed as a mean value ± standard deviation of three independent experiments. Here the population P2 shows background fluorescence, which
represents cells with low ROS, and the population P3 shows cells with enhanced fluorescence indicating cells with high ROS. Here we observed an
increase in P3 population from 13.7% ± 2.3% to 79.5% ± 8.6% when concentration of NCPS increased from 0 to 12 μM. (b) Fluorescence images of
MDA-MB-231 cells shows enhanced fluorescence after PDT with 6 and 12 μM NCPS.
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nanosecond laser flash photolysis experiments by employing an Applied
Photophysics model LKS-20 laser kinetic spectrometer using OCR-12
series Quanta Ray Nd:YAG laser. The analyzing and laser beams were
fixed at right angles to each other. The laser energywas 62−66mJ at 355 nm
during the experiment. The energy transfer method to β-carotene
was employed to calculate the triplet yields (ΦT) of NCPS using
Ru(bpy)3

2+ as the reference, assuming 100% energy transfer from the
reference to β-carotene. Optically matched solutions of NCPS and
Ru(bpy)3

2+ were taken at the irradiation wavelength with equal volume
of a known concentration of β-carotene, where the end concentration of
β-carotene was 7.48 × 10−5 M. Here, the assumption was that the
transient absorbance (ΔA) of the β-carotene triplet was monitered at

520 nm for both reference and the compound, which was formed by the
energy transfer from Ru(bpy)3

2+ and NCPS triplet, respectively. The
quenching of the sensitizer’s triplet absorption indicates complete
energy transfer to the β-carotene system. Comparison of plateau
absorbance following the completion of sensitized triplet formation,
properly corrected for the decay of the donor triplets in competition
with energy transfer to β-carotene, enabled us to estimate ΦT of NCPS
based on the following equation:

Φ = Φ Δ
Δ −

−A
A

K
K K

K K
KT

comp
T
ref

comp

ref
obs
comp

obs
comp

0
comp

obs
ref

0
ref

obs
ref

Figure 6. Flow cytometric analysis of the cell death mechanism induced by NCPS upon PDT treatment. Data are expressed as a mean value± standard
deviation of three independent experiments. The lower left quadrant (Q3) of each panel shows the viable cells, negative for both Annexin V−FITC and
PI. The lower right quadrants (Q4) represent the apoptotic cells Annexin V−FITC and Propidium iodide (PI). Here, we observe an increase in
apoptotic population from 3.5% ± 0.41% to 83.9% ± 7.8% when the concentration for NCPS increased from 0 to 12 μM.

Figure 7.Characterization of cytotoxic actions of NCPS with PDT using Hoechst stain and JC1. Fluorescence cytochemistry was carried out after PDT
with NCPS (6 and 12 μM). Upper panel represents Hoechst staining, and lower panel represents JC1 staining for mitochondrial membrane potential
assay. In Hoechst staining, chromatin condensation was visualized using fluorescence microscope. Here apoptotic cells show peripherally clumped or
condensed chromatin. In JC1 staining, cells with red color indicate healthy cells with high mitochondrial membrane potential and green color indicates
apoptotic cells with low mitochondrial membrane potential.
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Here, superscripts “comp” and “ref” can be substituted by the
corresponding value of NCPS and [Ru(bpy)3]

2+respectively. Kobs is the
pseudo-first-order rate constant for the growth of the β-carotene triplet
at 520 nm, and K0 is the rate constant for the decay of the donor triplets
at their respective triplet maximum for both the compound and
reference in the absence of β-carotene. ΔA represents the plateau
absorbance. The quantum yield of the reference, ruthenium−tris-
bipyridine, was taken as unity in methanol.
In order to find the singlet oxygen quantum yield, a steady-state

method was adopted using 1,3-diphenylisobenzofuran (DPBF) as the
scavenger of singlet oxygen and meso-tetrakis(p-sulfonatophenyl)-
porphyrin tetrasodium salt (TPPS) as the reference. The experiments
were carried out with a light source 200W xenon lamp (model 3767) on
an Oriel optical bench (model 11200) with a grating monochromator
(model 77250). The intensity of light was kept constant throughout the
irradiations by measuring the output using an Oriel photodiode
detection system (model 7072). Quantum yield for singlet oxygen
generation of NCPS in deionized water and methanol was determined
by monitoring the photooxidation of DPBF during the formation of
singlet oxygen using the absorption spectrometer. Concentration of the
photosensitizer was adjusted with an optical density of 0.02−0.03 at the
irradiation wavelength (600 nm) to minimize the possibility of singlet
oxygen quenching at higher concentration. The solution containing the
sensitizer and the scavenger was purged with oxygen before irradiation.
The photooxidation of DPBF was monitored with an interval of 10 s
up to 1.5 min. No thermal recovery of DPBF (from a possible
decomposition of endoperoxide product) was observed under the
conditions of these experiments. The following equation was used to
calculate the singlet oxygen quantum yield of the sensitizer with respect
to the reference.

Φ = Φ m
m

F
F

( O ) ( O )1
2

comp 1
2

ref
comp

ref

ref

comp

where Φ(1O2) is the quantum yield of singlet oxygen, superscripts
“comp” and “ref” represent NCPS and TPPS, respectively,m is the slope
of a plot of difference in change in absorbance of DPBF (at 411 nm) with
the irradiation time, and F is the absorption correction factor, which is
given by F = 1 − 10−OD (OD at the irradiation wavelength).
Synthesis of NCPS. To synthesize NCPS, tetraphenyl N-confused

porphyrin (800 mg, 1.3 mmol) was pasted with 5 mL concentrated
sulfuric acid, then transferred to a 100 mL round-bottom flask using
another 15 mL of acid. The mixture was then heated at 90 °C for 5 h and
then at room temperature for 12 h. Diluted sodium hydroxide solution
was added slowly to the reaction mixture at 0 °C to neutralize the excess
acid present. The formed sodium sulfate salt was filtered and washed
many times with methanol to extract the compound. The solution was
evaporated to dryness and Soxhlet extracted using methanol to obtain
pure NCPS in 56% yield as greenish black solid, mp > 300 °C. 1H NMR
(400 MHz, DMSO-d6): δ 8.7 (s, 1H, pyrrolic αH), 8.36 (s, 2H, pyrrolic
βH), 8.28−8.29 (d, J = 3.2 Hz, 1H, pyrrolic βH), 8.25−8.26 (d, J = 3.2
Hz, 1H, pyrrolic β H), 7.86−7.88 (d, 2H, pyrrolic β H), 7.92−8.01 (m,
16H, phenyl), −1.07 (s, 1H, exch. D2O, pyrrolic NH), −2.76 (s, 1H,

pyrrolic β H). 13C{1H}NMR (100 MHz, DMSO-d6): δ 167.29, 158.43,
146.18, 134.84, 134.57, 133.62, 128.82, 124.86, 124.47, 124. IR (KBr):
3448 (br), 2925, 2372, 2345, 1648, 1459, 1178, 1123, 1040 cm−1.
MALDI-TOF MS: m/z 1016.58 (C44H25N4Na3O12S4 + H2O), 1000.98
(C44H27N4Na3O12S4), 936.84 (C44H30N4O12S4 + 2H), 930.04
(C44H26N4O12S4)

−4, 792.75 (C44H25N4NaO6S2)
−2. Anal. Calcd for

C44H26N4Na4O12S4: C, 51.66; H, 2.56; N, 5.48. Found: C, 51.01, H,
2.12, N, 5.11.

Cell Lines and Culture Conditions. Human cervical cancer cells
(HeLa and SiHa), breast cancer cells (MDA-MB-231 and MCF7),
colorectal cancer cells (HCT-116), and pancreatic cancer cells (MIA-
PaCa-2) were purchased from ATCC (USA), and human oral cancer
cells (SCC-131 and SCC-172) were obtained as a gift from Dr. Susanne
M Gollin, University of Pittsburgh, USA, and were maintained in
DMEM (Sigma, USA) containing 10% fetal bovine serum (Sigma, USA)
and 1% antibiotic antimycotic cocktail (Invitrogen, USA). All
experimental steps after seeding the cells, including photosensitizer
incubation and illumination and postillumination incubation were
performed in the same medium. For measurement of dark and light
cytotoxicity, cells were seeded (5 × 103 per well in100 μL medium) in
96-well microplates (BD-Falcon, USA).

Photocytotoxicity Assay. NCPS was first dissolved in DMSO to
give 106.9 mM solution and diluted to appropriate concentrations with
the culture medium. The cells, after being rinsed with phosphate-
buffered saline (PBS), were incubated with different concentration of
NCPS in DMEM solutions for 1 h at 37 οC before being illuminated at
an ambient temperature. A 70 W sodium vapor lamp was used as the
light source with fluence rate (λ > 590 nm) of 55mW cm−2. Illumination
for 30 min led to a total fluence of 100 J cm−2.

Growth inhibition was determined by means of the colorimetric
MTT assay. Approximately 5 × 103 cells were seeded in two 96-well
cluster plates and allowed to reach the exponential phase of growth.
Then NCPS was added in serial dilution at 3.34 to 53.45 μM.Out of two
plates, one plate was kept in the dark for studying dark cytotoxicity. The
second plate was photoirradiated using sodium vapor lamp and kept in
an incubator. After illumination, the cells were incubated at 37 °C under
5% CO2 for 24 h. MTT (Sigma Aldrich) solution in PBS (10 mg mL−1,
10 μL) was added to each well followed by incubation for 4 h under the
same environment. Later the media was replaced by 100 μL of
isopropanol. The plate was agitated on a Bio-Rad microplate reader at
ambient temperature for 10 s before the absorbance at 570 nm for each
well was taken. The cell viability was then determined by the following
equation: percentage growth inhibition = ({OD value of control} −
{OD value of test}/{OD value of control}) × 100.

Detection of Cellular ROS Using CM-H2DCFDA Assay. For
ROS stress studies, approximately 106 MDA-MB-231 cells were plated
in 60 mm and 96-well (BD falcon) plates with serum-containing media.
After 24 h, the cells were treated with 6 and 12 μM NCPS and
photoirradiation was done using sodium vapor lamp for 30 min. To one
plate 12 μMNCPS added and the plate was kept in dark to be taken as
dark control. After 24 h of PDT with NCPS, cellular ROS content was
determined using the CM-H2DCFDA probe according to the
manufacturer’s instructions (Invitrogen), and a flow cytometric analysis
was then carried out using FACS Aria II (BD, USA). Images were taken
using pathway imager (BD, USA).

Chromatin Condensation Analysis by Hoechst Staining. To
study chromatin condensation, approximately 105 MDA-MB-231 cells
were seeded in 35 mm culture dishes and incubated for 18 h. Cells were
incubated with 6 and 12 μMNCPS for 1 h followed by photoirradiation
using sodium vapor lamp. Light and dark control were taken as
previously described. After 24 h of treatment, MDA-MB-231 cells were
rinsed twice with PBS, and cells were stained with 5 μg/mLHoechst dye
33342 (Invitrogen) for 15 min at room temperature. Cells were then
washed twice with PBS and visualized under an inverted fluorescence
microscope.

Mitochondrial Membrane Potential Assay Using JC1 Dye. For
mitochondrial membrane potential assay, approximately 105 MDA-MB-
231 cells were seeded in 35 mm culture dishes and incubated for 18 h.
Cells were incubated with 6 and 12 μM NCPS for 1 h followed by
photoirradiation using sodium vapor lamp. Light and dark control were

Figure 8. PARP cleavage observed after PDT with NCPS. Here there is
no PARP cleavage observed in both light and dark controls, but there is
significant cleavage at a concentration of 6 and 12 μM of NCPS.
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taken as previously described. After 24 h of treatment, MDA-MB-231
cells were rinsed twice with PBS, and cells were stained with JC1 dye
mitochondrial membrane potential detection kit (Sigma Aldrich)
according to the manufacturer’s instruction, and the cells were examined
under an inverted fluorescence microscope.
Flow Cytometric Annexin V Apoptotic Studies. Approximately

106 MDA-MB-231 cells were seeded on 60 mm dishes and incubated for
24 h at 37 °C under 5% CO2. Cells were incubated with 6 and 12 μM
NCPS for 1 h followed by photoirradiation using sodium vapor lamp. In
this experiment, light and dark controls were taken as previously
described. Cells were stained with FITC-labeled Annexin using Annexin
V−FITC apoptosis detection kit (Sigma Aldrich) according to the
manufacturer’s instruction, and a flow cytometric analysis was then
carried out using FACS Aria (BD, USA)
Immunoblot Analysis. Approximately 106 MDA-MB 231 cells

were seeded on 60 mm dishes and incubated for 24 h at 37 °C under 5%
CO2. Cells were incubated with 6 and 12 μMNCPS for 1 h followed by
photoirradiation using sodium vapor lamp. In this experiment, light and
dark controls were taken as previously described. Cells were then lysed,
and the total protein content was measured using Bradford’s reagent.
Then 50 mg of total protein was loaded for SDS−PAGE, and
immunoblotting was carried out using PARP antibody (cell signaling),
and horseradish peroxidase-conjugated secondary antibodies (Santa
Cruz) were used, followed by detection using enhanced chemilumi-
nescence (ECL) method.
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T. Tetra-p-tolylporphyrin with an inverted pyrrole ring: A novel isomer
of porphyrin. Angew. Chem., Int. Ed. Engl. 1994, 33, 779−781.
(22) Xie, Y.; Morimoto, T.; Furuta, H. SnIV complexes of N-confused
porphyrins and oxoporphyrinsunique fluorescence “switch on” halide
receptors. Angew. Chem., Int. Ed. 2006, 45, 6907−6910.
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