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Towards tuning PDT relevant photosensitizer properties:
comparative study for the free and Zn2+ coordinated
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The spectroscopic, photochemical, and biological studies of 5,10,15,20-tetrakis[2,6-difluoro-5(N-
methylsulfamylo)phenyl]porphyrinate Zn(II) (ZnF2PMet) were carried out including absorption and
fluorescence spectra, fluorescence quantum yields, triplet absorption spectra, triplet lifetimes, singlet
oxygen quantum yield, and reactive oxygen species (ROS) detection under biological conditions and
compared with its free-base analog (F2PMet). Zinc coordination into the porphyrin ring results in
decrease of hydrophobicity and in higher cellular uptake. F2PMet localized specifically in endoplas-
mic reticulum and mitochondria while the ZnF2PMet is more diffused all over the cell, bonded to
membrane proteins, as assessed by fluorescence microscopy. Zn-porphyrin exhibits greater singlet
oxygen quantum yield than its free-base analog. Studies with fluorescent probes confirm that the
ZnF2PMet produces mostly singlet oxygen, whereas F2PMet generates more hydroxyl radicals as
the ROS. F2PMet is a more effective photosensitizer in vitro than its zinc complex, thus, the final
photodynamic effect depends more on the nature of ROS than on the higher cellular uptake.
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1. Introduction

Photodynamic therapy (PDT) has emerged as a promising, noninvasive treatment modality
of cancer. PDT involves administration of the photochemically active substance (photo-
sensitizer) into the organism and its excitation with visible or NIR light. In consequence,
a cascade of photochemical reactions is induced (photodynamic effect), which leads to
apoptosis, necrosis or autophagy of cancer cells, shutting down the tumor microvascula-
ture, and eventually activation of antitumor immune response [1]. Photodynamic effect
has also been applied in microbiology, particularly in photoinactivation of drug-resistant
pathogens [2, 3].

Most of the photosensitizers investigated for PDT are porphyrins [4–8], chlorins [9–13],
bacteriochlorins [14–22], and phthalocyanines [23–26]. They strongly absorb light within
the phototherapeutic window (630–850 nm) and generate singlet oxygen and/or other oxy-
gen-centered radicals with high quantum yields [27]. In the majority of porphyrin- and
phthalocyanine-based photosensitizers, type-II mechanism (energy transfer from the excited
photosensitizer to molecular oxygen) with efficient singlet oxygen generation is dominant
[8, 9, 23]. However, the type-I reactions (triplet–triplet annihilation or electron transfer reac-
tions involving T1 state of the photosensitizer with generation of radical intermediates) were
shown to be the most exclusive way of reactive oxygen species (ROS) generation (superox-
ide ion and hydroxyl radicals) by Pd-bacteriopheophorbide [28]. Moreover, the combined
effects with the formation of both singlet oxygen and free radicals accompanied with
enhanced photodynamic effect have been recently described [14–16, 29, 30].

The size of typical cells is 10–30-µm diameter and the diffusion distance of singlet oxy-
gen in a cell is ca. 550 nm, and that of OH� radicals is even smaller [31]. Taking this into
account and the short lifetime of singlet oxygen (10−6–10−9 s) [32], it is obvious that only
cellular targets that are close to the site of ROS formation are destroyed by photodynamic
effect. Thus, the nature of such targets and the extent of photodamage have a great impact
on the PDT outcome. The cellular uptake and subcellular distribution depend on the charge,
lipophilicity, and structure of the photosensitizer. Hydrophobic photosensitizers localize in
the cytoplasmic, mitochondrial and lysosomal membranes, in the Golgi apparatus and endo-
plasmic reticulum (ER) [33]. Hydrophilic photosensitizers that are too polar to cross the
plasma membrane are typically internalized by endocytosis and are primarily localized in
lysosomes [34]. The accumulation of the photosensitizers in organelles such as mitochon-
dria and ER is more efficient in killing cells upon illumination than accumulation in other
cellular targets [14, 30, 35–37].

In the case of many tetrapyrrolic photosensitizers, metallation is a promising approach to
change the electrochemical, spectroscopic, photochemical, and photophysical properties of
photosensitizers in the context of their use in phototherapy [27, 38], solar energy conversion
[27, 39], and in biomimetic catalysis [40, 41]. In this way their hydrophobicity/hydrophilic-
ity, degree of aggregation, stability, and consequently the cellular uptake and intracellular
localization can also be modulated [42]. Since aggregation of photosensitizers causes a
shortening of the triplet lifetime and a reduction of photosensitizing efficiency [43], the
presence of ions, which can give octahedral hybrid orbitals, guarantees a reasonable yield
of 1O2 generation because axial ligands may generate steric hindrance to intermolecular
aggregation. However, there are several reports claiming that the presence of Zn(II) can still
be problematic from an aggregation standpoint. For example, Zn(II) phthalocyanines often
show aggregation effects in polar solvents [44, 45] and very strongly basic axial ligands are
usually required to overcome this problem. Our approach is to introduce electron
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withdrawing halogens in the ortho position of the phenyl groups of the macrocycle in an
attempt to overcome the problem of aggregation. Our earlier studies with other halogenated
porphyrins established that the presence of bulky orthochloro groups reduce the tendency
of porphyrins to aggregate [6].

In this work, we describe and compare the chemical and photophysical properties of
meso-substituted halogenated sulfonamide porphyrin (F2PMet) with its zinc-chelated deriva-
tive (ZnF2PMet). Their chemical structures are illustrated in chart 1.

The selection of these fluorinated sulfonamide tetraphenylporphyrins are based on the
hypothesis that they should be more photostable and more lipophilic than their sulfonated
or sulfoester analogs previously described [6, 7]. Moreover, they should permeate the cell
membrane better, localize in the ER or in the mitochondria, and produce larger amounts of
ROS before bleaching. These properties should lead to higher PDT efficacy than that
recently presented for halogenated sulfonated porphyrins. The expectation of an enhanced
phototoxicity motivated this investigation of the in vitro photodynamic effect of fluorinated
sulfonamide tetraphenylporphyrins and its relation to intracellular localization, and to the
nature of the ROS generated.

The mechanistic insights have shown that F2PMet can produce oxygen-centered radicals
as well as singlet oxygen and in contrast, ZnF2PMet generates exclusively singlet oxygen.
Their photogeneration in various ROS was monitored by aminophenyl fluorescein (APF),
hydroxyphenyl fluorescein (HPF), and singlet oxygen sensor green (SOSG) fluorescence
probes in order to highlight the relative contribution of each ROS to photodynamic efficacy.
The spectroscopic and photochemical studies were carried out to understand and explain
not only the mechanisms of photochemical processes of these compounds, but also the bio-
logical consequences such as photodynamic efficacy, which are based on generation of vari-
ous ROS. The PDT efficacy of F2PMet and ZnF2PMet was examined on human
adenocarcinoma cells (A549). The effects of zinc insertion on the hydrophilicity, cellular
uptake, and photodynamic activity were examined. These studies may contribute to the
choice of optimal photoactive compounds for specific applications. Free-base sensitizers
that generate simultaneously singlet oxygen and hydroxyl radicals are probably a better
choice for PDT. On the other hand, zinc porphyrins or bacteriochlorins that generate mostly
singlet oxygen with the high quantum yields should be more efficient in the photodynamic
inactivation of pathogens [2, 3].

Chart 1. Chemical structure of free-base halogenated sulfonamide porphyrin (F2PMet, M=2H) and its metal com-
plex (ZnF2PMet, M=Zn).
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2. Experimental

2.1. Chemicals

All chemicals were of reagent grade and used as received. 5,10,15,20-Tetrakis[2,6-difluoro-
5-(N-methylsulfamylo)phenyl]porphyrin (F2PMet) was synthesized via recent optimizations
of the nitrobenzene method [46, 47] and basic properties were recently published [14].
5,10,15,20-Tetrakis[2,6-difluoro-5-(N-methylsulfamylo)phenyl]porphyrinate Zn(II) was
prepared according to the method of Adler and co-workers [48].

Media for cell culture [Dulbecco’s Modified Eagle’s Medium (DMEM)] and PBS
(phosphate buffer saline) were from Biomed (Poland). Triton X-100 was from POCH
(Poland). Solvents used in all experiments, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] (MTT), albumin from human serum (HSA), penicillin, streptomycin,
3′-(p-aminophenyl)fluorescein (APF), and 3′-(p-(hydroxyphenyl)fluorescein (HPF), were
purchased from Sigma-Aldrich. Singlet oxygen sensor green® (SOSG) was obtained from
Invitrogen.

2.2. Spectroscopic and photophysical experiments

UV/vis absorption spectra were recorded with a Hewlett Packard HP8453 spectrophotometer.
Solutions containing samples of photosensitizers were dissolved in ethanol in quartz cuvettes.
Fluorescence measurements were made in 1-cm quartz cuvettes in ethanol solutions, carefully
deaerated by saturating with N2 for 15 min. The meso-Tetraphenylporphyrin (TPP) in toluene
was used as a fluorescence standard (ΦF = 0.11) for determination of the fluorescence quan-
tum yields of all studied compounds. ΦF was calculated by comparing integrated emission of
the sample to that of the reference solution, taking into account the difference in refractive
indices of the solvents (ηEtOH = 1.36242; ηtoluene = 1.49693) [9].

The triplet state lifetimes were obtained with an Applied Photophysics LKS.60 flash pho-
tolysis spectrometer. The kinetic curves of the transient absorption of TPP, ZnTPP, F2PMet,
and ZnF2PMet within the range of 300–700 nm were recorded after laser excitation
(λ = 355 nm, Emax = 100 mJ/pulse, and full width at half maximum FWHM = 6 ns). At
least ten kinetic runs were registered for each set of conditions and the mean value was
taken for further calculations. The measurements were done at 20 °C. All solutions of
photosensitizers were freshly prepared before the measurements. Their absorbance at
355 nm was ca. 0.2. The stability of the samples was confirmed by comparing their absorp-
tion spectra before and after each flash photolysis experiment. The samples showed less
than 5% degradation after 1000 laser flashes at 355 nm. The photolysis experiments run in
the presence of oxygen involved saturation of the solutions with air at 20 °C prior to the
measurements. For experiments in the absence of oxygen, the solutions were purged with
argon for 15 min until no change in the decay rate was observed, and were kept under
argon during the measurements. Transient absorption decay was collected at 460 nm from
the triplet absorption spectra.

Quantum yields of singlet oxygen generation in ethanol were determined using a proce-
dure described in detail elsewhere [49], with phenalenone as a reference, for which
ΦΔ = 0.95 in ethanol. Singlet molecular oxygen phosphorescence at 1270 nm was detected
at room temperature following laser excitation of ethanol solutions containing the sensitizer
at concentration related to the absorbance of 0.2 in 1-cm quartz cuvette at the excitation
wavelength. The excitation of the samples at 355 nm (the third harmonic of a Nd–YAG
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laser Spectra-Physics Quanta-Ray GRC-130) was used as usual, but the flash photolysis
equipment was modified to allow for luminescence detection at 800–1400 nm. The emis-
sion was filtered by a Melles Griot dielectric mirror reflecting more than 99.5% of the inci-
dent light at 610–860 nm and by a Scotch RG665 filter. The infrared emission transmitted
by these filters was split by a monochromator with a 600 lines/cm grading mounted in the
place of the usual UV/vis grading. The wavelength of 1270 nm was selected for detection
in a Hamamatsu R5509-42 photomultiplier, cooled to 193 K in a liquid nitrogen chamber.

2.3. Detection of ROS in solution

The 3′-(p-aminophenyl)fluorescein (APF) and 3′-(p-hydroxyphenyl)fluorescein – selective
probes for hydroxyl radicals and singlet oxygen sensor green® (SOSG) – specific probe for
singlet oxygen were employed for detection of ROS formation during illumination. Photo-
sensitizer solutions were diluted to a final concentration of 5 μM per well in PBS. Next, the
fluorescent probe SOSG or APF was added to each well at a final concentration of 10 μM.
Photosensitizer solutions were irradiated with the 595 ± 20-nm laser diode light with power
of 1.7 mW and light was delivered for various time intervals. The microplate reader (Tecan
Infinite M200 Reader) was used for acquisition of fluorescence signal immediately before
and after illumination. When APF and HPF were employed, fluorescence emission at
515 nm was measured upon excitation at 492 nm. With SOSG, the corresponding values
were 525 and 505 nm, respectively.

2.4. n-Octanol/water partition coefficients and photosensitizer binding to serum albumin
determined by fluorescence measurements

The n-octanol/PBS partition coefficients were measured following the shake-flask method
with minor modification to determine the equilibrium concentration of F2PMet and
ZnF2PMet in n-octanol and PBS mixed in equal volumes. The sulfonamide halogenated
(metallo)porphyrin (~5 × 10−2 μmol) was dissolved in 5 mL of n-octanol previously satu-
rated with a solution of PBS. The same volume of PBS saturated with n-octanol was added
and mixed on a vortex device for 10 min and then the phases were separated by centrifuga-
tion at 3700 rpm for 2 min. A 0.02 mL of the PBS/n-octanol phase was taken and diluted
with DMSO to obtain 0.5% of PBS/n-octanol content in the DMSO final solution. This
solution was left for 5 min in the ultrasonic bath. The fluorescence of each DMSO/n-octanol
and DMSO/PBS solution was measured using fluorescence spectrometer LS 55 (Perkin
Elmer) and compared with calibration curve to obtain the concentration of the photosensi-
tizer. The photosensitizers were excited at the Soret absorption band (at 410 nm for F2PMet
and 420 nm for ZnF2PMet) and the fluorescence spectra were collected in the region
between 550 and 780 nm. The partition coefficients were calculated from the ratio coct/cPBS,
where coct and cPBS are the concentrations of the porphyrins in n-octanol and in PBS,
respectively.

The fluorescence intensities were recorded with a Perkin Elmer Fluorescence Spectrometer
LS 55. Samples of human serum albumin (HSA) (5 μM) were titrated in the quartz cell by
successive additions of both porphyrin solutions. Next, the photosensitizer solution was
added into HSA to give a final concentration in the range 1–40 μM. Fluorescence emission
spectra were recorded from 300 to 400 nm with excitation at 295 nm. The excitation and
emission slits were both set to 10 nm and scanning speed to 50 nm min−1. All experiments
were carried out at room temperature.

3120 J.M. Dąbrowski et al.
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2.5. Biological in vitro studies

The A549 (human lung adenocarcinoma) cells were seeded into a 96-well culture plate in a
DMEM supplemented with 10% fetal bovine serum (FBS) and antibiotics. Cells were kept
at 37 °C in a 95% atmospheric air and 5% CO2 humidified atmosphere for 24 h.

2.5.1. Light source. Light system and LED illuminator (Photon Institute, Krakow,
Poland), and sample chamber with stabilized temperature and the display was employed for
illumination of plate with seeded cells. The diode (595 nm ± 20 nm) was adjusted to give a
uniform spot of irradiated area with a fluence rate of 1.7 mW as measured with a power
meter (Light Engine UNO 50) and to excite the same number of molecules of F2PMet and
ZnF2PMet.

2.5.2. Cellular uptake. Cells were prepared as described above. After 24 h, the cells were
incubated in 37 °C with concentrations at 5 μM of F2PMet and ZnF2PMet for various time
intervals from 1 to 24 h. The solutions of photosensitizers were prepared by diluting the
porphyrin stock solution in DMSO with the culture medium to the desired final concentra-
tion. The highest concentration of DMSO in medium did not exceed 0.5%. After incuba-
tion, the cells were washed twice with PBS and solubilized in 30 μL of Triton X-100 and
70 μL of DMSO/ethanol solution (1 : 3). The retention of cell-associated porphyrin was
detected by fluorescence measurement with the microplate reader (Tecan Infinite M200
Reader).

2.5.3. Cytotoxicity and cell survival assay. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide] assay for measuring cell survival has been used successfully
to quantitate photosensitizer-mediated cytotoxicity. For each experiment, two identical 96-
well plates with A549 cell culture were used. After cell attachment, a photosensitizer solu-
tion in growth medium (DMSO < 0.5%) at concentrations which varied from 0.5 to
200 μM was added to the culture. Treated cultures were incubated for 6 h or 24 h with
F2PMet and ZnF2PMet at 37 °C in the dark. Next, the photosensitizer solution of each well
was removed, cells were washed in PBS and 200-μL fresh culture medium supplemented
with FBS and antibiotics was added to each well and cells were returned to the incubator
for 24 h. MTT was dissolved at 5 mg mL−1 in PBS. Briefly, 22 μL of MTT solution was
added to each well (final concentration 0.5 mg mL−1) and the microplates were further incu-
bated for 3 h. Medium was then discarded and 100 μL of mixture of DMSO/methanol
(1 : 1) was added to the cultures and mixed thoroughly to dissolve the dark blue crystals of
formazan. Formazan quantification was performed using an automatic microplate reader
(Tecan Infinite M200 Reader) by absorbance measurements with a 565 nm test wavelength.
Each experiment was repeated three times. Data were expressed as mean absorbance value
of six samples and standard error of the mean.

2.5.4. Photodynamic effect experiments. On the basis of cytotoxicity results, nontoxic
concentration (5 μM) was selected. The porphyrins (F2PMet and ZnF2PMet) were dissolved
in DMSO and stored in the dark. The A549 cells were incubated for 24 h at 37 °C. After
being washed with fresh medium the cells were incubated in the dark with 5 μM
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photosensitizer solution in a culture medium for 6 h. The highest DMSO concentration in
the medium was less than 0.5%. After this incubation the cells were washed with PBS buf-
fer and illuminated with the 595 ± 20 nm laser diode light with fluence rate of 1.7 mW for
various time intervals. The light spot covered 12 wells, which were considered as one
experimental group illuminated in the same time. Next, the cells were washed with fresh
medium and plates were returned to the incubator for 24 h (37 °C, 5% CO2). Cell viability
was determined by a MTT assay performed 24 h after irradiation. Data were expressed as
percentage of cell survival with reference to control cells with no treatment of photosensi-
tizer and without illumination. Each experiment was repeated three times.

2.5.5. Intracellular distribution. The intracellular distribution of F2PMet was assessed in
A549 cell line. A549 cells were plated at a density of 15 × 103 cells per well in eight-well
slides (IBIDI, Germany) and were kept at 37 °C in a 95% atmospheric air and 5% CO2

humidified atmosphere for 24 h. After being washed with fresh medium, the cells were
incubated in the dark with 5 μM sensitizers, diluted in cell medium for ca. 18 h, at 37 °C in
a CO2 incubator (5% (v/v) CO2 in air). After being washed with HBSS/Hepes buffer, the
cells were incubated with specific intracellular organelle probes: 100 nM of Mito-tracker
green, 1 mM ER-Tracker green, 75 nM Lyso-Tracker green (Molecular Probes, Invitrogen
Life Technologies), diluted in HBSS/HEPES buffer. After ~30 min incubation, at 37 °C in
the dark, the cells were washed with HBSS/HEPES buffer and the slide was transferred to
the microscope stage. Cells were visualized under a confocal microscope (LSM 510 Meta;
Carl Zeiss, Jena, Germany) with a 63× oil immersion objective (Plan-Apochromat, 1.4 NA;
Carl Zeiss). Images from the porphyrin and bacteriochlorin were obtained by exciting at
514 nm using an argon laser (45 mW) and fluorescence was detected after passing through
a long-pass filter 575 and 700 nm, respectively. To obtain the fluorescence profile of the
fluorescence probes a helium–neon laser (5 mW) was used as light source at 633 nm for
visualization of cell morphology.

3. Results

3.1. Spectroscopic properties of the studied sensitizers

The absorption spectra of the studied compounds are typical for porphyrins and their metal
complexes. Electronic absorption spectrum of F2PMet shows the five characteristic bands
originated from free-base porphyrins with the D2h symmetry, described by four orbitals
model [50]. The intense Soret band is observed at 410 nm, Qx, Qy, and two additional
bands are observed at 505, 537, 581, and 639 nm, respectively (table 1). These bands in the
visible part of the spectrum are due to vibrational coupling effects and originate from
HOMO (b1u orbital) to the first vibrationally excited state of LUMO (b2g orbital) or to
LUMO + 1 (b3g orbital) transitions. In ZnF2PMet absorption spectrum, a red shifted Soret
band and two Q bands are observed (figure 1). Introduction of Zn in the center of tetrapyr-
rolic ring change the symmetry of the free-base porphyrin from D2h to D4h. According to
Gouterman’s four-orbitals model, formation of metalloporphyrin enforces the degeneracy of
the two molecular orbitals: LUMO and LUMO − 1 and the absorption spectra show only
two Q bands. The fourfold rotational symmetry of ZnF2PMet is also reflected in the
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coincidence of the −x and −y components of the Q bands (Qxy) and may result in enhance-
ment of the molar absorption coefficient values, while the lower symmetry of the free-base
porphyrin is indicated by the splitting of the Q bands into Qx and Qy.

The absorption maxima and the molar absorption coefficient values are listed in table 1.
Because of the interaction between the central zinc and the π-conjugate system, the Q bands
of the zinc porphyrin are characterized by higher values of molar absorption coefficients
than the metal-free analog. The fluorescence spectra of F2PMet and ZnF2PMet have two
maxima [652 nm, 731 nm for F2PMet and 599, 651 for ZnF2PMet (figure 1, table 1)]. Fluo-
rescence spectra of zinc porphyrin is blue shifted when compared with the emission of its
respective free-base analog. The fluorescence excitation spectra of investigated compounds
correspond well with their absorption spectra and confirm the purity and non-aggregation of
the samples. The fluorescence quantum yields obtained for studied porphyrins are also pre-
sented in table 1. The free-base porphyrin and its zinc derivative exhibit low fluorescence

Table 1. Spectroscopic properties of fluorinated porphyrin and its zinc complex in ethanol.

Porphyrin
Absorption
λ (nm), ε (M–1 cm–1) × 103

Fluorescence
logPOWλ (nm) ФF

F2PMet B Qy(0–1) Qy(0–0) Qx(0–1) Qx(0–0) (0–0)
(1–0)

410 537 505 582 639 652 0.05 2.84
379 25 7.7 0.7 731

ZnF2PMet B Qxy(0–1) Qxy(1–0)
420 588 549 599 0.001 1.72
496 16.8 651

Figure 1. Electronic absorption and fluorescence spectra of ZnF2PMet measured in ethanol at room temperature.
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quantum yields. The fluorescence quantum yield determined for F2PMet is reduced by a
factor of two compared to TPP. A further decrease in ΦF is observed for ZnF2PMet
(ΦF = 0.001). This is consistent with the internal heavy atom effect, discussed below. It is
not surprising since metalloporphyrins with closed metal shells are less fluorescent than the
corresponding free bases. Moreover, they have shorter fluorescence lifetimes and higher
efficiencies of intersystem crossing to the triplet state promoted by the spin-orbit coupling
mechanism. Low fluorescence quantum yields obtained for both fluorinated porphyrins
reported in this work suggest that intersystem crossing to the triplet state is also a major
singlet deactivation pathway for these molecules.

3.2. n-Octanol: water partition coefficients

Partition coefficients in n-octanol:water (1 : 1, v : v), POW, are a convenient measure of a
drug’s polarity and an indication of its ability to cross cell membranes. For drug delivery,
the lipophilic/hydrophilic balance has been shown to be a contributing factor for the rate
and extent of drug absorption. Since biological membranes are lipoidal in nature, the rate of
drug transfer for passively absorbed drugs is directly related to the lipophilicity of the mole-
cule. We have determined POW using a minor modification of the shake-flask method [51]
recently described by us [52], and presented in table 1. The photosensitizers studied in this
work have different solubility. Interestingly, zinc insertion into the porphyrin structure
decreases the hydrophobicity. ZnF2PMet is remarkably more hydrophilic (logPOW = 1.72)
than F2PMet. Similar studies with the set of porphyrins also have demonstrated that zinc
insertion on the porphyrin core results in decreased hydrophobicity [53]. This is consistent
with our results reported here.

3.3. Photophysical properties

Laser flash photolysis was used to construct the time-resolved transient absorption spectra
and to determine the triplet state lifetimes. Spectra were constructed from data recorded for
the sets of decay curves, collected with 10 nm intervals. The transient absorption decays
recorded in the presence of oxygen do not depend on the detection wavelength and are
typical for triplet states quantitatively transferring energy to molecular oxygen. In argon-
saturated ethanol solution, the decays remain monoexponential and lifetimes increase to ca.
50 µs. Transient absorption spectrum of ZnF2PMet in ethanol is shown in figure 2. The
strong negative absorbance change originates from bleaching of the ground-state absorption,
while clearly defined pseudoisosbestic points reflect the fact that all molecules return to this
ground state, pointing at the photodegradation as a minor decay pathway. The rate constant
of energy transfer from the triplet state of the photosensitizer to molecular oxygen (kq) can
be calculated from the triplet lifetimes in the absence (nitrogen saturated solution), soT, and
in the presence of oxygen (air saturated solution), τT, using the relation:

kq ¼ 1=sT � 1=soT
� �

= O2½ �

The oxygen concentration in ethanol, [O2], is 2.1 × 10−3 M. Since soT >> τT (table 2), the
actual value of soT is irrelevant to calculate the value of kq. Triplet states of porphyrins are
quenched with rate constants of 1.2–1.4 × 109 M−1s−1, similar to kq = 1.4 × 109 M−1s−1
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determined for TPP. Spin statistics for the formation of singlet oxygen requires that kq
should be 1/9 of the diffusion rate constant, kdiff. The value of kdiff was estimated taking
into account the oxygen concentration in air-saturated or oxygen-saturated ethanol and the
fluorescence lifetime in ethanol of F2PMet in the absence and in the presence of oxygen,
measured as described elsewhere [29]. Triplet lifetimes are presented in table 2. Using the
relationship presented above for singlet lifetimes determination, kdiff has been calculated to
be 9.5 × 109 M−1s−1 in ethanol at 20 °C. The values of kq reported in table 2 reach 1/9 kdiff,
as in other reported compounds [14].

3.4. Singlet oxygen quantum yields

The photosensitizer in the triplet excited state participates in ROS generation. A good photo-
sensitizer should exhibit high triplet lifetime and triplet quantum yield. Singlet oxygen quan-
tum yield (ΦΔ) is directly correlated to the photosensitizer’s triplet quantum yield and in this
work was measured by direct monitoring of 1O2 phosphorescence at 1270 nm. Herein, direct
detection of the phosphorescence peak of 1O2 at 1270 nm in solution was monitored, and
the corresponding singlet oxygen quantum yields (ΦΔ) were calculated using phenalenone

Table 2. Triplet state lifetimes in the presence and absence of oxygen determined in
ethanol, with respective oxygen quenching rate constants at room temperature and singlet
oxygen quantum yields upon 355 nm excitation (ФΔ) for studied porphyrins.

Sensitizer soT (µs) τT,air (ns) kq ФΔ

TPP 43 350 1.4 × 109 0.7
F2PMet 62 391 1.17 × 109 0.71 ± 0.05
ZnF2PMet 54 570 0.83 × 109 0.99 ± 0.06
Phenalenone – – – 0.95 ± 0.07

Figure 2. Time-resolved transient absorption spectra of ZnF2PMet in ethanol, measured by laser flash photolysis;
20 °C, λexc = 355 nm.
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as a reference (ΦΔ = 0.95 in EtOH) (table 2). Singlet oxygen generation of F2PMet,
ZnF2PMet, and phenalenone using the Stern–Volmer plot is presented in figure 3.

The same figure shows singlet molecular oxygen detected after excitation of the
ZnF2PMet. For comparison, the molecules were all excited at 355 nm, to use the same
reference compound. As can be seen, ΦΔ values are strongly affected by the substitution
pattern and show the following trend: F2PMet < ZnF2PMet, with respective values of 0.71
and 0.99. The ca. 30% higher ΦΔ values are obtained for ZnF2PMet and this sensitizer acts
via Type-II photochemical process almost exclusively. Coordination of the zinc ion
increases ΦΔ and decreases kq value. This suggests that the increase in ΦΔ is related to an
increase in the triplet quantum yield, and therefore, to a heavy-atom effect. The internal
heavy atom effect assists halogenated porphyrins to generate triplet states with quantum
yields approaching a unity. The introduction of Zn2+ into tetraphenylporphyrin derivatives
improves photophysical and photochemical properties influencing photodynamic activity.

3.5. Interaction of F2PMet and ZnF2PMet with HSA studied by fluorescence
measurements

Metallodrug-plasma protein interactions are of considerable pharmacological importance
because the efficacy of new drugs critically depends on their binding to plasma proteins.
Many promising new drugs, for instance, have been rendered ineffective because of their
unusually high affinity to albumin and the binding of a new drug to albumin has therefore
been referred to as the “second step in rational drugs design” [54]. In this context, under-
standing the binding of porphyrins to plasma protein is crucial of the success of these
photosensitizers being used in PDT. In this work, the ability of interaction between F2PMet
and its zinc complex (ZnF2PMet) was studied by fluorescence quenching measurements.
The fluorescence of HSA at λmax = 355 nm is mainly due to amino acid (tryptophan, Trp)
residues. The fluorescence emission spectra of HSA at different concentrations of
ZnF2PMet are given in figure 4 (left).

Figure 3. Singlet molecular oxygen emission spectra registered for ZnF2PMet in ethanol (a); Emission intensity
measured at 1270 nm as a function of the laser energy (b, inset) and the decay of singlet oxygen generated by
ZnF2PMet in ethanol (b).
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The addition of porphyrin to solution of HSA caused the quenching of the intrinsic pro-
tein fluorescence. Porphyrin may bind at the surface of HSA (more hydrophobic environ-
ment) and the shield from the solvent may lead to the blue shift of the HSA emission
maximum. Due to mutual quenching it is possible to determine the Stern–Volmer quenching
constants (KSV). The slope of the plots shown in figure 4 (right) gave the KSV in PBS buffer
as listed in table 2 and suggests that HSA fluorescence quenching is more effective for
F2PMet than ZnF2PMet. Moreover, the Stern–Volmer kinetics showing positive linear corre-
lation could be also an indication that in contrast to phthalocyanines [54], the mechanism of
HSA quenching by porphyrin may be diffusion-controlled (not static, but dynamic
quenching).

Protein fluorescence quenching can also be used to retrieve porphyrin-HSA binding
parameters. The parameters obtained from Scatchard plot analysis (Kb and number of bind-
ing sites, figure 4, table 3) are consistent with the presence of many binding sites. As can
be seen in figure 4 and table 3, the Kb for F2PMet is higher than those of ZnF2PMet. The
higher the value of this parameter, the stronger is the binding between the porphyrin and
HSA. Our results indicate that these photosensitizers bind to HSA efficiently but the free-
base porphyrin binds more strongly to HSA because of its more hydrophobic character.
This trend in data is similar to results obtained for other porphyrin derivatives. Rinco and
co-workers reported that more hydrophilic porphyrin-like hematoporphyrin IX dimethylester
does not seem to bind with HSA probably due to the lack of hydrophobic sites [55]. It is
suggested that the difference in HSA binding and aggregation properties of photosensitizers

Table 3. Fluorescence quenching and binding data for the interac-
tion of HSA with F2PMet and ZnF2PMet.

Photosensitizer KSV (M−1) Kb (M
−1) n

F2PMet 8.85 × 104 1.88 >2
ZnF2PMet 7.61 × 104 0.83 >2

Figure 4. Fluorescence spectral changes of HSA in PBS buffer (pH 7.4) after addition of varying concentrations
of ZnF2PMet (left); Scatchard plot analysis. Binding of F2PMet and ZnF2PMet to HSA measured from the emis-
sion of the protein (right).
Notes: Experimental conditions: [HSA] = 5 μM; [F2PMet], [ZnF2PMet] = 0–40 μM; λexc = 295 nm, λem = 300–
400 nm.
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may be relevant to their in vivo efficacy, blood transport, and biodistribution; therefore, the
porphyrin-albumin system is a widely accepted model to study the behavior of this
molecules in organisms.

3.6. Time-dependent cellular uptake

The time-dependent cellular uptake by A549 cancer cells was investigated in cells exposed
to 5 μM of photosensitizer solutions. Figure 5 presents the time-dependent cellular accumu-
lation of F2PMet and ZnF2PMet in A549 cells. The uptake was approximately linearly
increasing with time for the first 2–6 h for ZnF2PMet and 2–18 h for F2PMet. The maxi-
mum amount of ZnF2PMet in the cells was obtained after 6 h of incubation with concentra-
tion about 25 pM per cell and is about five times larger than the intracellular concentration
of F2PMet.

For free-base porphyrin, the optimal incubation time was 18 h. This significant difference
can be explained by stronger interaction with biological membranes that is usually related
to the larger inclusion of photosensitizer in cells. Better cellular uptake of ZnF2PMet in
comparison to F2PMet may be also connected with physicochemical character of this com-
pound, because the hydrophobicity of the photosensitizer is related to its interaction with
biological membranes. An amphiphilic photosensitizer such as ZnF2PMet (logPOW = 1.72)
may traverse the bilayer either by simple diffusion or by hijacking the cell’s transport sys-
tem. However, one should consider that binding of zinc porphyrins to phospholipid mem-
branes may also be determined by metal–phosphate coordination. In accordance to
Pashkovskaya et al., the efficacy of the metallophthalocyanines binding to bilayer lipid
membranes measured by boundary potentials dependent on the central metal atom in the
macrocycle ring and the affinity to the membrane is the highest for zinc complexes.
Moreover, they suggested that formation of a coordination bond between Zn2+ and the
phosphate group of phospholipids plays an essential role in photosensitizer binding to
biological membranes [56].

Figure 5. Time-dependent uptake of F2PMet and ZnF2PMet 5 μM by A549 cells as measured by fluorescence
intensity.
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3.7. Dark cytotoxicity and photodynamic effect

The cytotoxicity of F2PMet and ZnF2PMet against A549 cells was tested in the dark using
the cell surviving MTT assay. The dark toxicity of these porphyrins was performed after
6 h and 24 h incubations (figure 6, left). The investigated photosensitizers had no effect on
the viability with concentrations ranging from 0 to 25 μM. Only very high concentration of
porphyrins such as 50 μM turned out to be slightly toxic to the tested cancer cells. This
result also indicates that the dark cytotoxicity of ZnF2PMet and its metal-free analog at the
concentration used in photodynamic experiments (5 μM) is negligible.

In order to assess the photodynamic effect on the cells in function of irradiation time
(light dose), the A549 cells were exposed for 6 h to F2PMet and ZnF2PMet at concentration
5 μM and then irradiated with red light (ca. λ ~600 nm) with irradiation times from 0 to
60 min. The dependence of cell viability on the irradiation time is shown in figure 6. Both
F2PMet and ZnF2PMet induced cell death increased in efficacy as a total light dose
increased from 0 to 6 J cm−2. The drop in surviving fraction was steep even at short irradia-
tion times and the trend in cell response is similar in both cases. However, F2PMet demon-
strated a stronger PDT effect than ZnF2PMet and when the metal-free porphyrin was used
as photosensitizer A549 cells are most sensitive reaching a 70% mortality (6 J cm−2), in
contrast to ZnF2PMet with surviving fraction at 58%. Note that a decrease in cell surviving
fraction and a consequent increase in photodynamic activity do not parallel the increase in
uptake by the cells (figure 6, right). Thus, other factors than intracellular accumulation of
photosensitizer must explain the lower PDT efficacy of ZnF2PMet compared with the
unsubstituted analog porphyrin. This unusual relationship between porphyrin cellular uptake
and phototoxicity is expected considering that F2PMet shows lower singlet oxygen genera-
tion quantum yields (ΦΔ = 0.71) and increase in free radical formation by charge transfer
processes (type-I mechanism). Efficient hydroxyl radical formation is usually related with
improved PDT activity. Literature data indicate that Zn-photosensitizers have better effi-
ciency compared with their metal-free derivatives [53]. Our approach stands in contrast to
these findings, but we are able to explain that it is the tendency, but not the rule, and it
strongly depends on electronic structure, photophysical, and electrochemical properties of

Figure 6. Cytotoxicity in the dark of F2PMet and ZnF2PMet tested against A549 cells (left) and photodynamic
effect after 6 h incubation A549 cells with F2PMet or ZnF2PMet (right).
Notes: The cells were irradiated with ~600 nm LED light for various time intervals and their availability was deter-
mined by MTT assay.

Zn2+ Photosensitizer properties 3129

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
40

 2
8 

D
ec

em
be

r 
20

15
 



photosensitizer and show that is due to the favorable type-I of photoreaction mechanism.
Therefore, the mechanism of ROS generation by photosensitizer seems to be the major
factor affecting the highest phototoxicity for A549 cells.

3.8. Subcellular localization

Confocal microscopy was used to determine the subcellular localization of F2PMet by over-
lapping the fluorescence image of the photosensitizer with specific organelle trackers for
ER, mitochondria, and lysosome. ZnF2PMet is diffused all over the cell (figure 7) and
bonded to membrane proteins.

In contrast, the fluorescence micrographs obtained for F2PMet reveal a diffuse pattern of
porphyrin localization through the cytoplasm with a more intense fluorescence in the
perinuclear area of the cell. The red fluorescence of this photosensitizer is distributed
through the entire cytoplasm and remains outside the nucleus. According to the topographic
analysis their localization is more coincident with the ER and mitochondria while overlap-
ping with the lyso-tracker is almost nonexistent (figure 8). Taking into account the high
affinity of F2PMet to interact with cell membranes and to be localized in a lipid environ-
ment, binding to Golgi apparatus should not be excluded. There is a substantial knowledge
on the PDT effect of different sub-cellular localizations of various porphyrins and related
compounds such as phthalocyanines. Photosensitizers that localize in mitochondria are
known to be more phototoxic than ones localized in lysosomes [35, 36]. Baptista et al. have
reported that zinc-porphyrin derivatives have higher cellular uptakes than metal-free por-
phyrins [57]. On the other hand, zinc insertion decreased the interaction with mitochondria
and increased membrane interaction. Thus, Zn complexes have the lowest mitochondrial
uptake and the highest cell uptake, indicating that this molecule tends to accumulate
unspecifically in phospholipid bilayers instead of concentrating in mitochondria. Binding
seems to be affected mainly by the hydrophobic effect and the electrostatic component.

Therefore, addition of zinc increases the hydrophilic character of these porphyrins and
decreases the hydrophobic interaction with the membranes. Another possibility to explain
the stronger binding of free-base porphyrins compared to zinc porphyrins would be that
free-base porphyrins can get chelated in biological media by free or partially chelated
metals, i.e. they could get chelated in the mitochondria increasing its binding efficiency.

Figure 7. Intracellular distribution of F2PMet (left) and ZnF2PMet (right) in A549 cells.
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Pavani et al. also indicate that photosensitizers chelated with zinc have a lower tendency to
accumulate in mitochondria but present higher efficiency in damaging this organelle, lead-
ing to a higher percentage of cells engaging in apoptotic cell death. Free-base porphyrins,
which have higher accumulation in mitochondria, cause a rapid loss of membrane integrity,
favoring a necrotic route of cell death [53, 57].

3.9. ROS generation

The balance between type-II (energy transfer and singlet oxygen generation) and type-I
(charge transfer processes with free radical formation) photochemical mechanisms is
thought to play an important role in the specific PDT activity of tetrapyrrolic photosensi-
tizers. The propensities of F2PMet and ZnF2PMet to generate ROS via type-I versus type-II

Figure 8. Fluorescence micrographs of A549 cells showing intracellular localization of F2PMet evaluated by
confocal microscopy.
Notes: Cells were marked with dyes for ER (ER-Tracker), lysosomes (Lyso-Tracker), and mitochondria
(Mito-Tracker). For each image, a profile of fluorescence intensity along the white arrow is shown. The green
topographic profile corresponds to the emission of the tracker and the red to the porphyrin emission.
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mechanisms were assessed using fluorescence probes (SOSG, APF, and HPF) that have
been reported to be relatively specific for the two most important ROS in PDT-induced cell
death: singlet oxygen and hydroxyl radical (figure 9). Although F2PMet produces singlet
oxygen and hydroxyl radicals, the balance between these two mechanisms definitely favors
type-I photochemistry. The least active photosensitizer, ZnF2PMet, has significantly lower
ratios of APF and HPF in comparison to SOSG activation and therefore acts more via type-
II than type-I photochemistry. It could not have been anticipated that a free base species
produces more hydroxyl radicals than a zinc chelate, a conclusion that is at least true for
the photosensitizers investigated in this work. In summary, the comparison between F2PMet
and ZnF2PMet shows that greater PDT activity toward A549 cells correlates with greater
propensity for type-I photochemistry, namely hydroxyl radical formation.

4. Conclusion

We have compared the spectroscopic and photochemical properties of free and Zn-substi-
tuted halogenated amphiphilic porphyrins. Zinc insertion into the porphyrin ring changes
the hydrophobicity, cellular localization, and the final photodynamic efficiency in vitro. The
presence of zinc decreases hydrophobicity, increases cellular uptake, but does not lead to
improved PDT efficiency although the singlet oxygen quantum yield of Zn-porphyrin is
higher than that of the free-base analog. The free-base porphyrin is localized more specifi-
cally in critical biological targets such as mitochondria and endoplasmatic reticulum and
generates both singlet oxygen and hydroxyl radicals. The photodynamic efficiency in A549
cells seems to be more closely related with the photogeneration of hydroxyl radicals than
the accumulation of photosensitizer in the cells, suggesting that having a favorable
photochemical mechanism is a key factor to achieve an improved photodynamic effect.
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