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Abstract: A Sn(IV) meso-tetra(4-methylthiolphenyl) N-confused porphyrin (4-Sn) complex was pre-
pared to facilitate a comparison of the photophysicochemical and singlet oxygen photosensitiser
properties of a series of Sn(IV) complexes of meso-4-methylthiolphenyl-substituted porphyrin, corrole,
chlorin, and N-confused porphyrin. 4-Sn has an unusually high singlet oxygen quantum (Φ∆) yield
of 0.88, markedly higher than the Φ∆ values of the other complexes in this series. A Thorlabs M660L4
LED (280 mW · cm−2) was used to study the photodynamic activity of Sn-4 against the MCF-7 cancer
cell line through irradiation at 660 nm for 30 min. The IC50 value was calculated to be 1.4 (± 0.8)
µM, markedly lower than the previously reported values for the rest of the series. Photodynamic
antimicrobial activity was also determined against Staphylococcus aureus and Escherichia coli, and 4-Sn
was found to deactivate both Gram-(+) and Gram-(−) bacteria despite the absence of cationic charges
on the ligand structure.

Keywords: N-confused porphyrins; photophysics; singlet oxygen; photodynamic therapy; photody-
namic antimicrobial chemotherapy; TD-DFT calculations

1. Introduction

Cancer is responsible for more deaths annually than AIDS, malaria, and tubercu-
losis combined, and the conventional approaches to treating it—including surgery and
chemotherapy—result in undesirable side effects. Since the mid-1970s, photodynamic
therapy (PDT) has provided an alternative non-invasive therapeutic approach for elim-
inating certain types of cancer tumours. Photoexcitation of a photosensitiser (PS) dye
generates singlet oxygen (1O2) as the main cytotoxic agent through energy transfer from
the triplet manifold, while other reactive oxygen species (ROS) can also be formed through
electron transfer reactions [1]. Photofrin®, a mixture of porphyrin oligomers, was the first
clinically-approved PS dye for PDT [2]. Unfortunately, this dye exhibits significant dark
toxicity, low renal clearance from the body, and relatively weak absorbance between 620
and 850 nm in the therapeutic window. The optical properties of biological tissue such as
absorption and scattering coefficients are wavelength-dependent. In the near-infrared (NIR)
region, H2O readily absorbs incident photons, while below 600 nm, intrinsic chromophores
and particles readily absorb and scatter incident light [2]. Consequently, PS dyes for PDT
should absorb at the red end of the visible region or at the edge of the NIR where there
is optimal tissue transmittance. Phthalocyanines primarily formed the second generation
of PS dyes since they have an intense absorption band between 650 and 700 nm [3], but
the larger benzo-fused planar ligands readily aggregate, which can negatively affect their
photophysicochemical properties.

More recently, the drawbacks of the earlier generations of PS dyes have been amelio-
rated by modifying the ligand structures to improve the singlet oxygen quantum yield,
hinder aggregation in a biochemical context, and ensure that there is intense absorbance in
the 620–800 nm region [2,4,5]. Porphyrin analogues such as chlorin e6 and Purlytin® [6–8]
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have emerged as PS dyes for PDT since they absorb appreciably in the therapeutic window.
N-confused porphyrins (NCPs) are isomers of porphyrins with a pyrrole nitrogen on the
outer ligand perimeter (Scheme 1) that were first independently reported by Furuta and
Latos-Grazyński in 1994 [9,10]. In marked contrast with normal tetraarylporphyrins, NCPs
exhibit significant absorbance at ca. 800 nm in non-polar environments, making them po-
tentially suitable for the PDT of deep-lying tumour cells [11–13]. Over the last three years,
we have reported that Sn(IV) porphyrin, corrole, chlorin, and NCP complexes [11,12,14–22]
have promising PDT and/or photodynamic antimicrobial chemotherapy (PACT) activity
properties. PACT is also sometimes referred to as antimicrobial photodynamic photoinacti-
vation (aPI). Sn(IV) complexes were selected for study since axial ligands enhance solubility
because scope for π–π stacking of the planar porphyrinoid ligand is limited, while the
singlet oxygen quantum yield (Φ∆) is enhanced due to the heavy atom effect. In this study,
we report the synthesis, characterisation, PDT and PACT [23–25] properties of a Sn(IV)
N-confused meso-tetramethylthiophenylporphyrin complex (Scheme 1).

Scheme 1. A series of Sn(IV) methylthiophenyl-substituted porphyrin, corrole, chlorin, and
N-confused porphyrin (1-Sn, 2-Sn, 3-Sn, and 4-Sn) complexes.

The main goal of the study was to facilitate a direct comparison between the PDT
activities of structurally analogous meso-4-methylthiophenyl-substituted porphyrin, corrole,
chlorin, and NCP Sn(IV) complexes (1-Sn, 2-Sn, 3-Sn,and 4-Sn) to determine which ligand
provides the most promising properties for singlet oxygen photosensitiser applications such
as PDT and PACT. We have previously reported the photodynamic activities of 1-Sn, 2-Sn,
and 3-Sn against the Michigan Cancer Foundation (MCF-7) breast cancer cell line [17,22].
The suitability of 4-Sn for use in PACT was also tested against Gram-(+) S. aureus and
Gram-(−) E. coli bacteria, so a comparison could be made with a previous study that we
reported for 3-Sn in which unusually high log10 reduction values were reported against
the latter [22].

2. Materials and Methods
2.1. Materials and Instruments

The chemicals used were obtained commercially and used as supplied, except for
pyrrole, which was distilled before use. Reagent grade triethylamine (TEA), methanesul-
phonic acid, propionic acid, pyrrole, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
4-methylthiobenzaldehyde, 1,3-diphenyl-isobenzofuran (DPBF), anhydrous MgSO4, zinc
tetraphenylporphyrin (ZnTPP), and CDCl3 for 1H NMR spectroscopy, and an MTT assay
kit were supplied by Sigma Aldrich (St Louis, MO, USA). Ethyl acetate, CHCl3, CH2Cl2,
dimethylformamide (DMF), hexanes, and CH3OH were purchased from Merck (Darmstadt,
Germany) along with the spectroscopic grade solvents used for the photophysicochem-
ical measurements; aqueous NH4OH was obtained from Minema (Johannesburg, South
Africa); SnCl2·2H2O was purchased from Fluka (Buchs, Switzerland). Type II water for
the in vitro studies was produced by an Elga (High Wycombe, UK) Purelab Chorus 2
(RO/DI) system. Dulbecco’s modified Eagle’s medium (DMEM) and phosphate-buffered
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saline (DPBS) were supplied by Lonza® (Basel, Switzerland). The MCF-7 cell line was
purchased from Cellonex® (Johannesburg, South Africa), while 100 µg/mL streptomycin-
amphotericin B, heat-inactivated fetal calf serum (FCS), 100 units/mL penicillin, and
penicillin-streptomycin-amphotericin B mix at tissue culture grade were obtained from
Biowest® (Nuaillé, France).

1H NMR spectroscopy was performed on a Bruker (Billerica, MA, USA) AMX 400 MHz
instrument. The spectra were referenced to the residual peak for CDCl3 at 7.26 ppm.
A Bruker AutoFLEX III Smartbeam TOF/TOF mass spectrometer was used in the pos-
itive mode after preparing α-cyano-4-hydroxycinnamic acid matrices to measure the
MS data. UV–visible absorption spectra were recorded with Thermo Fisher Scientific
(Waltham, MA, USA) Evolution 350-UV–Vis and Shimadzu (Kyoto, Japan) UV-2550 instru-
ments. A Varian (Palo Alto, CA, USA) Eclipse® instrument was used to measure the fluores-
cence emission spectra following excitation at the B band maxima. Fluorescence quantum
yield (ΦF) values were determined in DMF by using the comparative method with ZnTPP
(ΦF = 0.033 [26]). FTIR spectra were obtained on a Bruker Alpha IR (100 FTIR) spectrom-
eter with an attenuated total reflectance (ATR) sampling accessory. A PicoQuant (Berlin,
Germany) FluoTime 300 time-correlated single photon counting (TCSPC) instrument was
used to determine the fluorescence lifetime (τF) values at the band maxima of the emission
spectra. The FluoFit (PicoQuant) software package was used for exponential fitting of the
decay curves. The triplet state lifetime (τT) values of 4 and 4-Sn were measured on an
Edinburgh Instruments (Livingston, UK) LP980 spectrometer in DMF. The probe beam at
435 and 450 nm, respectively, was provided by the OPO of an Ekspla (Vilnius, Lithuania)
NT-342B-20-AW laser (7 ns, 2.0 mJ). The singlet oxygen quantum yield (Φ∆) values were
determined in DMF with ZnTPP (Φ∆ = 0.53 DMF [27]) as the standard and DPBF as the
1O2 trap. A Spectra-Physics (Santa Clara, CA, USA) Quanta-Ray laser and Primoscan OPO
(GWU Lasertechnik, Erftstadt, Germany) provided monochromatic light at a crossover
point between the ZnTPP spectral band and that of 4 or 4-Sn. Photostability studies were
performed in a 1 cm quartz cuvette with a Thorlabs (Newton, NJ, USA) M660L4 LED
(280 mW · cm−2) mounted onto a Modulight (Tampere, Finland) 7710-680 medical laser
system housing in a similar manner to the PDT and PACT activity measurements. Solutions
were prepared in the dark with 1 mg of 4 and 4-Sn in 6 mL of 1% dimethylsulfoxide
(DMSO)/H2O prior to transfer to tightly-sealed quartz cuvettes. The photobleaching per-
centage values reported in Table 1 were measured at the B band maxima after 30 min
of photoirradiation.

Table 1. Photophysical and photochemical parameters of 1, 1-Sn, 2, 2-Sn, 3, 3-Sn, 4, and 4-Sn in DMF.

λmax (nm) (log ε) λem (nm) ΦF τF (ns) Φ∆ τT (µs) Photo a (%) Ref.

1 426 (4.60), 517 (3.70), 552 (3.59), 591 (3.45), 651 (3.36) 660, 726 0.04 5.70 0.51 14 83 [17]
1-Sn 434 (4.60), 565 (3.64), 611 (3.63) 624, 674 0.02 0.47 0.59 214 92 [17]
2 431 (4.72), 534 (3.78), 595 (3.72), 647 (4.13) 665, 724 0.10 2.77 0.14 – 84 [17]
2-Sn 431 (4.74), 526 (3.41), 568 (3.54), 619 (3.97) 638, 697 <0.01 0.18 0.60 231 66 [17]
3 423 (5.40), 523 (4.25), 551 (4.21), 618 (4.23), 653 (4.51) 659, 722 0.05 8.49 0.40 9.0 83 [22]
3-Sn 436 (5.03), 565 (3.68), 605 (3.97), 633 (4.16) 656, 717 0.02 0.38 0.48 18 78 [22]
4 335 (4.41), 450 (5.01), 601 (3.75), 648 (3.86), 700 (3.91) 716, 770 0.02 8.50 0.28 13 97 – b

4-Sn 452 (4.93), 526 (3.44), 562 (3.71), 609 (3.75), 697 (3.87) 711 <0.01 0.27 0.88 27 93 –
a The photostability (labelled as photo) of the compounds was determined using the percentage change in
absorbance at the B band maximum after photoirradiation for 30 min under similar conditions to those used in
the photodynamic activity studies. b “–” = This work.

2.2. Synthesis and Characterisation

4. Lindsey’s method for preparing free base NCPs was used to prepare 4 [28]. Yield: 37%.
1H NMR (400 MHz, CDCl3): δ 8.96 (d, J = 4.9 Hz, 1H), 8.91 (d, J = 4.8 Hz, 1H), 8.71 (s, 1H),
8.60 (d, J = 4.9 Hz, 1H), 8.56 (d, J = 5.7 Hz, 2H), 8.30 (d, J = 8.1 Hz, 2H), 8.25 (d, J = 8.2 Hz, 2H),
8.10−8.04 (m, 4H), 7.72 (d, J = 8.3 Hz, 4H), 7.61−7.64 (m, 4H), 2.76−2.74 (m, J = 2.6 Hz, 9H), 2.72
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(s, 3H), −2.27 (br s, 2H, inner NH), −4.12 (s, 1H, inner CH) ppm. FTIR (ATR): ν cm−1 2914,
2335, 1587, 1183, 1089, 1010, 954, 794. MS (MALDI-TOF): m/z 799.80 (calc. for [M + H]+ 799.20).

4-Sn. 4-Sn was prepared by following the reported procedure [29]. 4 (50 mg, 0.63 mmol)
and SnCl2·2H2O (12.6 mmol) were heated to reflux in dry pyridine under N2 for 5 min, and
the mixture was quickly poured into cold hexane to precipitate the crude product, which was
washed three times with cyclohexane (50 mL), dissolved in CH2Cl2, and dried under reduced
pressure. The residue was chromatographed in a minimal volume of CH2Cl2 on silica gel
with 1:25 methanol (MeOH)/CH2Cl2 as the eluent affording 4-Sn after treatment with dil.
HCl. Yield: 31%. 1H NMR (400 MHz, CDCl3): δ 10.68 (s, 1H, outer NH), 8.70 (s, 1H), 8.51 (d,
J = 4.9 Hz, 1H), 8.42 (d, J = 4.9 Hz, 1H), 8.28 (s, 2H), 8.17 (d, J = 4.8 Hz, 2H), 7.92 (d, J = 8.3 Hz,
4H), 7.83 (d, J = 8.1 Hz, 2H), 7.73 (d, J = 6.5 Hz, 2H), 7.56–7.50 (m, 6H), 7.41 (d, J = 6.2 Hz, 2H),
2.71−2.69 (m, 9H), 2.66 (s, 3H) ppm. FTIR (ATR): ν cm−1 2918, 1587, 1454, 1258, 1087, 1008,
793. MS (MALDI-TOF): m/z 951.52 (calc. for [M − Cl]+ 951.25).

2.3. Dark Toxicity and Photodynamic Anticancer Activity Studies

A dark toxicity study was carried out in vitro on MCF-7 cells prior to the in vitro
PDT activity study. Cells were cultured in 75 cm2 flasks (Porvair®, Wrexham, UK) with
vented caps in DMEM supplemented with 10% heat-inactivated FCS and 4.5 g/L glucose,
phenol red, and L-glutamine and incubated at 37 ◦C in a humidified 5% CO2 atmosphere.
Subsequently, a penicillin-streptomycin-amphotericin B mix, streptomycin-amphotericin B
(100 µg/mL), and penicillin (100 units/mL) were added. Subculturing through trypsini-
sation was carried out, with trypan blue (0.4%) used to treat the detached cells. A hemo-
cytometer was used to assess their viability. Cells were seeded in tissue culture plates
(Porvair, 96 wells) in phenol-red-modified DMEM (10,000 cells/well) and incubated for
24 h at 37 ◦C under 5% CO2. DPBS (100 µL) was used twice to wash adhered cells. DMEM
(100 µL) solutions of 4 and 4-Sn (0.78−50 µM) were added, followed by 24 h incubation in
the dark, while no PS dye was added to the control cells.

The wells were rinsed twice with 100 µL of DPBS after 24 h, and phenol-red-supplemented
DMEM was added, followed by cell incubation for 24 h. The standard MTT assay [30] was used
to determine the cytotoxicity of 4 and 4-Sn by measuring the absorbance at 540 nm in DMSO
of the formazan produced with a SynergyTM multi-mode microtiter plate reader (BioTek®,
Winooski, VT, USA). The percentage of viable cells was determined via Equation (1):

% Cell viability = (Absorbance of sample)/(Absorbance of control) × 100 (1)

where cells treated with 4 and 4-Sn represent the sample, and those treated with phenol-
red-supplemented DMEM only represent the vehicle control. Incubation of the sample cells
followed the procedure described above over a 0.78−50 µM concentration range in 1% DMSO.
The media were replaced with PBS after treatment for 24 h, and the MCF-7 cells in the
plate wells were treated with 4 and 4-Sn. Photoirradiation of the plates was carried out for
30 min after mounting a 660 nm Thorlabs M660L4 LED (280 mW · cm−2) onto a Modulight
7710–680 medical laser system housing, which delivers a fluence of 504 J/cm2. Light exposure
was found to have no significant effect on cell viability in the absence of PS dye. The PBS was
replaced with 10% freshly prepared DMEM, followed by 24 h incubation. The percentage cell
viability values were assayed by the MTT protocol. IC50 values, the concentrations of dye that
promote a 50% cell kill upon incubation, and photoirradiation were determined via nonlinear
regression analysis by GraphPad (Dotmatics, Boston, MA, USA) Prism 5.

2.4. Antibacterial Studies

Photodynamic antibacterial studies were carried out with Staphylococcus aureus and
Escherichia coli (ATCC® 25923TM and 25922TM, Manassas, VA, USA). Following the instruc-
tions of the manufacturer, agar plates were used to prepare single bacterial colonies, which
were inoculated into fresh Luria nutrient broth. The E. coli and S. aureus cultures were
inserted into an incubator with shaking (200 rpm) for 6 and 0.75 days, respectively, at 37 ◦C.
A culture aliquot was added to fresh broth (4 mL) and incubated again with the optical
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density monitored at 600 nm until mid-logarithmic growth was achieved (~0.6−0.7). A
centrifuge (3000 rpm) was used for 15 min for the removal of broth culture. Stock solutions
were prepared by thrice washing the pellets of the two bacteria with PBS and suspending
them again in PBS (4 mL), followed by dilution to 1:1000 (v/v). The viable count method [31]
was used to perform the PACT activity experiments in PBS with 2% DMSO used to solubi-
lize 4 and 4-Sn. Aliquots of PS dye solution (20 µL) were added to 1.98 mL of the bacteria
suspensions to achieve PS dye concentrations of 10 and 2.5 µM for E. coli and S. aureus,
respectively, with the solutions inserted into a shaking incubator for 30 min at 37 ◦C. A
Thorlabs M660L4 LED (280 mW · cm−2) was used to irradiate 1 mL of the mixtures on
24-well plates for 0, 15, 30, 45, 60, and 75 min in a similar manner to that described above
for the PDT activity measurements, while the other 1 mL was used to provide the dark
control. Aliquots of the light and dark-treated mixtures (100 µL) were inoculated into agar
plates, which were incubated for 24 h at 37 ◦C. A Scan® 500 automatic colony counter
(Interscience, Saint Nom la Bretêche, France) was used to calculate the colony-forming unit
(CFU) values for the bacterial suspensions in units of CFU/mL.

2.5. Theoretical Calculations

The Gaussian 09 software package [32] was used to carry out geometry optimisations
for 1-Sn, 2-Sn, 3-Sn, and 4-Sn with the B3LYP functional and SDD basis sets. The TD-DFT
calculations were performed at the CAM-B3LYP/SDD level so that a larger fraction of
Hartree–Fock exchange was added at longer interelectronic separation distances [33], since
the B3LYP functional tends to underestimate the energies of excited states with significant
intramolecular charge transfer character.

3. Results and Discussion
3.1. Synthesis and Characterisation

4-Sn was prepared by using the method shown in Scheme 2. Lindsey’s method [28]
was first used to form 4. Insertion of the Sn(IV) ion was achieved in pyridine via a 300 s
reflux with excess SnCl2·2H2O under an inert N2 atmosphere. After purification by column
chromatography, 4 and 4-Sn were characterised by 1H NMR spectroscopy, MALDI-TOF
MS, and FTIR spectroscopy. The data were found to be fully consistent with the structures
of 4 and 4-Sn (Figures S1–S3). The conjugation of 4-Sn to gold and silver nanoparticles to
enhance aqueous solubility was attempted but the conjugates proved to be problematic in
terms of solubility and uptake in the context of PDT activity studies.

Scheme 2. The synthetic method used to prepare 4 and 4-Sn: (a) i. Methanesulfonic acid, DCM,
298 K (30 min); ii. TEA, DDQ, 1 min. (b) i. SnCl2·2H2O, pyridine, reflux (5 min); ii. aq. HCl.

3.2. Photophysical and Photochemical Properties

The UV–visible absorption spectra of 4 and 4-Sn in DMF are shown in Figure 1, and
the main photophysical parameters are tabulated in Table 1. Allowed and forbidden B and
Q bands were observed in the 400−470 and 500−750 nm regions, respectively. The lower
energy Q band of 4-Sn was 86 nm to the red of that of 1-Sn and gained significant inten-
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sity. This increased the suitability of 4-Sn for use as a PS dye in the therapeutic window
(620–850 nm). As described previously for the parent unsubstituted Sn(IV) NCP com-
plex [11], a large red shift of the lower energy Q band of 4-Sn was observed in less polar
solvents to ca. 800 nm (Figure S4).

Figure 1. Normalised UV–visible absorption spectra of 4 and 4-Sn in DMF.

Trends in the optical spectra of porphyrin analogues and their electronic structures
can be conceptualised using Gouterman’s 4-orbital model [34] with reference to a C16H16

2−

parent cyclic hydrocarbon perimeter with an ML = 0, ±1, ±2, ±3, ±4, ±5, ±6, ±7, 8
MO sequence in ascending energy terms based on its magnetic quantum number, ML.
Since the HOMO and LUMO have ML = ±4 and ±5 angular nodal properties, ML = ±4
→ ±5 excitations result in two spin-allowed 1Eu excited states with ∆ML = ±1 and ±9
properties. This gives rise to the allowed and forbidden B and Q bands, respectively, which
are predicted by TD-DFT calculations to provide the major spectral bands in the visible
region (Figure S5 and Table S1). Michl [35] subsequently introduced the s, a, -s, and -a
MO nomenclature for the four MOs derived from the HOMO and LUMO of the C16H16

2−

parent perimeter determined by whether an angular nodal plane (a and -a) or significant
MO coefficients (s and -s MOs) lie on the symmetry-defined y-axis (Figure 2).

Figure 2. Angular nodal patterns of the s, a, -s and -a MOs of 1-Sn, 2-Sn, 3-Sn, and 4-Sn at an isosur-
face value of 0.02 a.u and their MO energies in TD-DFT calculations at the CAM-B3LYP/SDD level.

Structure–property properties in the optical properties can be identified by identifying
trends in the relative energies of the s, a, -s, and -a MOs [35,36]. There is a large separation
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between the energies of the -s and -a MOs of 4-Sn (Figure 3), leading to what Michl [35]
described as a large ∆LUMO (similarly, the separation of the s and a MOs is described as the
∆HOMO). Lifting the orbital degeneracies of the HOMO and LUMO of the parent C16H16

2−

perimeter leads to increased intensity in the Q band region since there is a mixing of the
forbidden and allowed properties of the Q and B bands [35]. The s and -s MOs of 4-Sn are
destabilised due to the large MO coefficients on the inner carbon atom, which would otherwise
lie on an electronegative nitrogen atom. In contrast, the a and -a MOs are stabilised due to
large MO coefficients on the pyrrole nitrogen atom that lies on the outer ligand perimeter.
The MO energy changes lead to a significantly narrower HOMO−LUMO gap and a red shift
of the major spectral bands (Figure 3 and Table 1). Michl’s perimeter model predicts only a
moderate intensification of the spectral bands when ∆HOMO ≈ ∆LUMO [35].

Figure 3. MO energies for the B3LYP optimised geometries of 1-Sn, 2-Sn, 3-Sn, and 4-Sn at the
CAM-B3LYP/SDD level of theory. The s, a, -s, and -a MOs are shown with thicker grey lines, with
circles highlighting the s and -s MOs. The HOMO−LUMO gap values are plotted against a secondary
axis with red diamonds.

Porphyrin analogues with d10 configurations tend to exhibit significant fluorescence
(Table 1). The emission band for 4-Sn lies at 711 nm in DMF. Low ΦF values were calculated
for 4 and 4-Sn in DMF since intersystem crossing (ISC) to the triplet manifold is enhanced
by the heavy sulfur atoms and Sn(IV) ion [29]. TCSPC was used to calculate the τF values
of 8.50 and 0.27 ns for 4 and 4-Sn, respectively, in DMF, while τT values of 13 and 27 µs
were determined by laser flash photolysis (Table 1). The Φ∆ values of 4 and 4-Sn were
calculated in DMF by using DPBF as a 1O2 trap and ZnTPP as a standard (Figure 4). When
the Φ∆ values of the free base dyes and Sn(IV) complexes were compared (Table 1), those
of the Sn(IV) complexes were higher due to increased ISC related to the heavy atom effect.
It is noteworthy that 4-Sn had a significantly more favourable Φ∆ value of 0.88, which was
significantly higher than those of the other Sn(IV) complexes [17,22], since this enhances
the suitability of the complex for photosensitiser applications. In contrast, free base NCP 4
had a relatively low Φ∆ value of 0.28, which was only higher than the relatively low value
reported previously for 2 [17].
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Figure 4. The photodegradation of DPBF in the presence of 4-Sn in DMF at 20 s intervals after
photoexcitation at the cross-over with the ZnTPP standard with monochromatic laser light. The inset
provides linear trends observed in ∆Absorbance against time.

PS dyes are susceptible to degradation by 1O2 generated by photoirradiation, so
the percentages of photodegradation resulting from the optical setup that was applied
during the PDT activity studies were determined. 4 and 4-Sn exhibited a higher level of
photostability than what was reported previously for the other free base dyes and Sn(IV)
complexes [17,22], with only 7% of photobleaching observed for 4-Sn. This enhances the
suitability of this complex for PS dye-related biomedical applications.

3.3. Photodynamic Therapy

The MTT assay was used to determine the PDT activity properties of 4 and 4-Sn at
concentrations between 0.8 and 50 µM against the MCF-7 cell line after photoirradiation
with a Thorlabs 660 nm LED (see Figure S6 for the emission profile) against a dark control.
The cytotoxic studies demonstrated that 4 and 4-Sn were essentially non-toxic in the dark
with IC50 values >50 µM (Figure 5). In contrast, there was high photocytotoxicity after
illumination with the 660 nm LED. 4 was found to have an IC50 value of 27.9 µM (Table 2).

Figure 5. Cytotoxicity of 4 and 4-Sn against MCF-7 cells after 24 h of incubation in the dark (solid
black circle), and following illumination with a Thorlabs 660 nm LED (280 mW · cm−2) for 30 min
(hollow red circle) with a fluence of 504 J/cm2. Error bars represent the mean standard deviation.
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Table 2. IC50 and phototoxicity index (PI) values of 1, 1-Sn, 2, 2-Sn, 3, 3-Sn, 4, and 4-Sn and other
Sn(IV) porphyrin, corrole, chlorin, and NCP complexes that have previously been reported in the
literature against MCF-7 cancer cells.

IC50 Dark a IC50 Light b
PI

LED λ Time Dose
Ref.(µM) (µM) (nm) (min) (J·cm−2)

1 >50 >50 – 625 30 432 [17]
1-Sn >50 12.4 (± 1.2) >4.0 625 30 432 [17]
(3-pyridyloxy)2 Sn(IV) tetraphenylporphyrin >50 18.7 (± 1.1) >2.7 625 20 288 [14]
(3-pyridyloxy)2 Sn(IV) tetrathien-2-ylporphyrin >50 5.6 (± 1.1) >8.9 625 20 288 [14]
2 >50 >50 – 625 30 432 [17]
2-Sn >50 8.9 (± 0.6) >5.6 625 30 432 [17]
Sn(IV) triphenylcorrole >50 13.1 (± 0.2) >3.8 625 30 432 [16]
Sn(IV) trithien-2-ylcorrole >50 3.2 (± 0.1) >15.6 625 30 432 [16]
3 >50 7.8 (± 0.9) >6.4 660 30 504 [22]
Tetraphenylchlorin >25 15.8 (± 1.2) >1.6 660 15 252 [20]
Tetrathien-2-ylchlorin >25 3.5 (± 1.1) >7.1 660 15 252 [20]
Tetra-5-bromothien-2-ylchlorin >25 2.7 (± 1.0) >9.3 660 15 252 [20]
3-Sn >50 3.9 (± 0.9) >12.8 660 30 504 [22]
Sn(IV) tetrathien-2-ylchlorin >25 0.9 (± 0.1) >27.8 660 30 504 [21]
4 >50 27.9 (± 0.8) >1.8 660 30 504 – c

N-confused tetraphenylporphyrin >25 >25 – 660 30 504 [11]
4-Sn >50 1.4 (± 0.8) >35.7 660 30 504 –
Sn(IV) N-confused tetraphenylporphyrin >25 1.6 (± 0.2) >15.6 660 30 504 [11]

a 24 h incubation in the dark; b 24 h incubation in the dark followed by exposure to 625 or 660 nm Thorlabs
M625L3 and M660L3 LEDs (240 or 280 mW · cm−2); c “–” = This work.

Previously, an N-confused meso-tetrakis(p-sulfonatophenyl) porphyrin tetrasodium
salt was reported to have a significantly lower IC50 value of 12 nM, probably due to
enhanced uptake related to sulfonation [13]. In a similar manner to what was reported
recently for 3 and 3-Sn [22], metallation with a Sn(IV) ion to form 4-Sn resulted in a
twentyfold decrease in the IC50 value due to the heavy atom effect (Table 2). The IC50 value
for 4-Sn of 1.4 µM was comparable to the value of 1.6 µM previously reported for the parent
Sn(IV) NCP complex [11]. In a similar manner to the Sn(IV) NCP in 1% DMSO/water [11],
no obvious signs of aggregation were observed spectroscopically for 4-Sn in 1% DMSO/PBS
due to the presence of trans-axial ligands (Figure S6). It is noteworthy that 4-Sn had lower
IC50 and higher phototoxicity index (PI) values than those previously reported [17,22] for
the analogous porphyrin (1-Sn), corrole (2-Sn), and chlorin (3-Sn) complexes (Table 2).

3.4. Photodynamic Antimicrobial Chemotherapy

To determine whether 4 and 4-Sn are suitable for use as PS dyes in the treatment of
bacterial infections on the skin or in soft tissues, in vitro PACT studies were undertaken
against both Gram-(+) S. aureus and Gram-(−) E. coli bacteria with the same optical setup
with a Thorlabs 660 nm LED used for the PDT activity studies in the deep-red of the
visible region. This helps to enhance the penetration of light in the phototherapeutic
window [37,38]. Concentration related optimisation studies were carried out for the PS
dyes with a 75 min (1260 J/cm−2) photoirradiation time (Figure 6). The concentrations of
2.5 and 10 µM were determined to be appropriate for further experiments on S. aureus and
E. coli, respectively. Appropriate control studies provided evidence that the 2% DMSO used
to solubilise the PS dyes in PBS did not affect the bacteria. The 4-Sn treated S. aureus and
E. coli at the selected concentrations exhibited negligible decreases in % bacterial survival
during the dark control experiments (Figure 7).



Photochem 2023, 3 322

Figure 6. The effect of 4-Sn in 2% DMSO/PBS on S. aureus and E. coli after 75 min (1260 J/cm−2) of
illumination with a 660 nm Thorlabs LED. C denotes the control experiment with no PS dye. Error
bars represent the mean standard deviation.

Figure 7. The percentage bacterial viability in the dark for 75 min for S. aureus and E. coli after
incubation with 4-Sn at concentrations of 2.5 and 10 µM, respectively. Error bars represent the mean
standard deviation.

A log10 reduction in the CFU/mL value of 3 or above has been defined by the FDA
of the United States as being required for a PS dye to be considered as an antimicrobial
agent [39,40]. The log10 reduction value for 4-Sn in the dark towards E. coli was 0.042
after 60 min (Table 3), while the equivalent value for S. aureus was 0.032. In contrast, after
illumination with a 660 nm Thorlabs LED, there was a marked decrease in the survival of
both E. coli and S. aureus (Figure 8 and Table 3.) It can be concluded from the log10 reduction
values that 4-Sn performed significantly better than 4 after 75 min of photoirradiation.
Since 1O2 is generally understood to be the main cytotoxic agent in this context, 4-Sn would
be expected to generate more 1O2 than its parent free base due to an enhanced rate of ISC
caused by the central heavy metal ion [41] and its higher Φ∆ value (Table 1).
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Table 3. Log10 reduction values for 3, 3-Sn, 4, and 4-Sn and free base tetraarylchlorins previously reported.

Concentration Log10 Reduction Conc. Log10 Reduction Time a Ref.

µM S. aureus µM E. coli Min

3 2.5 10.6 10 0.35 75 [22]
3-Sn 2.5 10.5 10 8.74 75 [22]
4 2.5 2.1 10 0.30 75 –
4-Sn 2.5 10.5 10 1.57 75 –
4-Sn – – 15 8.74 75 –
4-Sn – – 20 8.74 75 –
Tetrathien-2-ylchlorin b 2.5 7.22 15 4.98 60 [20]
Tetra-5-bromothien-2-ylchlorin b 2.5 7.42 15 8.34 60 [20]
Tetraphenylchlorin b 2.5 1.18 15 0.02 60 [20]

a Illumination time with a 660 nm Thorlabs LED (280 mW · cm−2) mounted onto a Modulight 7710-680 medical
laser system housing. b Illumination with a 660 nm Thorlabs LED (280 349 mW · cm−2) for 60 min at PS dye
concentrations of 2.5 and 15 µM for S. aureus and E. coli, respectively.

Figure 8. The effect of 4 and 4-Sn on the growth of (a) S. aureus and (b) E. coli after illumination with
a 660 nm Thorlabs LED (280 mW · cm−2) for 75 min (1260 J/cm−2) at concentrations of 2.5 and 10 µM,
respectively, monitored at 15 min intervals. The bacteria before light irradiation provide the control.
Error bars represent the mean standard deviation.

Higher log10 reduction values were obtained for 4 and 4-Sn against S. aureus when
compared to the data for E. coli (Table 3). Most neutral PS dyes reported in the literature
have shown better activity against Gram-(+) bacterial strains compared to Gram-(−) be-
cause of the extra outer membrane present in Gram-(−) [42,43], although there are some
exceptions [44]. It is noteworthy that incubation with 3-Sn was previously reported to
inactivate Gram-(−) E. coli with an 8.74 log10 reduction [22]. Park et al. had previously
carried out PACT activity studies against S. aureus, E. coli, and other bacterial strains with
chlorin e6 and found that it was highly active towards S. aureus but not against E. coli [45].
In contrast, high log10 reduction values were reported for tetrathien-2-ylchlorin and tetra-
5-bromothien-2-ylchlorin in a subsequent study by Mack and coworkers, which were
reported after 60 min illumination with a 660 nm Thorlabs LED against E. coli (Table 3) [20].
It was, therefore, highly significant that 3-Sn also exhibited high PACT activity against E.
coli. [22]. This was attributed to the presence of sulfur atoms in the meso-aryl groups.

4-Sn exhibited a relatively low log10 reduction value of 1.57 against E. coli at 10 µM
(Figure 8 and Table 3). The Φ∆ value of 4-Sn was determined to be 0.88 (Table 1) compared
to a value of 0.48 for 3-Sn. Although 1O2 is understood to be the main photocytotoxic
species, this demonstrates that other factors such as localisation into target cellular struc-
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tures can be as important as 1O2 generation in shaping the PACT activity properties [46].
It is highly noteworthy, however, that log10 reduction values of 8.74 were successfully
achieved in the initial concentration studies with 4-Sn at 15 and 20 µM after 75 min
(Figure 6 and Table 3) despite the absence of cationic charges in the structure.

4. Conclusions

The Sn(IV) complex of N-confused tetra(4-methylthiolphenyl) porphyrin was synthe-
sised and characterised. A comparison with the photophysicochemical, PDT, and PACT
activity data previously reported for the corresponding porphyrin, corrole, and chlorin
complexes (Tables 1–3) makes it clear that Sn(IV) NCPs merit further in-depth study for
application as PS dyes for PDT and PACT. The significant absorbance that NCPs exhibited
in the 700−800 nm range is particularly significant in an African context because melanin
absorbs more strongly at the red end of the visible region where most commercial PS dyes
for biomedical applications absorb. The PACT activity experiments provide evidence that
the Sn(IV) complexes of NCP dyes with sulfur atoms on the meso-aryl rings may be useful
for treating both Gram-(−) and Gram-(+) bacterial strains despite the absence of cationic
charges in the structure.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/photochem3030019/s1, Figure S1: MALDI-TOF MS data
for (top) 4 and (bottom) 4-Sn; Figure S2: 1H NMR spectra of (a) 4 and (b) 4-Sn in CDCl3; Figure
S3: FTIR spectra of (a) 4 and (b) 4-Sn; Figure S4: Normalised UV–visible absorption spectra of 4-Sn
in DMF and CHCl3; Figure S5: Calculated TD-DFT spectra for the B3LYP optimised geometries of
1-Sn, 2-Sn, 3-Sn, and 4-Sn at the CAM-B3LYP/SDD level of theory; Table S1: TD-DFT spectra for the
B3LYP/SDD optimised geometries of 1-Sn, 2-Sn, 3-Sn, and 4-Sn calculated with the CAM-B3LYP
functional and SDD basis sets; Figure S6: (a) Absorption spectra of 4-Sn in 1% DMSO/PBS, (b) the
emission profile of the Thorlabs M660L4 LED.
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