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Preparation of NIR absorbing axial substituted
tinĲIV) porphyrins and their photocytotoxic
properties†
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John Mack *a and Tebello Nyokong a

SnĲIV) porphyrins ([SnĲIV)TTPĲ3PyO)2] (5) and [SnĲIV)TPPĲ3PyO)2] (6) [tetrathienylporphyrin (TTP), tetra-

phenylporphyrin (TPP), and pyridyloxy (PyO)]) were prepared and characterized and their photocytotoxicity

upon irradiation with 625 nm light has been studied. The presence of the 3PyO axial ligands was found to

limit the aggregation and enhance the solubility of 5 and 6 in DMF/H2O (1 : 1). The photophysical properties

and photodynamic therapy (PDT) activity of the meso-2-thienyl and meso-phenyl-substituted SnĲIV) por-

phyrins are compared. 5 and 6 were found to be photocytotoxic in MCF-7 cancer cells when irradiated

with a Thorlabs M625L3 LED at 625 nm but remained nontoxic in the dark. The PDT activity of SnĲIV)

meso-tetra-2-thienylporphyrin 5 was found to be significantly enhanced relative to its analogous tetra-

phenylporphyrin 6. There is a marked red-shift of the Q00 band of 5 into the therapeutic window due to

the meso-2-thienyl rings, and 5 has an unusually high singlet oxygen quantum yield value of 0.83 in DMF.

The results demonstrate that readily synthesized axially ligated SnĲIV) meso-arylporphyrins are potentially

suitable for use as singlet oxygen photosensitizers in biomedical applications and merit further in depth in-

vestigation in this context.

Introduction

Porphyrins are a class of tetrapyrrolic compounds with 18
delocalised π-electrons, which are found to have a wide range
of applications, due to their intense absorption and emission
bands in the visible region. Different strategies have been
studied to functionally modify the porphyrin core to make it
more suitable for use in applications such as catalysis, solar
photovoltaic cells, chemical sensors, and electrochemical
devices.1–4 In recent years, there has been growing interest in
the use of a wide range of different porphyrin derivatives in
photodynamic therapy (PDT).5,6 Photofrin®, the first commer-
cially available PDT drug, is an oligomeric mixture of porphy-
rin derivatives which absorbs relatively weakly in the thera-
peutic window (620–850 nm) where there is maximum light
penetration in tissue and its use can leave the skin photo-
sensitized for prolonged periods.7–9 Efforts were subsequently

made to develop a second generation of photosensitizer dyes
that absorb more strongly in the therapeutic window.10 A sig-
nificant drawback of using highly planar monomeric
porphyrinoid ligands and their metal complexes in this con-
text has been their tendency to form H-aggregates.11,12 Por-
phyrins and other porphyrinoids that have been considered
for use in PDT, such as phthalocyanines12e–h and
naphthalocyanines,12i,j can form supramolecular assemblies
through π–π stacking and this can limit their solubility in
aqueous solvents and complicate their intravenous adminis-
tration. Different approaches have been developed to prevent
the aggregation-induced deactivation of porphyrin excited
states. The axial substitution of metal porphyrins with bulky
groups helps to block porphyrin ligands from approaching
one another thus preventing aggregation.12d,13–17 Heavy dia-
magnetic metal ions, e.g. Zn2+, Sn4+, Pd2+ and In3+, are pre-
ferred in this context since they promote intersystem crossing
(ISC) and hence the energy transfer from the triplet manifold
to dioxygen to form singlet oxygen.18,19

The meso-substituents of tetraphenylporphyrins (TPPs)
greatly influence their physicochemical properties. The sub-
stituents which can extend the delocalization of the
π-electrons in the porphyrin core tend to absorb at longer
wavelengths since there is a narrowing of the HOMO–LUMO
gap. The main Q and B (or Soret) bands of meso-thienyl-
substituted porphyrins have been reported to lie at longer
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wavelengths than those in the spectra of conventional tetra-
phenylporphyrins.20,21 Replacing a six-membered phenyl ring
with a smaller five-membered 2-thienyl group enhances the
free rotation of the meso-aryl substituent, and this results in
a stronger interaction with the π-system of the porphyrin
macrocycle and makes aggregation in solution more likely.
Since an effective PDT agent should absorb strongly in the
therapeutic window, it is important to enhance the absorp-
tion of the Q bands of the porphyrin ring in this spectral re-
gion.22,23 With this goal in mind, the aim of this study was to
prepare and characterize the SnĲIV) complexes of meso-2-
thienyl-substituted porphyrins (TTPs) with 3-pyridyloxy (3PyO)
axial ligands [SnĲIV)ĲTTP)Ĳ3PyO)2] (Scheme 1) and to study
their photophysical properties and PDT efficiency. To further
explore the effect of introducing 2-thienyl rings, the analo-
gous phenyl-substituted SnĲIV) porphyrin [SnĲIV)ĲTPP)Ĳ3PyO)2]
was prepared to provide a control compound.

Results and discussion
Synthesis and structural characterization

Free base TTP (1) and TPP (2) were prepared from the corre-
sponding aldehydes.20a SnĲIV) tetraarylporphyrins with
trans-dihydroxy axial ligands [(SnĲIV)ĲPor)ĲOH)2)] (3 and 4)
were prepared by treating the free base porphyrins with SnCl2
·2H2O in pyridine followed by hydrolysis with excess aqueous
ammonia (Scheme 1).24 3 and 4 were then heated at reflux in
CHCl3 for 4 h with two equivalents of 3-hydroxypyridine to
yield axially ligated target compounds 5 and 6 in quantitative
yield. The target compounds were isolated and purified by
neutral alumina column chromatography and characterized
by MALDI-TOF MS, 1H NMR, UV-visible absorption and emis-
sion spectroscopy. The dyes were found to be highly soluble
in polar solvents such as dimethylformamide (DMF) and di-
methylsulfoxide (DMSO), however. Attempts were made to
quaternize the pyridine nitrogens of the axial ligands, but
these proved unsuccessful.

The aromatic protons of the 3PyO axial ligands resonate at
a higher field than those of the porphyrin ligand in the 1H
NMR spectra of 5 (Fig. S1, see the ESI†), since the axial ligand
experiences strong shielding from the ring current of the por-
phyrin macrocyle.25,26 Integration of the pyridine ring proton
signals confirmed that the stoichiometry of the axial ligation
is 2 : 1. The MALDI-TOF mass spectrum of 5 (Fig. S2, see the
ESI†) contains a major molecular ion peak corresponding to
[Sn-3PyO]+ with a minor [Sn-(3PyO)2]

+ peak corresponding to
the loss of one and two axial ligands, respectively.25,26

Photophysical properties

The UV-visible absorption spectra of free base porphyrins 1
and 2 and SnĲIV) porphyrins 5 and 6 are shown in Fig. 1, and
their photophysical data are summarized in Table 1. The free
base porphyrin spectra contain an intense B band and four
weak Q bands. The Q and B bands of the TTP compounds
are red-shifted compared to those of TPP (Fig. 1), due in part
to the easier free rotation of the meso-aryl rings. As is usually
the case upon metallation, only two Q bands are observed in
the spectra of the SnĲIV) porphyrins due to the four-fold sym-
metry (Fig. 1). The absorption maximum of 5 is red-shifted to
613 nm, which falls on the edge of the therapeutic window.
The absorption spectra of SnĲIV) porphyrins 3 and 4 that have
the hydroxyl rather than the 3PyO axial ligands exhibited sim-
ilar absorption maxima (Fig. S3, see the ESI†) to those of 5
and 6, respectively. This demonstrates that the axial substitu-
tion does not have a significant influence on the optical prop-
erties and electronic structures of the SnĲIV) porphyrins.

The free base and SnĲIV) porphyrins fluoresce when excited
at their B band maximum. The fluorescence quantum yield
(ΦF) values in Table 1 show that the meso-thienyl free base
and SnĲIV) porphyrins are only weakly emissive with emission
bands that are red-shifted compared to their meso-phenyl
porphyrin analogues. The decrease in the ΦF and fluores-
cence lifetime (τF) values for 2-thienyl-substituted porphyrins
can be attributed primarily to the heavy atom effect arising
from the presence of four sulfur atoms on the periphery of
the porphyrin ring. The fluorescence spectra of free base
meso-thienyl porphyrin and 5 contain broad emission bands
(Fig. 1), whereas those of the phenyl analogues contain two
well-resolved emission bands. Interestingly, metallation with
a central SnĲIV) ion decreases the ΦF value drastically com-
pared to the free porphyrin analogues, due to the heavy atom
effect. The transient absorption curve of 5 was recorded in
DMF (Fig. S4, see the ESI†) and the triplet state lifetime (τT)
was determined to be 7.7 μs. The stability of the SnĲIV)

Scheme 1 Synthetic route for SnĲPor)Ĳ3PyO)2 complexes.

Fig. 1 UV-vis spectra of (a) free base porphyrins 1 and 2, and (b) SnĲIV)
porphyrins 5 and 6 in DMF (TOP). Emission spectra of (c) free base
porphyrins 1 and 2, and (d) SnĲIV) porphyrins 5 and 6 in DMF with λex
set at the B band maximum (BOTTOM).
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porphyrins was studied in DMF by using the UV-visible ab-
sorption spectroscopic technique. There was no change in
the spectral features of the compounds over 4 h.

Aggregation studies

Aggregation due to π–π stacking is a commonly encountered
issue with macrocyclic complexes such as porphyrins and
metal porphyrins, and this is problematic since it facilitates
internal conversion to the ground state, which suppresses the
rate of ISC and in turn decreases the singlet oxygen genera-
tion ability. Various methodologies have been adopted to
suppress aggregation. The incorporation of axial ligands
through metal bonding prevents the metal porphyrins from
approaching each other thereby suppressing the aggregation.
The SnĲIV) ion of 5 and 6 has a high affinity towards pheno-
late ligands, which bind in a trans-axial mode. This enables
the preparation of 5 and 6 with the 3PyO axial ligands.

The presence of two trans-axial ligands prevents the aggre-
gation of 5 and 6. The UV-visible absorption spectra of 5 and
6 were measured at different concentrations in dimethyl-
formamide (DMF) to prove this hypothesis. As shown in
Fig. 2, the spectra of 5 and 6 are typical of those observed for
non-aggregated metal porphyrins, with narrow and intense B
bands at 426 and 441 nm, respectively, and Q00 bands at 598
and 613 nm. The spectra were found to strictly obey the
Beer–Lambert law, suggesting that these complexes exist only
as monomers in DMF solution. In contrast, the analogous
free base porphyrin structures exhibit marked deviations
from linearity at higher concentrations due to aggregation
(Fig. S5, see the ESI†). Aggregation studies were also carried
out in 1 : 1 DMF/H2O (v/v) for both the free base and SnĲIV)
porphyrins (Fig. 3). Broadened and less intense B bands were
observed in the free base porphyrin spectra as would usually
be anticipated in this context due to aggregation. In contrast,
no changes were observed in the spectra of the axially
substituted SnĲIV) porphyrins in 1 : 1 DMF/H2O (v/v), so it is
reasonable to conclude that metalation with tin and axial li-
gation above and below the porphyrin ring play an important
role in preventing aggregation even in the presence of
smaller 2-thienyl meso-aryl rings.

Theoretical calculations

A series of DFT and TD-DFT calculations were carried out
using the Gaussian 09 software package.27 The electronic
structures of the porphyrins can be understood in the context
of the Gouterman's 4-orbital model28,29 which describes the

optical properties in terms of a 16 atom 18 π-electron system
on the inner ligand perimeter arranged in an ML = 0, ±1, ±2,
±3, ±4, ±5, ±6, ±7 and 8 sequence in ascending energy terms.
The HOMO and LUMO of the C16H16

2− parent hydrocarbon
perimeter have ML = ±4 and ±5 properties, respectively, and
the ΔML = ±1 and ±9 transitions between these orbitals give
rise to allowed B and forbidden Q bands, respectively.

In the context of the Michl's perimeter model,30 the four
frontier π-MOs derived from the HOMO and LUMO of the
parent hydrocarbon perimeter are referred to as the a, s, −a
and −s MOs (Fig. 4), respectively, depending on whether
there is a nodal plane (a or −a MOs) or large MO coefficients
(s or −s MOs) aligned with the y-axis. This nomenclature aids
the comparison of the electronic structures of porphyrin-
related molecules with differing symmetries. When the pre-
dicted MO energies of 1, 2, 5 and 6 are compared (Fig. 4), it
becomes clear that there is a narrowing of the average

Table 1 Selected physicochemical data of free base and SnĲIV) porphyrins in DMF

λmax (nm)

λem (nm) ΦF

τF
(ns)

τT
(μs) ΦΔB band Q bands

1 H2TTP 428 523, 562, 597, 660 670, 728(sh) 0.02 1.26 9.0 0.55
2 H2TPP 418 513, 548, 589, 644 652, 715 0.13 11.48 9.6 0.42
5 [SnĲIV)TTPĲ3PyO)2] 441 568, 613 637, 694(sh) <0.01 1.76 7.7 0.83
6 [SnĲIV)TPPĲ3PyO)2] 426 559, 598 607, 660 0.04 5.42 5.1 0.60

Fig. 2 UV-visible absorption spectra of (a) 5 and (b) 6 at different
concentrations in DMF. The inset plots show the B-band absorbance
vs. concentration of the metal porphyrin.
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HOMO–LUMO gaps of 1 and 5 relative to those of 2 and 6
when the four MOs derived from the HOMO and LUMO of
the parent hydrocarbon perimeter are taken into consider-
ation, due to the incorporation of the meso-thienyl rings.
There is a destabilization of the a MO relative to the s, −a
and −s MOs, since it lacks large MO coefficients on the
meso-carbons and this results in a narrowing of the HOMO–
LUMO gap and a significant red shift of the Q and B bands
(Fig. 5), making the dye more suitable for use as a photosen-
sitizer in the therapeutic window.

Singlet oxygen generation

Singlet oxygen is one of the major cytotoxic agents that is
produced by irradiation of photosensitizer dyes during

PDT.5a,23a The singlet oxygen generation efficiencies of the
free base and SnĲIV) porphyrins were evaluated in DMF by
using 1,3-diphenylisobenzofuran (DPBF) as a singlet oxygen
scavenger. Zinc tetraphenylporphyrin was used as the refer-
ence compound, Table 1. The singlet oxygen quantum yield
value of the free base meso-thienyl-substituted porphyrin (ΦΔ

= 0.55) is higher than that of their meso-phenyl substituted
analogues (ΦΔ = 0.42). The presence of four heavy sulfur
atoms enhances the rate of ISC and increases the population
of the T1 state. The ΦΔ value of SnĲIV) porphyrin 5 (ΦΔ = 0.83)
is substantially higher than the corresponding free base por-
phyrin, due to the heavy atom effect associated with the cen-
tral metal ion. A similar trend is observed for 6 and the free
base tetraphenylporphyrin. It is clear from Table 1 that 5 is a
more efficient photosensitizer than its phenyl analog 6. The
incorporation of 2-thienyl groups at the meso-position results
not only in a significant red shift of the Q bands but also in a
significant increase in the ΦΔ value, thus making the dye
more suitable for use in PDT.

PDT studies

The in vitro photocytotoxic potential of SnĲIV) porphyrins 5
and 6 was determined by using the WST-1 assay (Fig. 6) on
human breast adenocarcinoma (MCF-7) cells based on a pro-
tocol reported in the literature.32 The concentration range
studied was from 3.1 to 50 μM. The SnĲIV) porphyrins were
dissolved in media containing <0.5% DMSO and were ini-
tially treated and incubated for 24 h in the dark at 37 °C. A
Modulight® ML7200 series illumination source set-up fitted

Fig. 3 UV-visible absorption spectra of (a) 5 and (b) 6 in DMF (blue)
and 1 : 1 DMF/H2O (v/v) (red).

Fig. 4 The angular nodal patterns and energies of the a, s, −a and −s
MOs of 5 (TOP). MO energies for 1, 2, 5 and 6 at the CAM-B3LYP/SDD
level of theory (BOTTOM). Occupied MOs are highlighted with small
back squares and large red diamonds are used to denote the HOMO–

LUMO band gaps and are plotted against a secondary axis. Black
squares are used to highlight the s MOs.

Fig. 5 Calculated TD-DFT spectra for B3LYP-optimized geometries of
1, 2, 5 and 6 at the CAM-B3LYP/SDD level of theory. Red diamonds are
used to highlight the Q and B bands of Gouterman's 4-orbital model.28

Simulated spectra were generated using the Chemcraft program with
a fixed bandwidth of 2000 cm−1.31 Details of the calculations are pro-
vided in Table S1, see the ESI.†
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with a Thorlabs M625L3 LED for 10 and 20 min (625 nm, 144
and 288 J cm−2) was used for the in vitro PDT treatment. Ap-
propriate dark controls were used to determine whether there
was any dark toxicity. Interestingly, both 5 and 6 exhibited
minimal dark toxicity over the entire concentration range
that was studied.

The IC50 values are given in Table 2 along with those of
the Photofrin and cisplatin drugs. It was found that 20 min
of irradiation resulted in better photocytotoxicity than 10
min for both 5 and 6. As anticipated, the meso-thienyl-
substituted compound 5 exhibited a significantly greater PDT
activity than its tetraphenyl-substituted analogue 6 with IC50

values of 5.6 and 18.7 μM, respectively, for 20 min of irradia-
tion time. This demonstrates that incorporating 2-thienyl
rings has a highly significant impact on the photocytotoxicity
towards the MCF-7 cells as was anticipated given its higher
ΦΔ value, low aggregation in solution and enhanced absor-
bance of the Q band in the therapeutic window relative to 6.
Since low dark toxicity and high photocytotoxicity are two of
the main criteria for PDT agents, the results, when combined

with the aggregation studies, demonstrate that structurally
modified SnĲIV) tetraarylporphyrin complexes similar to 5
merit further consideration for use in PDT.

Determination of the photodynamic activity (PA) by using
uric acid (UA) as a chemical dosimeter

The photodynamic activity (PA) of photosentizers, PS (1, 2, 5,
and 6), were studied by the uric acid method.34 Uric acid is
known to react with singlet oxygen to form triuret, sodium
oxalate, allantoxaidin and CO2. Uric acid absorbs in the
UV region (λmax = 288 nm in 1 : 1 DMF/H2O), and has no
absorption band where free base porphyrins (1, 2) and tin
porphyrins (5, 6) absorb, which assures the photosensi-
tizers as the unique light absorber species. The 1O2 pro-
duced by the PS degrades uric acid when the mixture of
UA and PS is irradiated by 625 nm light from the
Thorlabs M625L3 LED. This is monitored by the decrease
in the absorption band of UA at 288 nm.

The decay curves of UA in the solution containing a mix-
ture of 5 and UA are characterized by the decrease in the ab-
sorption at 288 nm with irradiation time (Fig. 7), and a simi-
lar behavior was observed for 6. The absorption bands of 5
and 6 remain unchanged after irradiation which demon-
strates that these dyes are photostable under these irradia-
tion conditions. The decrease in uric acid absorption at 288
nm is greater for 5 compared to 6 (Fig. 7c) which shows that
5 is more efficient in producing singlet oxygen due to the dif-
ference in absorbance values at 625 nm. Although the free
base porphyrins (TTP and TPP) exhibit similar behavior (Fig.
S6, see the ESI†), there is clear evidence of aggregation in the
spectra recorded for 1 in 1 : 1 (DMF/H2O), due to the absence
of a central metal ion with axial ligands, which would be-
come even more problematic as the fraction of water is in-
creased in the context of cell studies. The photodynamic ac-
tivity (PA) values were determined by Fischer's expression
from the decay curve and are given in Table 2.34a The PA
value of 5 is still higher than that of 6 when the difference in
absorbance is factored in. The results are in agreement with
those derived from the DPBF method in DMF.

Experimental
Materials

Ultra-pure water was obtained from a Milli-Q water system
(Millipore Corp, Bedford, MA, USA). DMF and trypan blue

Fig. 6 Cytotoxicity of a) 5 and b) 6 in MCF-7 cells after 24 h of incu-
bation in the dark followed by photo-irradiation at 625 nm with a
Thorlabs M625L3 LED as determined with the WST-1 assay. The results
for the dark-treated cells are depicted as black circles, while those for
the photoexposed cells are given as blue (10 min) and red triangles (20
min).

Table 2 IC50 values of 5 and 6 with other relevant compounds in the dark and after 10 and 20 min of photoirradiation in MCF-7 cancer cells, photody-
namic activity values derived in 1 : 1 DMF/H2O, and comparable values * for Photofrin® and cisplatin33

IC50 (μM) darka IC50 (μM) 10 minb IC50 (μM) 20 minb PA (m2 s W−1)

5 >50 18.6 (±1.2) 5.60 (±1.1) 0.7
6 >50 >50 18.7 (±1.1) 0.4

a The IC50 values for 5 and 6 after 24 h of incubation in the dark without any photoexposure. b The IC50 values of 5 and 6 after 24 h of
incubation in the dark followed by photoexposure to a 625 nm Thorlabs M625L3 LED (240 mW cm−2) for 10 and 20 min. *Photofrin® has an
IC50 value of 1.0 (±0.1) μM (2 h of exposure; white bulb; fluence rate: 5.5 × 10−2 mW cm−2) in MCF-7 cells.33a *Cisplatin has an IC50 value of 2.0
(±0.3) μM for 96 h of treatment in MCF-7 cells.33b
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were purchased from Sigma Aldrich. Cultures of the MCF-7
cell were obtained from Cellonex®. 10% (v/v) heat-inactivated
fetal calf serum (FCS), and 100 unit per mL penicillin–100 μg
per mL streptomycin–amphotericin B were obtained from
Biowest®. Dulbecco's phosphate-buffered saline (DPBS) and
Dulbecco's modified Eagle's medium (DMEM) were pur-
chased from Lonza®.

Equipment

UV-visible absorption and fluorescence emission spectra were
measured on a Shimadzu UV-2550 spectrophotometer and a
Varian Eclipse spectrofluorimeter using a 360–1100 nm filter.
The fluorescence lifetimes were measured using a time-
correlated single photon counting set-up (FluoTime 300,
Picoquant GmbH) with a diode laser (LDH-P-670,
Picoquant_GmbH, 20 MHz repetition rate, 44 ps pulse
width). The triplet state lifetimes and transient absorption
curves were recorded in DMF at 480 or 500 nm using an Ed-
inburgh Instruments LP980 spectrometer and an Ekspla NT-
342B laser to provide an excitation wavelength of 425 nm.
The MS data were collected on a Bruker® AutoFLEX III
Smart-beam TOF/TOF mass spectrometer using α-cyano-4-
hydrocinnamic acid as the matrix in the positive ion mode.

Cell studies – dark toxicity

The cultures of the MCF-7 breast cancer cell lines were grown
in DMEM containing L-glutamine and phenol red,
supplemented with 10% heat-inactivated FCS and 100 unit
per ml penicillin–100 μg per ml streptomycin–amphotericin
B. The cells were grown in a T75 flask and incubated at 37 °C
and 5% CO2, until a cell confluence of 80–100% was
achieved. A fluorescence LED inverted microscope was used

to view the cells under phase contrast (Zeiss-AxioVert). Fol-
lowing which the cells were rinsed with DPBS and lifted
using trypsin. The cells were then counted using a hemocy-
tometer upon the addition of 50 μl of DPBS and 100 μl trypan
blue and cultured (from a known volume). The cells were
seeded and allowed to attach in 100 μl of supplemented
DMEM containing phenol red in a 96-well tissue culture
plates at a density of around 10 000 cells per well, and the
cells were then incubated at 37 °C and 5% CO2 for 24 h. After
this time, the attached cells were rinsed with 100 μl DPBS,
followed by the addition of 100 μl cultured medium
containing gradient concentrations of the respective com-
pounds. The control cells were given fresh supplemented (or
with 0.1–0.8% DPBS or DMSO in) placebo medium. The
plates were re-incubated at 37 °C and 5% CO2 in the dark for
24 h. Following this, the wells were then rinsed with 100 μl
DPBS; the medium was replaced with a fresh one and the
cells were incubated overnight.

Photodynamic therapy test

The PDT effects were determined by incubating the attached
cells seeded as above with gradient concentrations of 5 and 6
in a 96-well plate at a density of 10 000 cells per well in the
culture medium (100 μl). The plate was incubated at 37 °C
and 5% CO2 in the dark for 24 h, and the plate was then
washed with 100 μl DPBS and the medium was replaced with
supplemented DMEM without phenol red. The 96-well plate
was irradiated using the illumination kit of a Modulight®
7710-680 medical laser fitted with a Thorlab M625L3 light
emitting diode that was found to provide an irradiance of
240 mW cm−2 (measured with a Coherent FieldmaxII TOP en-
ergy/power meter fitted with a Powermax PM10 sensor). The
irradiation time was varied between 10 and 20 min. After irra-
diation, the medium was replaced with a fresh one
containing phenol red. The surviving cells were quantified 24
h after treatment using the WST-1 assay (from Roche®),
which is known to be a sensitive assay for evaluating toxicity
and cell proliferation in monolayer cultures. The absorbance
of the cells was determined by using a Synergy 2 multi-mode
microplate reader (BioTek®) at an excitation wavelength of
450 nm. The cytotoxicity of the test compounds was mea-
sured as the percentage ratio of the absorbance of the treated
cells to the untreated controls. The IC50 values were deter-
mined by nonlinear regression analysis by using GraphPad
Prism 5 software.

Uric acid – photodynamic activity (PA)

In order to verify the photodynamic activity of compounds,
the uric acid test was carried out.34 An equal volume of UA
(4.3 μg mL−1) and sensitizer (0.15 μg mL−1) was mixed and il-
luminated (Thorlabs M625L3 LED, 625 nm, I0 = 240 mW
cm−2, t = 1500 s). The absorbance of the mixture is measured
at regular intervals of time after irradiation. The photody-
namic activity of the photosensitizer was determined in units
of m2 s W−1 following the decrease of UA absorbance at 288

Fig. 7 Absorption spectra of (a) UA + 5 and (b) UA + 6 in DMF/H2O (1 :
1) after different irradiation times with 625 nm light. (c) Decay curves
of the UA absorption band at 288 nm as a function of the irradiation
time for UA + 5 (solid red triangles) and UA + 6 (solid blue circles). The
wavelength of irradiation obtained using the Thorlabs M625L3 LED
(625 nm) is marked by an asterisk.
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nm (ΔAUA) as a function of irradiation time (t) by using eqn
(1):33

PA = (ΔAUA × 105)/(I0·t·APS) (1)

where I0 corresponds to the light intensity (mW cm−2), and
APS is the absorbance of the photosensitizer in the test mix-
ture at the irradiation wavelength.

Synthesis

Free base tetrathienylporphyrin and tetraphenylporphyrin
and the [(SnĲIV)ĲPor)ĲOH)2)] complexes were prepared by using
a previously reported procedure.20a,24

Synthesis of 5 and 6: 1 equiv. of [(SnĲIV)ĲPor)ĲOH)2)] was
dissolved in a minimal volume of dry CHCl3 and an excess of
3-hydroxypyridine was added. The mixture was refluxed for 4
h and the completion of the reaction was monitored by UV-
visible absorption spectroscopy by following the red shift of
the B band. The solvent was evaporated, and the resulting
residue was purified on a neutral alumina column by using
9 : 1 CHCl3/MeOH (v/v) as the eluent to give the target com-
pounds 5 and 6 as purple solids.

[SnĲIV)ĲTTP)Ĳ3PyO)2] (5):
1H NMR (CDCl3, 600 MHz): δ 2.20

(2H, d), 3.25 (2H, d), 5.62 (2H, m), 7.06 (2H, d), 7.56 (4H, m),
7.95 (8H, d), 9.31 (8H, s). MS (MALDI-TOF): m/z calcd for [Sn-
3PyO]+ 849.99; found 850.27. [Sn-(3PyO)2]

2+ 755.96; found
756.19.

[SnĲIV)ĲTPP)Ĳ3PyO)2] (6):
1H NMR (CDCl3, 600 MHz): δ 2.20

(2H, d), 3.24 (2H, d), 5.61 (2H, m), 7.03 (2H, d), 7.82 (12H,
m), 8.21 (8H, d), 9.16 (8H, s). MS (MALDI-TOF): m/z calcd for
[M]+ 920.19; found 920.72.

Conclusions

As has been reported previously, the incorporation of
meso-thienyl rings results in a significant red shift of the Q
and B bands of the porphyrin ligand. A SnĲIV) complex with
bulky 3-pyridyloxy axial ligands was found to have an unusu-
ally high ΦΔ value of 0.83 and does not exhibit aggregation
properties in polar solvents such as DMF and 1 : 1 DMF/wa-
ter. When its photodynamic therapy activity was tested in me-
dia containing <0.5% DMSO by using the WST-1 assay on
MCF-7 cells, there was clear evidence of enhanced photo-
cytotoxicity relative to the analogous tin tetraphenylporphyrin
complex. Further studies with other easily synthesized axially
ligated SnĲIV) tetraarylporphyrin complexes with unusually
high ΦΔ values are underway to identify dyes of this type that
can provide superior absorption properties in the therapeutic
window through a further red shift of the Q00 band. This
should enable the use of lower light doses comparable to
those that are required with the existing photosensitizer dyes
that have been approved for clinical use. The axial ligands
can also be modified to incorporate suitable targeting groups
for selective accumulation in neoplastic tissues.
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