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The  spectroscopic  and  the  photodynamic  properties  of  5,10,15,20-tetrakis[3-(N-ethyl-N-
methylcarbazoyl)]chlorin  (TEMCC)  and  its  analogous  porphyrin  (TEMCP)  were  investigated  in
N,N-dimethylformamide  (DMF)  and  in  human  red  blood  (HRB)  cells.  A  more  intense  absorption  band
at  650  nm  was  obtained  for TEMCC  in comparison  with  TEMCP.  Both  photosensitizers  showed  red
fluorescence  emission  with  quantum  yields  of 0.13  and  0.23  for TEMCP  and  TEMCC,  respectively.  The
photodynamic  activity  of TEMCC  was  higher  that  TEMCP  in  DMF,  with  a quantum  yield  of  singlet
molecular oxygen  of  0.49.  Moreover,  in  presence  of  NADH  these  photosensitizers  produced  superoxide
anion  radical.  In  vitro  experiments  showed  that TEMCC  was  a highly  effective  agent  to  hemolyze  the
HRB  cells.  A  decrease  in  the  HRB  cells  osmotic  stability  was  observed  after  photodynamic  treatment
rythrocytes
hotohemolysis

with  TEMCC.  Studies  of  photodynamic  action  mechanism  showed  that  the photohemolysis  of  HRB
cells  was  protected  in the  presence  of azide  ion.  Also,  a reduction  on  the  cell  photodamage  was  found
using  mannitol.  In  contrast,  the  photohemolytic  effect  considerably  increased  in  D2O. Therefore,  the
photodynamic  activity  of TEMCC  in  HRB  cells  was mediated  by  a contribution  of  type  I  and  type  II
photooxidative  mechanisms.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Photodynamic therapy (PDT) is based on the action of visible
ight on a phototherapeutic agent in presence of oxygen, result-
ng in the production of reactive oxygen species (ROS) and the
ubsequent destruction of tumor cells [1]. Thus, PDT is a promis-
ng treatment modality for several diseases, most notably cancer.
inding a suitable photosensitizer is crucial in improving the effi-
acy of PDT. A large number of potential photosensitizers for PDT
ave been proposed for different pathological conditions. Most
hotosensitizers used in PDT are cyclic tetrapyrroles, comprising
ubstituted derivatives of porphyrin, chlorin, and bacteriochlorin
2]. However, acceptable photosensitizers for PDT must present
pecific chemical and biological properties [3]. Two  of the photo-

hemical requisites are a high absorption coefficient in the visible
egion of the spectrum and a long lifetime of triplet excited state
o produce efficiently ROS. In this approach visible light is used to

∗ Corresponding author. Tel.: +54 358 4676157; fax: +54 358 4676233.
E-mail address: edurantini@exa.unrc.edu.ar (E.N. Durantini).

ttp://dx.doi.org/10.1016/j.jphotochem.2014.02.004
010-6030/© 2014 Elsevier B.V. All rights reserved.
activate a photosensitizer, which can react with molecules from its
direct environment by electron or hydrogen transfer, leading to the
production of radicals (type I reaction), or it can transfer its energy
to oxygen, generating the highly reactive singlet molecular oxygen,
O2(1�g) (type II reaction). These mechanisms can take place at the
same time and the contribution of the two  processes is affected
by the photosensitizer, substrate and the microenvironment sur-
rounding the agent [4].

The properties of chlorins often satisfy the demands of a good
photosensitizer, and therefore they are strong candidates for bet-
ter photosensitizers. In vivo applications of porphyrin derivatives
are hampered by their spectroscopic characteristics, which do
not feature absorption in the red region. These photosensitizers
exhibit an intense Soret absorption band around 420 nm and a
lower bands at 510–650 nm.  Therefore, porphyrins are only acti-
vated by wavelengths with limited tissue penetration. However,
porphyrins can be converted to the corresponding chlorin deriva-

tives, which show an intense absorption band at 650 nm [5]. Thus,
5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin is one of the oldest
examples for a second generation of photosensitizers and, next to
Photofrin, presents one of the most widely studied drugs in PDT  and

dx.doi.org/10.1016/j.jphotochem.2014.02.004
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2014.02.004&domain=pdf
mailto:edurantini@exa.unrc.edu.ar
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Scheme 1. Synthesis of po

hotodiagnostics [6]. Simple modifications of the mTHPP frame-
ork have been used to prepare a variety of related derivatives.
hlorin e6 has been most frequently used as an anionic photosen-
itizer for PDT. Especially for chlorin e6 derivatives many targeted
ioconjugates were prepared and the nuclear targeting resulted in
n increase in PDT effects [1].

In this work, a novel tetracationic chlorin, 5,10,15,20-tetrakis[3-
N-ethyl-N-methylcarbazoyl)]chlorin (TEMCC), was  synthetized
rom the analogous porphyrin derivative. TEMCC contains four car-
azoyl groups at the meso positions. Many condensed heterocyclic
ompounds containing a carbazole nucleus have been reported to
evelop a broad range of potent biological activities, notably anti-
ancer activity [7]. In addition, the nitrogen atom in the carbazole
nit can be methylated to produce cationic groups on the periphery
f the macrocycle. Cationic porphyrins have several interesting fea-
ures which make these compounds attractive photosensitizers for

 variety of biological systems [8]. Therefore, in the present inves-
igation the spectroscopic and photodynamic properties of TEMCC
ere compared with those obtained for 5,10,15,20-tetrakis[3-(N-

thyl-N-methylcarbazoyl)]porphyrin (TEMCP) in solution and in
uman red blood (HRB) cells. Cell membranes seem to be impor-
ant targets for many antineoplastic photosensitizer agents. In this
ense, mammalian erythrocytes serve as convenient model cells for
xploration of physiological and molecular mechanisms involved
n PDT [9,10].

. Materials and methods

.1. General
Absorption and fluorescence spectra were recorded on a Shi-
adzu UV-2401PC spectrometer (Shimadzu Corporation, Tokyo,

apan) and on a Spex FluoroMax spectrofluorometer (Horiba Jobin
von Inc., Edison, NJ, USA), respectively. Proton nuclear magnetic
in and chlorin derivatives.

resonance spectra were recorded on a FT-NMR Bruker Avance
DPX400 spectrometer at 400 MHz. Mass Spectra were taken with
a Bruker micrO-TOF-QII (Bruker Daltonics, MA,  USA) equipment
with an ESI source operated in positive/negative mode, using nitro-
gen as nebulizing and drying gas and sodium formiate (10 mM)  as
internal calibrant. The visible light source used to irradiate HRB cell
suspensions was  a Novamat 130 AF (Braun Photo Technik, Nürn-
berg, Germany) slide projector equipped with a 150 W lamp. The
light was  filtered through a 2.5 cm glass cuvette filled with water
to absorb heat. A wavelength range between 350 and 800 nm was
selected by optical filters. The light intensity at the treatment site
was 30 mW/cm2 (Radiometer Laser Mate-Q, Coherent, Santa Clara,
CA, USA). Microscopic observations were performed in a Carl Zeiss
Axiostar plus, transmitted-light microscope (Götingen, Germany).

All the chemicals from Aldrich (Milwaukee, WI,  USA) were used
without further purification. Silica gel thin-layer chromatography
(TLC) Plates 250 microns from Analtech (Newark, DE, USA) were
used. Solvents (GR grade) from Merck (Darmstadt, Germany) were
distilled. Ultrapure water was  obtained from a Labconco (Kansas,
MO,  USA) equipment model 90901-01.

2.2. Photosensitizers

5,10,15,20-Tetrakis(4-methoxyphenyl)porphyrin (TMPP)
was purchased from Aldrich. 5,10,15,20-Tetrakis[3-(N-ethylcar-
bazoyl)]porphyrin (TECP) was  synthesized as previously described
[11]. Synthesis procedures of porphyrin and chlorin derivatives
are summarized in Scheme 1.

5,10,15,20-Tetrakis[3-(N-ethylcarbazoyl)]chlorin (TECC). A
solution of TECP (37 mg,  0.034 mmol) and Na2CO3 (1.50 g, 0.015

mol) was  prepared in pyridine (25 mL). Then, a solution of de
p-toluenesulfonhydrazide (372 mg,  2 mmol) in pyridine (5 mL)
was added under an argon atmosphere. The reaction mixture
was stirred and heated to 140 ◦C for 3 h. After cooling at room
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Table  1
Spectroscopic and photodynamic properties of photosensitizers in DMF.

Photosensitizer εSoret a εQI a ˚F
b kobs

DMA (s−1)c ˚�
d

TMPP 1.81 × 105 4.8 × 103 0.14 ± 0.02 (9.9 ± 0.3) × 10−4 0.65 ± 0.02
TECP  2.81 × 105 7.0 × 103 0.14 ± 0.02 (5.6 ± 0.3) × 10−4 0.37 ± 0.02
TECC  1.25 × 105 21.5 × 103 0.25 ± 0.02 (5.2 ± 0.3) × 10−4 0.36 ± 0.02
TEMCP  2.80 × 105 5.9 × 103 0.13 ± 0.02 (6.1 ± 0.2) × 10−4 0.40 ± 0.02
TEMCC  1.24 × 105 17.0 × 103 0.23 ± 0.02 (7.6 ± 0.3) × 10−4 0.49 ± 0.02

a Molar absorption coefficient (L mol−1 cm−1).
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b Fluorescence quantum yield.
c Observed rate constants for the photooxidation reaction of DMA.
d Quantum yield of O2(1�g) production.

emperature, the crude mixture was treated with toluene (50 mL)
nd water (50 mL). The organic phase was separated and washed
ith HCl (3 M,  25 mL), water (25 mL)  and saturated water solu-

ion of NaHCO3. The presence of chlorin and bacteriochlorin
as monitored by UV-visible spectroscopy (bands at 654 and

42 nm,  respectively). o-Chloranil (6 mg,  0.024 mmol) was  slowly
dded to the stirred organic solution at room temperature until
he absorption peak at 742 nm (bacteriochlorin) disappeared.
he solvent was evaporated under vacuum. The residue was
urified by flash column chromatography (silica gel, chloroform/c-
exane/TEA: 80/19.8/0.2) to yield 35 mg  (95%) of TECC. TLC (silica
el, chloroform/c-hexane/TEA: 80/19.8/0.2) Rf = 0.74. 1HNMR
CDCl3, TMS) � [ppm] −1.12 (bs, 2H, NH pyrrole), 1.64 (t, 12H,

 = 7.0 Hz, CH3), 4.23 (s, 4H, CH2 pyrrole), 4.59 (q, 8H, J = 7.0 Hz,
CH2 ), 7.27 (m,  4H), 7.50–7.59 (m,  8H), 7.67–7.72 (m,  4H),
.98–8.03 (m,  2H), 8.22 (d, 2H, J = 4.8 Hz, CH pyrrole), 8.47 (s, 2H,
H pyrrole), 8.61 (d, 2H, J = 4.8 Hz, CH pyrrole). ESI-MS [m/z]
085.5019 (M+H)+ (1084.4941 calculated for C76H60N8).

5,10,15,20-Tetrakis[3-(N-ethyl-N-methylcarbazoyl)]chlorin
TEMCC). A solution of TECC (35 mg,  0.032 mmol) and dimethyl
ulphate (1.75 mL)  was heated to 90 ◦C with stirring under argon
tmosphere for 24 h. The mixture was cooled and the product
as precipitated with ether. The solid was separated by cen-

rifugation and washed with ether, Na2CO3 (2%, w/v) and water
ielding 44 mg  (92%) of TEMCC. 1HNMR (DMSO-d6, TMS) � [ppm]
1.25 (bs, 2H, NH pyrrole), 1.54 (t, 12H, J = 7.0 Hz), 2.90 (s,
2H), 4.27 (s, 4H, CH2 pyrrole), 7.60–9.10 (m,  34H, carbazole
nd CH pyrrole). ESI-MS [m/z] 1145.5958 (M+H)+ (1144.5858
alculated for C80H72N8).

5,10,15,20-Tetrakis[3-(N-ethyl-N-methylcarbazoyl)]porphyrin
TEMCP). Methylation of TECP was performed as described above
or TEMCC, using TECP (11 mg,  0.010 mmol) to obtain 13 mg  (96%)
f TEMCP. 1HNMR (TMS) ı [ppm] −2.56 (bs, 2H, NH pyrrole),
.59 (t, 12H, J = 7.1 Hz, CH3), 2.90 (s, 12H), 7.62–9.15 (m,  36H,
arbazole and CH pyrrole). ESI-MS [m/z] 1143.5802 [M+H]+

1142.5701 calculated for C80H70N8).
Stock solutions (0.5 mM)  of photosensitizers were prepared by

issolution in 1 mL  of N,N-dimethylformamide (DMF). The concen-
rations were checked by spectroscopy, taking into account the
alues of molar absorption coefficients (Table 1).

.3. Spectroscopic studies

Absorption and fluorescence spectra were recorded in a quartz
ell of 1 cm path length at 25.0 ± 0.5 ◦C. The fluorescence quantum
ield (˚F) of the photosensitizers was calculated by comparison
f the area below the corrected emission spectrum in DMF  with
hat of TMPP as a reference. A value of ˚F = 0.14 for TMPP in DMF

as calculated by comparison with the fluorescence spectrum in

etrahydrofuran using ˚F = 0.14 and taking into account the refrac-
ive index of the solvents [12]. Sample and reference absorbances
>0.05) were matched at the excitation wavelength (522 nm)  and
the areas of the emission spectra were integrated in the range
600–800 nm.

2.4. Steady state photolysis

Solutions of 9,10-dimethylanthracene (DMA, 35 �M)  and pho-
tosensitizer in DMF  were irradiated in 1 cm path length quartz
cells (2 mL)  with monochromatic light at �irr = 427 nm (photosensi-
tizer absorbance 0.1), from a Cole-Parmer illuminator 41720-series
(Cole-Parmer, Vernon Hills, IL, USA) with a 150 W halogen lamp
through a high intensity grating monochromator (Photon Technol-
ogy Instrument, Birmingham, NJ, USA). The light fluence rate was
determined as 0.35 mW/cm2. The kinetics of DMA  photooxidation
were studied by following the decrease of the absorbance (A) at
�max = 378 nm.  The observed rate constants (kobs) were obtained
by a linear least-squares fit of the semilogarithmic plot of ln A0/A
vs. time. Quantum yields of O2(1�g) production (˚�) were cal-
culated comparing the kobs for the corresponding photosensitizer
with that for TMPP, which was  used as a reference (˚� = 0.65) [12].
Measurements of the sample and reference under the same condi-
tions afforded ˚� for photosensitizers by direct comparison of the
slopes in the linear region of the plots.

2.5. Detection of superoxide anion radical

The nitro blue tetrazolium (NBT) method was  used to detect
superoxide anion radical (O2

•−) formation in DMF [13,14]. The NBT
method was  carried out using 0.2 mM NBT, 0.5 mM NADH and pho-
tosensitizer (absorbance 0.3 at Soret band) in 2 mL  of DMF/water
(9/1). Control experiments were performed in absence of NBT,
NADH or photosensitizer. Samples were irradiated in 1 cm path
length quartz cells under aerobic condition with visible light from
the Cole-Parmer illuminator 41720-series filtered through a 2.5 cm
glass cuvette filled with water (44 mW/cm2). The progress of the
reaction was  monitored by following the increase of the absorbance
at � = 560 nm.

2.6. Studies in HRB cells

HRB cells were obtained from healthy donors. After extraction,
the whole blood was  taken into anticoagulant EDTA, centrifuged
(3000 rpm for 5 min) to remove plasma and the leukocyte layer,
washed three times with phosphate buffer saline (PBS) solution
(137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4 and 8 mM Na2HPO4)
and centrifuged again. HRB cells were re-suspended in saline solu-
tion (0.9%, w/v, NaCl) to get a cellular density of ∼106 cells/mL and
maintained at 4 ◦C until use [15].

2.6.1. Photohemolysis assays

HRB cell suspensions (2 mL,  ∼106 cells/mL) were placed in Pyrex

brand culture tubes (13 mm × 100 mm)  and incubated with dif-
ferent concentrations (4–10 �M)  of photosensitizer in dark for
30 min  at 37 ◦C. Photosensitizers were added from a 0.5 mM stock
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olution in DMF. After incubation HRB cells suspensions were
rradiated with visible light as described above. After irradia-
ion, the samples were kept 24 h at 4 ◦C in dark. Then, the tubes
ere centrifuged (3000 rpm for 5 min) and 100 �L of supernatants
ere diluted in 2 mL  of distilled water. The hemoglobin content
as determined by measuring the absorbance at 413 nm.  Results

re expressed as percentage of hemolysis taking 100% as the
bsorbance obtained from a sample lysed in distilled water [15].
imilar experiments were performed in presence of sodium azide
50 mM)  or mannitol (50 mM),  which were added to HRB cell sus-
ensions from 2.5 M stock solutions in water and the cells were

ncubated for 30 min  at 37 ◦C in dark together with 4 �M TEMCC. For
hotohemolysis assays in D2O, HRB cells (2 mL)  were centrifuged
3000 rpm for 5 min) and re-suspended in 2 mL  solution of 0.9%,
/v, NaCl in D2O. This flask was incubated for 30 min  at 37 ◦C in
ark for cells adaptation. Then, HRB cells were centrifuged again
nd resuspended in a new solution of 0.9%, w/v, NaCl in D2O. Cells
ere incubated with 4 �M TEMCC for 30 min  at 37 ◦C in dark. After

hat, samples were irradiated as described above.

.6.2. Osmotic fragility evaluation
Suspensions of HRB cells (2 mL,  ∼106 cells/mL) were treated

ith 4 �M TEMCC as described above and irradiated for 2 min
ith visible light. After that 100 �L of HRB cells suspension were
iluted in NaCl solution (2 mL)  of various concentrations (0.2–0.9%,
/v). Then, the suspensions were incubated for 24 h at 4 ◦C in dark.

hen, the samples were centrifuged (3000 rpm for 5 min) and the
ercentage of osmotically lysed cells was estimated as previously
escribed [16].

.6.3. Micrographs of photohemolysis
Suspensions of HRB cells (2 mL,  ∼106 cells/mL) were incubated

ith 4 �M TEMCC as previously indicated. The samples were
bserved under microscope using 100× objective and they were
rradiated with visible light from the microscope light source. Ima-
ines were recorded every 5 min.

.7. Controls and statistical analysis

In all studies using HRB cells, control experiments were carried
ut without illumination in the absence and presence of photosen-
itizer and irradiating the HRB cells without photosensitizer. Each
xperiment was repeated separately three times. The unpaired t-
est was used to establish the significance of differences between
roups. Differences were considered statistically significant with

 confidence level of 95% (p < 0.05) considered statistically signif-
cant. Data were represented as the mean ± standard deviation of
ach group.

. Results and discussion

.1. Synthesis of chlorin derivatives

A novel chlorin TECC substituted in the meso position by four
arbazoyl groups was synthesized from porphyrin TECP by a two-
tep procedure (Scheme 1). First, the tetrapyrrolic macrocycle of
ECP was reduced with p-toluenesulfonhydrazide. This approach
roduced a mixture of TEPC and the corresponding bacteriochlo-
in. The reaction was carried out until the relationship between
he absorbance of the bacteriochlorin band at 742 nm and chlorine
oret band 420 nm remained constant. Fig. 1 shows the absorption
pectra at the beginning and end of the reaction. In a second step,

-chloranil was used as selective oxidant to obtain TECC. The reac-
ion mixture in toluene was stirred until bacteriochlorin absorption
eak at 742 nm disappeared. The product was isolated with 95%
ield. These chlorin TECC and porphyrin TECP were employed to
Fig. 1. Absorption spectra of reaction mixtures (solid line), TECP (dashed line) and
TECC (dotted line) in DMF.

synthesize tetracationic photosensitizers (Scheme 1). Thus, TECC
and TECP were treated with dimethyl sulphate to obtain TEMCC
and TEMCP with 92 and 96% yield, respectively. Thus, the presence
of four cationic charges on the chlorin macrocycle could facilitate
the interaction with the biological membrane [16].

3.2. Absorption and fluorescence spectroscopic studies

Absorption spectra of TEMCC and TEMCP were studied in DMF
(Fig. 2A). The spectra show a higher intensity band around ∼430 nm
(Soret band), with molar absorption coefficient values in the range
of ∼105 L mol−1 cm−1 (Table 1). Non-metallated meso-phenyl sub-
stituted porphyrins exhibit a characteristic Soret band at ∼420 nm
[12]. The bathochromic shift observed for TEMCP and TEMCC
is due to an extension in the � conjugation produced by the
carbazoyl groups in the macrocycle periphery. Also, these photo-
sensitizers exhibit four bands of lower intensity in the visible
region between 500 and 700 nm (Q-bands). The relative intensi-
ties of the Q-bands of TEMCP show a spectrum of the type etio
(εIV > εIII > εII > εI). In contrast, the Q-bands intensities of TEMCC fol-
lowing the sequence εI > εVI–εIII > �II, with an intense Qx(0–0) band
of about 104 L mol−1 cm−1. As can be observed in Fig. 1, similar pat-
tern in the absorption spectra was observed for TECP and TECC
(Table 1). Therefore, both chlorin derivatives, TMCC and TEMCC,
present the expected increase in absorbance of the Qx(0–0) band
with the reduction of the porphyrin ring [17].

Fig. 2B shows the steady-state fluorescence emission spectra of
TEMCC and TEMCP in DMF. Spectra present two  bands in the region
of 650–750 nm.  These emission bands in the red spectral region are
characteristic of chlorin and porphyrin derivatives [12,17]. From
the intersection of the absorption and fluorescence spectra of the
Qx(0–0) band, Stokes shifts of 3 and 9 nm were calculated for TEMCC
and TEMCP, respectively. Small Stokes shifts indicated that in these
molecules the spectroscopic energies are identical to the relaxed
energies of the singlet state, according to the rigid planar structure
of the tetrapyrrolic macrocycle. That suggests that only a minor
geometric relaxation occurs in the first excited state. Fluorescence
quantum yields (˚F) of these compounds were calculated in DMF
by evaluation with TMPP as a reference (Table 1). The values of ˚F
agree with previously reported for similar porphyrin derivatives
and they are appropriated for quantification of photosensitizers

by fluorescence emission techniques [12]. Moreover, the fluores-
cence excitation spectra of TEMCC and TEMCP were compared in
DMF  (Fig. 2C), monitoring the emission at 720 nm. Excitation spec-
tra of these compounds resemble the absorption spectra (Fig. 2A),
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Fig. 2. (A) Absorption, (B) fluorescence emission (�exc = 525 nm) and (C) excitation
(�em = 720 nm)  spectra of TEMCC (solid line) and TEMCP (dashed line) in DMF.
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Fig. 3. First-order plots for the photooxidation of DMA  photosensitized by TEMCC
(�), TEMCP (�), TECC (�), TECP (�) and TMPP (•) in DMF. Values represent
mean ± standard deviation of three separate experiments.

indicating that these photosensitizers are essentially unaggregated
in DMF.

3.3. Photodynamic activity in DMF solution

Photooxidation of DMA  sensitized by porphyrin and chlo-
rin derivatives was investigated in DMF  under aerobic condition
(Fig. 3). Values of the observed rate constant (kobs

DMA) were calcu-
lated from first-order kinetic plots of the DMA  absorption at 378 nm
vs.  time (Table 1). In all cases, similar rates of DMA  decomposition
were obtained, only slightly higher for the reaction photosensitized
by TEMCC. Because DMA  quenches O2(1�g) by chemical reaction,
photooxidation of this substrate was  used as a method to evaluate
the ability of the photosensitizers to produce O2(1�g) in solution
[18]. Thus, the quantum yield of O2(1�g) production (˚�) was
calculated by comparing the kobs

DMA value for each photosensi-
tizers with that for the reference (TMPP). Similar values of ��

were obtained for TECP, TECC and TEMCC, while a value slightly
higher was found for TEMCC in DMF  (Table 1). Thus, the produc-
tion of O2(1�g) induced by these compounds is quite reasonable
to be used as phototherapeutic agents [19]. However, the values
of �� can significantly change in a different medium, diminishing
mainly when the photosensitizer is not dissolves as monomer [20].

On the other hand, generation of O2
•− was detected by NBT

reduction to diformazan in presence of NADH, following the
absorption at 560 nm in DMF  (Fig. 4). Under aerobic conditions, it
was prove that the photosensitized decomposition of NBT occurred
predominantly through a type I photoreaction process [13]. The
increase of diformazan absorption was  monitored as a function
of time after irradiation of samples with visible light. As shown
in Fig. 4, reduction of NBT by O2

•− was  not detected in the pho-
toirradiated samples without NADH. The effect of light irradiation
on the decomposition of NBT considerably increases in presence
of TEMCC or TEMCP and NADH with respect to solution without
the photosensitizer derivatives. These results indicate an impor-
tant contribution of the photodynamic activity induced by TEMCC
and TEMCP in the diformazan production. Therefore, even though
O2(1�g) can be generated effectively by photoexcited photosensi-
tizer triplet state of TEMCC and TEMCP, it was found that O2

•− can

also be generated especially in the presence of NADH. However, the
photophysics of the photosensitizers established in solution can
be significantly modified in a biological microenvironment. This
limits to predict the photodynamic efficiency of a photosensitizer
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Fig. 6. Photohemolysis of HRB cells (∼106 cells/mL) treated with 4 �M TEMCC (�)
and TEMCP (�) for 30 min in dark and irradiated with visible light for different times
�); TEMCP and NADH (©); NADH and NBT (�) in DMF; [NBT] = 0.2 mM and
NADH] = 0.5 mM.  Values represent mean ± standard deviation of three separate
xperiments.

n biological media only based on photophysical investigations in
omogeneous medium.

.4. Photohemolysis of HRB cells

In agreement with cell-culture assays, where cell death is mon-
tored by membrane disruption, hemolysis of HRB cells can be used
s a mode of measuring death of erythrocytes [9,21]. Hemoglobin
bsorption spectrum shows an intense Soret band at 413 nm and
wo Q-bands at 500–600 nm [15]. In this way, chlorins are appro-
riated photosensitizers in presence of blood because they absorb

n the phototherapeutic window. Therefore, the photodynamic
ctivity of TEMCC and TEMCP was evaluated in vitro by the pho-
ohemolytic effect on HRB cells (Fig. 5). Suspensions of HRB cells

∼106 cells/mL) in saline solution were treated with different con-
entration of photosensitizer (4 and 10 �M)  for 30 min  at room
emperature in dark. After 24 h without irradiation, negligible
emolysis was found for TEMCP indicating no dark toxicity induced
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ig. 5. Photohemolysis of HRB cells (∼106 cells/mL) treated with different concen-
ration of TEMCC (�) and TEMCP (�) for 30 min  in dark and irradiated with visible
ight for 15 min  in 0.9%, w/v, NaCl solution. HRB cells control treated with different
oncentration of TEMCC (�) and TEMCP (�) for 30 min  in dark and non-irradiated.
alues represent mean ± standard deviation of three separate experiments.
in  0.9%, w/v, NaCl solution. HRB cells control treated with different concentration of
TEMCC (�) and TEMCP (�) for 30 min in dark and non-irradiated. Values represent
mean ± standard deviation of three separate experiments.

by this porphyrin at 4 �M concentration. A slight increase in the
hemolytic effect was found increasing the TEMCC concentration,
reaching a 10% when cells were incubated with 10 �M in dark.
In contrast, irradiation for 30 min  with visible light without pho-
tosensitizer did not produce photohemolysis (data not shown).
Therefore, the hemolysis obtained after irradiation of the HRB cells
incubated with the photosensitizer for 30 min  in dark (see Fig. 5)
was due to the photodynamic activity of the agent. After 15 min
irradiation with visible light, HRB cells treated with 10 �M TEMCC
were completely hemolyzed, while TEMCP induced a 40% of hemol-
ysis (Fig. 5). Also, using 4 �M TEMCC, which was nontoxic in dark,
the photohemolysis reached a 75%. Therefore, the consequent cel-
lular photohemolytic activities produced by TEMCC and TEMCP
were compared using 4 �M and different irradiation periods. As
can be observed in Fig. 6, the photohemolysis after HRB cells irra-
diation with visible light was  dependent upon the photosensitizer
structure and light exposure level. The photohemolysis produced
by TEMCC was always higher than TEMCP. TEMCC induced a 31% of
cellular lysis after 5 min  of irradiation, while a similar phototoxic
activity was  found for TEMCP but after 30 min  irradiation. In con-
trast, a 30 min  irradiation induced complete lysis of the cells treated
with the chlorin derivative. In all cases, TEMCC was more effective
photosensitizer than TEMCP. The increase in the photohemolytic
activity induced by TEMCC with respect to its porphyrin analogous
can be due to its higher absorption at 653 nm,  where hemoglobin
does not absorb and the ε of TEMCC is ∼3 times higher than TEMCP.

3.5. Osmotic fragility of HRB cells

The membrane fragility of HRB cells was evaluated after pho-
todynamic treatment with TEMCC. Osmotic fragility curves of
erythrocytes treated with 4 �M TEMCC and irradiated for 2 min
with visible light are shown in Fig. 7. This irradiation time was
selected to produce a partial damage (∼20%) in the HRB cells at
NaCl concentration of 0.9%, w/v. The results indicate that the irra-
diation of HRB cells in the presence of TEMCC produced an increase
in the HRB cells osmotic fragility. Thus, the concentration of NaCl
corresponding to 50% osmotic hemolysis of native HRB cells was

about 0.50%, w/v, NaCl, whereas that corresponding to cells treated
with TEMCC was  0.62%.

The morphology of HRB cells was observed by microscopy
after different irradiation times, using the visible light from the
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Fig. 8. Microscopic photographs of HRB cells morphology. Control untreated with
TEMCC (left column) and treated with 4 �M TEMCC (right column) for 30 min in
dark and irradiated with the microscope light source keeping the same field of view
erent NaCl solutions. HRB cells control untreated and irradiated (�) and treated with
EMCC in dark (©). Values represent mean ± standard deviation of three separate
xperiments.

icroscope light source. This experimental setup allowed keeping
xed field, observing the same group of cells after each period. Mor-
hological changes of HRB cells without TEMCC and treated with

 �M TEMCC were compared after each irradiation period. Repre-
entative results are shown in Fig. 8. The total irradiation time was
f 20 min  and the photographs were taken each 5 min. No changes
ere found in untreated HRB cells even after 20 min  irradiation

Fig. 8 left column). However, variations in the shape and size of
ells were observed in presence of TEMCC (Fig. 8 right column).
lso, similar effect was present in all studied samples irradiated
ith visible light form the projector (results not shown).

These results provided evidence about membrane deformation
nd an increase in the volume of cells indicating a higher fragility
fter the photodynamic action. Similar deformation of membrane
as been previously found in oxidative damage of HRB cells [22].
hotosensitized injure of HRB cells produces a significant increase
f membrane fluidity due to the formation of defects in HRB cell
embrane. This effect decreases erythrocytes osmotic stability and

elease the hemoglobin. In addition, the microscope images show
hanges in the HRB cells, when they are irradiated in the pres-
nce of the TEMCC. At the end of the irradiation time significant
hanges were observed in the cell envelope with very translu-
ent membranes due to the leakage of the intracellular content.
herefore, TEMCC induced a membrane photodamage, which was
videnced by a diminished in the osmotic resistance. Membrane
uidization can be due to the formation of membrane defects in
he HRB cells caused by photooxidation, which produces the for-

ation of hemolytic holes [23]. This effect on membrane integrity
s accompanied by a decrease in the osmotic stability of HRB cells.

.6. Studies of the photodynamic action mechanism in HRB cells

In order to elucidate the photodynamic mechanism, the effect
f sodium azide and mannitol were investigated in the photosensi-
ized damage of the HRB membrane. Thus, sodium azide was  used
s a quencher of O2(1�g) preventing type II photoprocess, while
annitol was employed as a scavenger of the superoxide anion
adical and hydroxyl radical [24,25]. HRB cells were incubated
ith 50 mM azide ion and this concentration was not hemolytic in

he dark or under irradiation without TEMCC (results not shown).
n presence of 4 �M TEMCC and light, the addition of azide ion
for  different times (A) 0 min, (B) 5 min, (C) 10 min, (D) 15 min  and (E) 20 min; 100×
microscope objective.

produced a reduction in the photohemolysis of HRB cells (Fig. 9,
line 3). After 5 min  of irradiation, the hemolysis percentage of
erythrocytes was  reduced from 30% to 6%. Therefore, the azide ion
quenched the photocytotoxic species, producing a protective effect
on HRB cells. Otherwise, the addition of 50 mM mannitol was not
toxic for cells in dark. Also, no hemolytic effect was found for cells
irradiated in the presence of mannitol (results not shown). In pres-
ence of 4 �M TEMCC, photohemolysis percentage was reduced to
4% in the presence of mannitol (Fig. 9, line 4). Thus, photoprotective
effect was also observed using mannitol.

On the other hand, the photohemolysis of HRB cells was carried
out in D2O to evaluate the O2(1�g)-mediated damage of micro-
bial cells induced by TEMCC. This medium was used to increase
the lifetime of O2(1�g) [26]. HRB cells treated with 4 �M TEMCC
were not affected in D2O (0.9%, w/v, NaCl) in dark (Fig. 9, line 6) nor
in D2O (0.9%, w/v, NaCl) under irradiation without photosensitizer
(result not shown). However, irradiation of HRB cells incubated
with TEMCC in D2O produced a 70% of photohemolysis, which is
considerable higher than that observed in water medium (Fig. 9,

line 5).

Therefore, the presence of azide ion produced photoprotec-
tion of HRB cells by quenching O2(1�g). This suggests that the
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ells containing 50 mM mannitol and irradiated for 5 min; (5) cells in D2O and irra-
iated for 5 min; (6) cells in D2O and keep in dark. Values represent mean ± standard
eviation of three separate experiments.

ontribution of O2(1�g) is involved in the photohemolysis of
RB cells. The photohemolytic efficacy of TEMCC was  significantly
ffected when mannitol was added to HRB cells. Also, the pho-
ohemolysis of HRB cells was performed in D2O to evaluate the
2(1�g)-mediated. Under this condition, the photocytotoxic effect
as higher in D2O than in aqueous solution. The results reveal

 contribution of type II photosensitization in the HRB cell pho-
ohemolysis induced by TEMCC. In general, the involvement of
2(1�g) in several photosensitized processes in vivo is accepted by
n enhancement in D2O and an inhibition in presence of azide of
iverse oxidative reaction rates [24,27,28]. However, photodam-
ge of HRB cells induced by TEMCC was reduced in presence of
annitol. The photoprotective effect produced by mannitol was

ndicative of some contribution of type I reactions in the inactiva-
ion process. Therefore, a type I photochemical mechanism can also
e contributing to the photohemolytic activity induced by TEMCC.

. Conclusions

A meso-substituted carbazoyl chlorin TECC was  synthesized
y diimide reduction of TECP. The reaction produced a chlorin-
acteriochlorin mixture, which was treated with o-chloranil to
ehydrogenate the bacteriochlorin. Methylation of TECC and
ECP was used to obtain tetracationic photosensitizers TEMCC
nd TEMCP, respectively. Unlike TEMCP, chlorin TEMCC exhibits
n intense absorption band in the phototherapeutic window
600–800 nm), emitting red fluorescence. The O2(1�g) production
f TEMCC was slightly higher that TEMCP in DMF. In presence
f NADH, both photosensitizers produce the reduction of NBT to
iformazan. The photohemolytic capacity of these photosensitizers
as compared in HRB cells. A higher photohemolytic activity was

ound for TEMCC in the presence of erythrocytes. The photody-
amic action induced by TEMCC was accompanied by a decrease

n the HRB cells osmotic stability, which lead to the release of
emoglobin. To elucidate the oxidative processes that occur during
he hemolysis of HRB cells, the effect of the azide ion and mannitol
as analyzed. Photohemolytic efficacy was affected when man-

itol was used as a type I scavenger. Also, photoprotection was

ound using sodium azide as O2(1�g) quencher, while photohe-
olysis considerably increased in D2O, indicating the intermediacy

f O2(1�g). Therefore, the present in vitro experiments show that

[

Photobiology A: Chemistry 282 (2014) 16–24 23

TEMCC is a highly effective photosensitizer to produce HRB cells in
comparison with its porphyrin homologue. This is mainly due the
higher absorption of TEMCC after 600 nm where hemoglobin does
not interfere. The photohemolysis induced by TEMCC appears be
mediated by a contribution of both type I and type II processes.
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