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Exocyclically metallated tetrapyridinoporphyrazine
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therapy†
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We report the first exocyclically metallated tetrapyridinoporphyrazine, [tetrakis-(trans-Pt(NH3)2Cl)-tetra(3,4-

pyrido)porphyrazine-zinc(II)](NO3)4 (4), synthesized in a multistep synthesis starting from 3,4-pyridinedicar-

bonitrile (1). The synthetic procedure involved a platination reaction of the intermediate tetra(3,4-pyrido)

porphyrazine-zinc(II) (2), whereby the zinc(II) enhanced the solubility of the intermediate enabling the plati-

nation reaction. A similar approach to synthesize [tetrakis-(trans-Pt(NH3)2Cl)-tetra(3,4-pyrido)porphyrazine]

(NO3)4 (5) failed due to the unsuitable solubility properties of the intermediate tetra(3,4-pyrido)porphyrazine

(3). The final product 4 and the intermediates were characterized, the photochemical and photophysical

properties were determined and the photocytotoxicities were investigated. We demonstrate that the plati-

nated tetra-pyridinoporphyrazine 4 is a potential photosensitizer for photodynamic therapy (PDT).

Introduction

Photodynamic therapy (PDT) is a powerful therapeutic method
that utilizes a photosensitizer (PS), activated by light, to create
irreversible damage to the target tissue. PDT is widely used for
the treatment of a variety of premalignant and malignant
diseases.1–8 Besides being a valuable therapy in oncology, it is
applied as a treatment for localized infections, arterial dis-
eases and menorrhagia.9 The non-invasive nature of the treat-
ment together with the possibility for spatial and temporal
control, lack of cumulative toxicity and compatibility with
other treatment methods render PDT a very attractive thera-
peutic method for different types of cancer.2,9

PDT uses three main components; a PS, light of a specific
wavelength, and molecular oxygen in the tissue. The PS is intro-
duced into the organism where it accumulates in the tissue to
be treated. Further, the tissue-localized PS is excited from its
singlet ground state (S0) to the first excited state (S1) by light of

an adequate wavelength. After undergoing intersystem crossing
(ISC) from the S1 state, the energetically lower long-lived triplet
state (T1) of the PS can generate singlet oxygen (1O2) and/or
other reactive oxygen species (ROS) while the PS relaxes to its
ground state.10 The generated ROS cause cellular damage
leading to the induction of cell death pathways.1,4

An ideal PS should exhibit a high chemical stability, low
dark toxicity, specificity to the target tissue as well as strong
electronic transition intensities between 650 nm and 850 nm,
referred to as the phototherapeutic window.11 Wavelengths
shorter than 650 nm display low tissue penetration and wave-
lengths longer than 850 nm are unable to induce the ROS-
creating PS pathways due to a lack of energy.9 Additionally, the
PS requires amphiphilic properties for the transportation
inside the body and cellular uptake.3,11 Current PDT limit-
ations are mostly attributed to PSs with absorption ranges
below 650 nm, resulting in a low tissue penetration of the
required light. Furthermore, in vivo accumulation of PSs due
to hydrophobic interactions results in a reduced cellular
uptake, lowering the efficiency of the treatment.12,13

Our group has previously reported the synthesis of exocycli-
cally tetraplatinated porphyrins.14 These compounds displayed
high phototoxic indexes (PI) against cancer cells, high singlet
oxygen quantum yields (ΦΔ) and a relevant cellular uptake.14

However, porphyrins are known to exhibit twenty times
higher excitation coefficients in the blue region of the electro-
magnetic spectrum compared to the red region that lies in the
phototherapeutic window.8,11,15 To counter these PDT limit-
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ations of porphyrins, we propose the investigation of exo-
cyclically platinated tetra(pyrido)porphyrazine-based PSs.
Tetra(pyrido)porphyrazines and phthalocyanines are planar
aromatic macrocycles related to porphyrins and they display
an exceptional stability as well as a strong light absorption
around 670 nm, rendering them ideal for PDT in terms of
absorption properties.10

In order to counter their high aggregation tendency and
low solubility in aqueous media, we propose the exocyclic pla-
tination of tetra(pyrido)porphyrazines which induces a four-
fold positively charged character. The exocyclic platination
constitutes an alternative to the incorporation of hydrophilic
side groups.1 Cationic porphyrazines were previously reported
to exert an antibacterial effect and Zimcik and co-workers have
reported a twelvefold cationic tetra(pyrido)porphyrazine,
which displays an excellent dark to light toxicity ratio.16,17

Additionally, various pyridyl-substituted porphyrazines, which
were coordinated to palladium or platinum, are reported in
literature.18–21 However, to the best of our knowledge, no exo-
cyclically metallated tetra(pyrido)porphyrazines have been
reported so far.

Cisplatin is a known and extensively used chemotherapeu-
tic drug for the treatment of different cancer types including
ovarian and testicular cancer, whereby it induces cytotoxicity
by interfering with the DNA replication.14,22 Hence, in addition
to improving the PDT efficiency, the exocyclic platination of
tetra(pyrido)porphyrazines can render the compound a poten-
tial dual chemotherapeutic agent.14 Upon intravenous admin-
istration, cisplatin maintains a relatively stable neutral state
and forms cationic aqua complexes after cellular uptake due to
the lower intracellular chloride concentration. These positively
charged aqua complexes are unable to diffuse out of the cell
and bind to intracellular targets, most notably DNA, which
constitutes the main target.23 Therefore, the platination of PSs
could lead to a higher accumulation of the PS in cancerous
cells, resulting in a more efficient treatment. Current clinically
used platinum(II) drugs show side effects such as nephrotoxi-
city, ototoxicity, hepatotoxicity and cardiotoxicity. Moreover,
they are ineffective against certain cancer types due to intrinsic
or acquired resistance and these limitations call for new
improved platinum(II)-based chemotherapeutic agents.14,24

In our previous study, a porphyrin coupled to transplatin
showed the highest efficiency.14 Similarly, we reacted tetra(3,4-
pyrido)porphyrazines with four equivalents of transplatin,
resulting in the synthesis of [tetrakis-(trans-Pt(NH3)2Cl)-tetra-
(3,4-pyrido)porphyrazine-zinc(II)](NO3)4 (4). The compound
was characterized for its photochemical and photophysical
properties along with photocytotoxicity, DNA-binding constant
and intracellular localization in HeLa cells.

Results and discussion
Synthetic procedures

The syntheses of two tetra(3,4-pyrido)porphyrazines were exe-
cuted with 3,4-pyridinedicarbonitrile (1) as starting material,

resulting in tetra(3,4-pyrido)porphyrazine-zinc(II) (2)25–27 and
29H,31H-tetra(3,4-pyrido)porphyrazine (3).28 Both syntheses
were carried out according to literature reports, 2 as reported
by Dupouy et al.27 and 3 was synthesized according to the pro-
cedure reported by Ramirez et al.28 (Scheme 1).

Both tetra(3,4-pyrido)porphyrazines were synthesized in a
one-step synthesis, with DBU acting as base, catalyzing
the reactions. The main difference is the presence of
Zn(OAc)2·2H2O in the synthesis of 2, resulting in zinc(II) acting
as a template to facilitate the cyclotetramerization, which is
reflected in the in the high yield of 64%. During the formation
of 3 however, the lack of a metal ion lead to the formation of
various polymers. This resulted in a lower yield of 3 (28%)
compared to 2.

During the reaction, DBU deprotonates the alcohol which
then undertakes a nucleophilic attack on both the nitrile
groups, leading to two different intermediates. Hence, the
cyclotetramerization process leads to four different regio-
isomers of 2 and 3 (Fig. 1).

A reaction mechanism for the synthesis of phthalocyanines
from phthalonitriles was proposed by Tomoda et al.29 This
mechanism is equivalent to the synthesis of the tetra(3,4-
pyrido)porphyrazines reported in this work and is shown in
the ESI (Scheme S1†).

The presence of 2 and 3 was confirmed with IR and UV-Vis
spectroscopy as well as with (+)-ESI-MS and EA. Due to the low
solubility emerging from the large conjugated aromatic
systems of both tetra(3,4-pyrido)porphyrazines, 2 and 3 could
not be characterized by 1H-NMR and 13C-NMR spectroscopy.
This is a known limitation, as no NMR data were reported for
both 2 and 3 in literature so far.25–28 Characterization of 2 by
1H-NMR spectroscopy was reported by Szulbinski et al.,25

however, the corresponding data could not be found in the
publication.

In a second step, 2 and 3 were further used to synthesize the
two tetraplatinated compounds [tetrakis-(trans-Pt(NH3)2Cl)-
tetra(3,4-pyrido)porphyrazine-zinc(II)](NO3)4 (4) and [tetrakis-
(trans-Pt(NH3)2Cl)-tetra(3,4-pyrido)porphyrazine](NO3)4 (5).
Transplatin (6) was used for both reactions and was pre-acti-
vated with AgNO3 in DMF according to our previously reported
procedure.14 The formed [trans-Pt(NH3)2Cl]NO3 (7) was then
used for the tetraplatination of both tetra(3,4-pyrido)porphyra-
zines 2 and 3 (Scheme 2).

The platination approach with DMF as solvent was suc-
cessful in the case of 4 with a yield of 48%. The same platina-
tion approach failed in the case of 5 due to the low solubility
of 3. A further approach involving the use of an EtOH/DMF
mixture as solvent for the tetraplatination of 3 was similarly
unsuccessful. This indicates that in contrast to the tetra-
platinated 5,10,15,20-tetra(4-pyridyl)porphyrin compounds14

reported previously by our group, free base tetra(3,4-pyrido)-
porphyrazines exhibit a too low solubility to be used for plati-
nation reactions. Therefore, we propose the investigation of
exocyclically tetraplatinated metallo-tetra(pyrido)porphyra-
zines as potential PSs for PDT, as the presence of zinc(II)
enhanced the solubility and enabled a exocyclic platination
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of 2 compared to its free base analogue 3. The presence of 4
could be verified by IR, UV-Vis and 195Pt-NMR spectroscopy
as well as by (+)-ESI-MS and EA. The (+)-ESI-MS and
195Pt-NMR spectrum clearly indicate the formation of 4 as the
only platinated species. The 195Pt-NMR spectrum of 4 is
shown in the ESI (Fig. S1†).

Photochemical and photophysical properties

UV-Vis absorbance spectra of both the non-platinated tetra-
(3,4-pyrido)porphyrazines 2 and 3 as well as the tetraplatinated
compound 4 were measured in DMF. The comparison of the
absorbance spectra of 2 and 3 shows a similar absorption spec-
trum with two Q-bands at 663 and 674 nm in the case of 2 and
at 660 and 669 nm for 3, respectively. Also, the B-band is simi-
larly located at 380 nm in the case of 2 compared to 388 nm in
the case of 3. The absorbance spectrum of 4 shows that the
platination redshifts both the B-band and Q-bands, leading to
a B-band at 402 nm and two Q-bands at 680 and 692 nm in the
case of 4. The superimposed UV-Vis spectra of 2, 3 and 4 are
shown in Fig. 2.

Fluorescence emission spectra of 2, 3 and 4 were measured
in DMF. The superimposed normalized fluorescence emission
spectra are shown in Fig. 3. All three tetra(3,4-pyrido)porphyra-
zines were excited at 640 nm. The fluorescence emission
maxima of the three compounds are similar showing values
of 680 nm, 678 nm, 678 nm for 2, 3 and 4, respectively.
Compared to the UV-Vis absorption spectra, a red-shift is
observed in the case of the non-platinated tetra(3,4-pyrido)por-
phyrazines 2 and 3 and a small blue-shift was observed in the
case of 4.

Fluorescence emission lifetimes (τ) of 2, 3 and 4 were
measured as solutions in DMF with a 640 nm excitation wave-
length (Table 1). All three samples 2, 3 and 4 showed similar τ
around 3.00 ns (τ = 3.06 ns for 2, 2.99 ns for 3 and 2.80 ns
for 4). These values suggest that metallotetrapyridinoporphyra-
zines and free base tetrapyridinoporphyrazines do not differ in
fluorescence emission lifetimes and that the exocyclic platina-

Fig. 1 The four regioisomers formed during the syntheses of 2 and 3.

Scheme 1 Syntheses of tetra(3,4-pyrido)porphyrazine-zinc(II) (2) and 29H,31H-tetra(3,4-pyrido)porphyrazine (3).27,28
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Scheme 2 Synthetic procedure for the synthesis of [tetrakis-(trans-Pt(NH3)2Cl)-tetra(3,4-pyrido)porphyrazine-zinc(II)](NO3)4 (4) and the attempted
synthesis of [tetrakis-(trans-Pt(NH3)2Cl)-tetra(3,4-pyrido)porphyrazine](NO3)4 (5).

Fig. 2 UV-Vis absorbance spectra for 2 (green), 3 (blue) and 4 (red) (c =
6.0 × 10−5 M) measured in DMF.

Fig. 3 Normalized fluorescence emission spectra of 2 (green), 3 (blue)
and 4 (red) measured in DMF with a 640 nm excitation wavelength.
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tion does not shorten the lifetime of metallotetrapyridinopor-
phyrazines considerably.

Fluorescence quantum yields (Φf ) of 2, 3 and 4 were
measured in DMF with an excitation wavelength of 640 nm
(Table 1). The determined Φf values were 0.15 ± 0.02 for 2, 0.07
± 0.02 for 3 and 0.01 ± 0.02 for 4. A major difference was
observed for the Φf of 4 and its non-platinated precursor 2,
with 2 showing a Φf 14-times larger than 4. This difference is
attributed to the attached platinum nuclei in the case of 4.
Platinum(II) is reported to induce a heavy atom effect when
attached to the photochemical system of a PS leading to larger
percentages of ISC and hence, a smaller percentage of relax-
ation through fluorescence emission.30,31 This behavior is
desired in the case of PSs for PDT as a higher rate of ISC and
relaxation through ROS production renders a PS more
efficient. This underlines an additional beneficial property of
platinated PSs for PDT, next to the improved solubility in
aqueous media, improved cellular uptake and potential dual
chemotherapeutic effect.

The singlet oxygen quantum yields (ΦΔ) of 2, 3 and 4 were
determined based on the phosphorescence of the emerging
singlet oxygen (1O2) at 1270 nm (Table 1). All three com-
pounds were dissolved in DMF-d7 and excited at 630 nm, as
deuterated solvents were reported to increase the 1O2 lifetime,
leading to a more precise determination of the ΦΔ values.32

ΦΔ values of 0.21 ± 0.02 and 0.06 ± 0.01 were obtained for 2
and 3, respectively, which is in line with the Φf results, as the
aggregation of 3 in DMF is higher compared to 2, leading to
smaller quantum yield values. The low ΦΔ prevents 3 from
being an efficient PS, meanwhile the ΦΔ of 2 justifies further
optimization through platination. Interestingly, no phosphor-
escence at 1270 nm from generated 1O2 was observed in the

case of compound 4. This indicates that the tetraplatination
has an effect on the type of ROS species produced by the PS,
as the non-platinated precursor 2 was able to produce 1O2 in
contrast to 4. To verify that 4 undergoes another mechanism
upon irradiation leading to the production of other ROS
species such as hydroxyl radicals that do not exhibit phos-
phorescent properties at 1270 nm, intracellular ROS pro-
duction experiments were performed with 4.

Photostability experiments of 2, 3 and 4 were measured in
DMF. The solutions used for the UV-Vis data were remeasured
after one week under light exclusion and for a second time
after an additional week in day light. In both measurements,
no significant decay was observed, indicating that 2, 3 and 4
are photostable in solution (Fig. S2†).

Photocytotoxicity experiments

In vitro photocytotoxicity assays were carried out to evaluate
the anti-cancer activity of 2 and 4 (Fig. 4). As the nucleus regu-
lates gene expression and controls replication during cell
cycle, (light-induced) DNA damage caused by the PS inhibits
the cell division in cancer cells, leading to one of the various
cell death pathways.1,4 IC50 values of 2 and 4 were determined
in the HeLa cell line in the dark as well as after irradiation
with light to investigate the photocytotoxicity of 2 and 4. The
IC50 values of 2 turned out to be relatively high (34 μM in the
dark and 28 μM after irradiation with light), resulting in a
phototoxic index (PI) of 0.8, which indicates that compound 2
lacks a significant photocytotoxicity. Conversely, 4 showed a
lower IC50 value not only after light irradiation but also in the
dark (12 μM in the dark and 1.6 μM after irradiation with
light), resulting in a PI of 7.5. These results show, that 4 acts
as a dual chemotherapeutic agent, as the dark toxicity IC50

value of 4 is almost three times lower compared to 2 due to the
DNA-binding ability of the attached platinum complexes, indu-
cing at the same time a photocytotoxicity that was not
observed in the case of compound 2. A comparison experiment
with the well-known chemotherapeutic drug cisplatin (CisPt)
showed that CisPt exhibits an even higher IC50 value (17.9 μM)
under light exclusion compared to 4, while not showing any
photocytotoxicity after irradiation with light as expected
(17.4 μM). These results underline the dual chemotherapeutic
effect of 4 and show that single digit micromolar concen-
trations of 4 are able to induce photocytotoxicity.

Table 1 Photochemical and photophysical parameters of 2, 3 and 4
measured in DMF respectively DMF-d7 in the case of ΦΔ values

Substance 2 3 4

B-Band (λab.) 380 nm 388 nm 402 nm
Q-Bands (λab.) 663/674 nm 660/669 nm 680/692 nm
Fluorescence
(λex. = 640 nm)

680 nm 678 nm 678 nm

τ [ns] (λex. = 640 nm) 3.06 2.99 2.80
Φf (λex. = 640 nm) 0.15 ± 0.02 0.07 ± 0.02 0.01 ± 0.02
ΦΔ 0.21 ± 0.02 0.06 ± 0.01 0

Fig. 4 Results of dose-dependent cell viability assays of 2 (a), 4 (b) and CisPt (c) in HeLa cells. Cells were incubated with either 2, 4 or CisPt for 4 h
and subsequently treated with red light for 20 min. Cell viability was determined using resazurin after 72 h.
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A comparison of the PI values of both tetrapyridinoporphyr-
azines 2 and 4 with other porphyrazines reported in literature
is shown in Table 2. The selection of compounds was based on
the usage of similar light intensities for the determination of
the PI values. The comparison shows that 2 is indeed not
applicable as a potential photosensitizer for PDT, as it lacks
photocytotoxicity. On the contrary compound 4 shows photo-
cytotoxicity, however the PI value is rather small compared to
other porphyrazines reported in literature.33–35 This is attribu-
ted to the low dark toxicity value of 4, as none of the compared
porphyrazines was designed to cause a dual chemotherapeutic
effect. Therefore, the PI value of 4 is not directly comparable
with the values reported for these porphyrazines.

The intracellular localization of 4 was investigated using
fluorescence microscopy (Fig. 5 and S3†). HeLa cells were
treated with 4 (50 μM, red), stained with Hoechst 33258 (blue,
showing the nucleus) and imaged using high resolution con-
focal laser scanning microscopy (CLSM). The results show that
4 is taken up by the cancer cells from the extracellular environ-
ment within 2 h. Compound 4 mainly accumulates in the
nucleus, suggesting that 4 interacts with DNA, leading to sub-
sequent DNA damage and resulting in photocytotoxicity.
Additionally, no staining of the cytoplasmic or nuclear mem-
branes by compound 4 was detected.

The DNA-binding ability of 4 was determined with an ethi-
dium bromide (EB) intercalator displacement assay (Fig. 6).
The competition of 4 with EB for intercalating sites on ctDNA
was investigated by fluorescence emission during an EB displa-
cement titration. The competitive binding of 4 was calculated
as the apparent binding constant Kapp using fluorescence
spectra of EB (2 μM) saturated with ctDNA (100 μM) in a 9 : 1
PBS/DMF solvent mixture similar to our previous publication14

using eqn (E1) reported by Boger et al.37

Kapp ¼ KEB
½EB�
½4� : ðE1Þ

In (E1), KEB is the binding constant for EB (KEB =
1.0 × 107 M−1), [EB] designates the concentration of EB (2 μM)
and [4] designates the concentration of 4 at 50% quenching of
the ctDNA bound EB fluorescence emission.

The fluorescence emission of the intercalated EB at 600 nm
(λex = 546 nm) was monitored with stepwise increase in con-
centration of 4, whereby the fluorescence emission intensity of
the intercalated EB spectrum decreased as a result of the com-
petitive intercalating of 4 in ctDNA. A quenching of 50% of the
ctDNA bound EB fluorescence emission was observed at a
photosensitizer concentration of 13.8 μM, resulting in a Kapp

of 1.4 × 106 M−1. This binding constant shows a weaker inter-
calation activity for ctDNA compared to EB while neglecting
the crosslinking activity of 4 that is not present in EB.

Further, we investigated whether the phototoxicity exhibited
by 4 could be attributed to increased intracellular ROS levels
(Fig. 7 and S4†). HeLa cells were treated with 12 μM of 4 and
subjected to irradiation by the same light as used for the
photocytotoxicity assays. The ROS levels were detected using
2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA) fol-
lowed by fluorescence-activated cell sorting (FACS) analysis.
The non-fluorescent H2DCF-DA is converted into fluorescent
2′,7′-dichlorohydrofluorescein (DCF) upon oxidation by intra-
cellular ROS produced by photoactivation of the PS.5,38 Cells
treated with 4, displayed significantly higher ROS levels after
light irradiation, compared to treatment with light irradiation
alone or 4 alone (Fig. 7 and S4†). The data demonstrates that
photoactivation of 4 increases the percentage of cells display-
ing an increased ROS level by more than 27-fold compared
with the treatment of 4 in the dark, leading to the observed
photocytotoxicity. The increased ROS levels following light
irradiation demonstrate, despite the lack of detection of 1O2 in
the ΦΔ measurements, that 4 produces ROS species other than
1O2 to induce photocytotoxicity.

Table 2 A comparison of phototoxic indices (PI) of porphyrazine compounds reported in literature

Cpd. Cell line Dark toxicity Light toxicity Light source PI Ref.

Pz-PB A431 >60 μM 20 μM LED, λ 615–635 nm, 10 J cm−2 >3 36
Zn10 HeLa 105 μM 0.26 μM Xe lamp, λ > 570 nm, 11 J cm−2 404 33
2 HeLa 34 μM 28 μM Halogen lamp, λ > 600 nm, 6.96 J cm−2 0.8 This work
4 HeLa 12 μM 1.6 μM Halogen lamp, λ > 600 nm, 6.96 J cm−2 7.5 This work
Pz1 HSC-3 >10 μM 0.13 μM LED, λ 690 nm, 3.6 J cm−2 >77 34
Pc 5 HSC-3 >10 μM 0.022 μM LED, λ 690 nm, 3.6 J cm−2 >455 35

Fig. 5 The intracellular localization of compound 4 in HeLa cells. Cells
were incubated with compound 4 for 2 h prior to imaging. Confocal
images of cells doubly stained with Hoechst 33258 (a), 4 (b), wide-field
(c) and merged images (d) are presented.
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n-Octanol/water distribution

The n-octanol/water system has been widely used as a measure
of lipophilicity/hydrophilicity in modelling biological par-
tition/distribution to evaluate the distribution of potential
drug candidates in vivo.39 The distribution of compounds 2
and 4 in an n-octanol/PBS (pH 7.4) system was determined
using the shake-flask method and quantified using
RP-UPLC-ESI-MS (Fig. S5†).40 The results showed that 2 is
strongly lipophilic, as the compound was not detected in the
PBS phase and showed complete accumulation in the
n-octanol phase. This is in line with the known aqueous solu-
bility-based limitations of similar compounds such as zinc
phthalocyanine.41 Conversely, the tetraplatinated compound 4
only accumulated in the aqueous phase while not being detect-
able in the n-octanol phase. This shows that the platination-
induced fourfold positively charged character enhances the
hydrophilicity, rendering the compound usable in aqueous

systems such as the human body. Additionally, the high hydro-
philicity of 4 is advantageous for fast renal clearance and to
overcome issues connected with prolonged photosensitivity
after treatment.13

Experimental

The chemicals used were obtained from Acros Organics,
Chempur, Fluorochem, Fluka and Sigma-Aldrich, solvents
used for analysis were of reaction grade (Emsure), the remain-
ing solvents were of technical grade (Honeywell). Reactions
were monitored for completion by analysing a small sample by
TLC. Thin layer chromatography (TLC): Merck TLC plates silica
gel 60 on aluminium with the indicated solvent system; the
spots were visualized by UV light (254 nm and 366 nm). UV-Vis
spectra: Specord® 250 PLUS spectrophotometer (Analytic Jena);
λmax in nm. Fluorescence emission spectra: FLS900 fluo-
rescence spectrometer (Edinburgh Instruments); λmax in nm.
Fluorescence emission lifetime measurements were carried
out on a FLS900 fluorescence spectrometer (Edinburgh
Instruments) using an EPL-Laser (picosecond pulsed diode
laser) for excitation and a cooled micro-channel plate
photomultiplier (MCP-PMT) for single photon counting.
Fluorescence quantum yields (Φf ) were determined on a
FLS900 fluorescence spectrometer (Edinburgh Instruments)
using a F-M01 Integrating Sphere Assembly (Edinburgh
Instruments) and the corresponding software (Edinburgh
Instruments). Samples were measured as solutions in 1 cm
quartz cells. IR spectra: SpectrumTwo FT-IR Spectrometer
(PerkinElmer) equipped with a Specac Golden Gate™ ATR
(attenuated total reflection) accessory; applied as neat
samples; 1/λ in cm−1. 195Pt-NMR spectra in the indicated
solvent mixture; Bruker AV-500 (107.5 MHz); δ in ppm rel. to
K2PtCl6 in D2O (δ 0). High-resolution electrospray mass spectra
(HR-ESI-MS) were recorded on a maXis QTOF-MS instrument
(Bruker). Samples were dissolved in an appropriate solvent at a
concentration of around 1 µmol mL−1 and analyzed via con-
tinuous flow injection (2 μL min−1). The mass spectrometer

Fig. 6 Observed change in the fluorescence emission spectrum and at 600 nm of ctDNA bound EB with increasing concentration of 4.

Fig. 7 Intracellular ROS levels in HeLa cells treated with 12 μM com-
pound 4 for 4 h, irradiated with red light for 20 min. The ROS signal is
indicated as DCF fluorescence, measured using the BL1 channel (exci-
tation 488 nm, emission 530 nm) on an Attune NxT Cytometer and is
plotted against side scatter (SSC). The results are an average of three
independent experiments and the error bars represent standard
deviation.
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was operated in the positive electrospray ionization mode at
4000 V capillary voltage, −500 V endplate offset, with a N2

nebulizer pressure of 0.8 bar and dry gas flow of 4 l min−1 at
180 °C. Mass spectra were acquired in the mass range from
m/z 50 to 2000 at 20 000 resolution (full width at half
maximum) and 1.0 Hz rate. The mass analyzer was calibrated
between m/z 118 and 2721 using an Agilent ESI-L low concen-
tration tuning mix solution (Agilent) at a resolution of 20 000
and a mass accuracy below 2 ppm. All solvent used were pur-
chased in best LC-MS qualities. Elemental analysis was per-
formed on a LECO Truespec CHNS(O)-microanalyser.
RP-UPLC-ESI-MS spectra of the compounds were measured on
an Acquity Waters UPLC system coupled to Bruker HCT™
(Bremen) for the MS measurements, equipped with a DAD
detector and an auto sampler using an Acquity UPLC BEH C18
analytical column (1.7 μm, 50 × 2.1 mm). The LC run (flow
rate: 0.6 mL min−1) was performed with a linear gradient of
solvent A (distilled H2O containing 0.1% v/v formic acid) and
solvent B (CH3CN (Sigma-Aldrich HPLC-grade)); t = 0–0.5 min,
5% B; t = 0.51–4 min, from 95% A (5% B) to 0% A (100% B); t =
4–5 min, 0% A, 100% B. UV-Vis detection was collected at
388 nm and 402 nm. Light irradiation experiments (except for
the singlet oxygen quantum yield (ΦΔ) determination) were
performed using a Reflecta Diamator AF 2006 IR Hobby Line
250 W projector with a 600 nm long pass filter (square of
60 mm and 1 mm thick, Fig. S6†).

Synthetic procedures

Synthesis of tetra(3,4-pyrido)porphyrazine-zinc(II) (2).25–27

A 100 mL two-necked round bottom flask, connected to a
reflux condenser, was charged with n-pentanol (7.5 mL),
Zn(OAc)2·2H2O (92.2 mg, 0.42 mmol) and 3,4-pyridinedicarbo-
nitrile (1, 200 mg, 1.55 mmol). The mixture was stirred under
a N2 atmosphere at 100 °C for 10 min, afterwards DBU
(0.23 ml, 1.55 mmol) was added dropwise and the mixture was
stirred at 160 °C for 18 h. After completion of the reaction, the
mixture was cooled to 23 °C and cyclohexane (40 mL) was
added, then the mixture was kept at 23 °C for 2 h. The formed
precipitate was filtered and washed with H2O (20 mL) and
hexane (20 mL) to afford a dark solid, which was further puri-
fied. The solid was dissolved in MeOH (20 mL) and stirred at
40 °C for 1 h before H2O (30 mL) was added dropwise at 23 °C
to precipitate the product, which was filtered and recovered
with MeOH (20 mL). Finally, 2 was obtained as a dark blue
solid (150 mg, 0.03 mmol, 64%) upon drying in vacuo.

Spectroscopic data of 2: IR (Golden-Gate, [cm−1]): 1663w
(CvN), 1598m (CvC), 1571m, 1483m, 1428w, 1389m, 1336w,
1246m, 1189w, 1156w, 1073s, 1013s, 946w, 885m, 832m, 785w,
751m, 739s, 656w. UV-Vis (DMF, [nm], (log(ε [M−1 cm−1]))):
λmax 388 (4.6), 603 (4.3), 663 (4.9), 674 (4.9). Fluorescence emis-
sion (DMF, [nm]): λmax 680 (λex 640). (+)-ESI-MS: 581 (100,
[M + H]+). Anal. calc. for C28H12N12Zn·H2O·MeOH (631.91): C
55.12, H 2.87, N 26.60; found: C 54.76, H 2.28, N 26.36.

Synthesis of 29H,31H-tetra(3,4-pyrido)porphyrazine (3).28

A 50 mL two-necked round bottom flask, connected to a reflux
condenser, was charged with n-octanol (16 mL) and 3,4-pyr-

idinedicarbonitrile (1, 300 mg, 2.33 mmol). The mixture was
stirred at 100 °C for 10 min, afterwards DBU (1.40 mL,
9.32 mmol) was added dropwise and the mixture was heated
to 185 °C for 40 min with stirring. The reaction mixture was
then stirred at 185 °C for 2 h. After completion of the reaction,
the mixture was cooled to 23 °C and the formed precipitate
was filtered to afford a dark solid, which was further purified.
The solid was dissolved in H2O (30 mL) and stirred at 55 °C for
1 h. Afterwards the mixture was cooled down to 23 °C and the
solvent was pipetted out before the solid was dried in vacuo.
This purification procedure was repeated with MeOH (70 mL),
acetone (70 mL) and cyclohexane (70 mL). Finally, 3 was
obtained as a dark violet solid (88 mg, 0.02 mmol, 28%) by
transferring of the solid with the aid of MeOH (20 mL) and
drying in vacuo.

Spectroscopic data of 3: IR (Golden-Gate, [cm−1]): 1599m
(CvC), 1498w, 1447w, 1412w, 1386w, 1323w, 1252w, 1237w,
1194w, 1156w, 1111m, 1077m, 1055w, 998s, 931w, 890w,
874m, 831m, 744s, 736s, 687m. UV-Vis (DMF, [nm], (log(ε
[M−1 cm−1]))): λmax 380 (4.5), 607 (4.3), 660 (4.7), 669
(4.7). Fluorescence emission (DMF, [nm]): λmax 678 (λex 640).
(+)-ESI-MS: 519 (100, [M + H]+). Anal. calc. for
C28H14N12·H2O·MeOH (568.54): C 61.26, H 3.55, N 29.56;
found: C 61.79, H 2.94, N 29.18.

Synthesis of [tetrakis-(trans-Pt(NH3)2Cl)-tetra(3,4-pyrido)por-
phyrazine-zinc(II)](NO3)4 (4). A 20 mL round bottom flask was
charged with DMF (2 mL), trans-Pt(NH3)2Cl2 (6, 45 mg,
0.15 mmol) and AgNO3 (26 mg, 0.15 mmol). The mixture was
stirred at 55 °C for 23 h under exclusion of light, afterwards
the mixture was centrifuged and the yellow solution was trans-
ferred into a 20 mL round bottom flask. A solution of tetra(3,4-
pyrido)porphyrazine-zinc(II) (2) (20 mg, 0.03 mmol) in DMF
(2 mL) was added and the mixture was stirred at 50 °C for 48 h
with exclusion of light. After completion of the reaction, the
mixture was cooled to 23 °C and MTBE (5 mL) was added. The
mixture was filtered after 15 min, yielding a dark green precipi-
tate. The precipitate was washed with MeOH, DCM, MTBE and
n-hexane. Finally, 4 was obtained as a dark green solid (31 mg,
0.02 mmol, 48%) by transferring the solid with the aid of
n-hexane (10 mL) and drying in vacuo.

Spectroscopic data of 4: IR (Golden-Gate, [cm−1]): 3096w,
1622m, 1489m, 1312s, 1157w, 1083s, 911s, 823m, 848m, 761s,
744s, 688m, 668m. UV-Vis (DMF, [nm], (log(ε [M−1 cm−1]))):
λmax 402 (4.6), 680 (5.0), 691 (5.0). Fluorescence emission
(DMF, [nm]): λmax 678 (λex 640). 195Pt-NMR (DMSO-d6 :
methanol-d4 = 9 : 1): −3136 (s, 4 × Pt, Fig. S1†). (+)-ESI-MS
(DMF): 881 (4, [M − 2NO3]

2+), 855 (3, [M + Cl − 3NO3]
2+),

567 (30, [M − 3NO3]
3+), 558 (60, [M + Cl − 4NO3]

3+), 410
(30, [M − 4NO3]

4+). Anal. calc. for C28H36Cl4N24O12Pt4Zn·0.5
n-hexane (1931.36): C 19.28, H 2.24, N 17.41; found: C 19.40,
H 2.36, N 17.36.

Singlet oxygen quantum yields. The singlet oxygen quantum
yields (ΦΔ) of 2, 3 and 4 were determined analogously to a
method reported by Bonnet and coworkers.42 The PSs were dis-
solved in DMF-d7 and the solutions were placed in a glass
cuvette (114F-10-40, 10 mm × 4 mm dimensions, Hellma
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Analytics). The concentrations were adjusted to an absorption
intensity of 0.13 ± 0.02 at 630 nm, with the cuvette oriented in
a way that the light path equals to 10 mm. The cuvettes con-
taining the samples were placed in a CUV-UV/VIS-TC-ABS
temperature-controlled Qpod sample compartment (Avantes)
and cooled to 20 °C; temperature control was performed with
the use of a TC-125 controller (Quantum Northwest) and
Q-Blue software. Emission spectroscopy was conducted in a
custom-built setup (Fig. S7†), that is based on the setup
described by Meijer et al.42 Excitation was performed using a
high-power-LED 630 nm light source (FC5-LED-WL, Prismatix).
The light source was connected with an optical fibre (1000 μm
core diameter, Avantes) to the cuvette holder over a SMA 905
fibre optic connector. The intensity of the light source was
measured to be 10.0 mW cm−2 at the position of the cuvette.
The excitation power was measured using a S310C thermal
sensor connected to a PM100USB power meter (Thorlabs). The
connection piece used to insert the SMA connector into the
cuvette holder was replaced by an in-house custom-built con-
nection piece that allows the fibre to be inserted at a distance
of 2.0 cm from the cuvette. The detector (AvaSpec-NIR256-
1.7TEC, Avantes) was set to 0 °C and connected to the cuvette
holder with an optical fibre (600 μm diameter, Avantes).
Emission spectra were collected at a 90° angle with respect to
the excitation beam from 1100 to 1400 nm after three measure-
ment runs; every measurement run consisted of five averaged
measurements each lasting 9 s. All spectra were recorded
using AvaSoft 8.9 software from Avantes and further processed
using Microsoft Office Excel and Origin 2018 software.

The singlet oxygen quantum yields were calculated by com-
parison with a known literature standard (zinc phthalocyanine
(ZnPc): ΦΔ = 0.56 in DMF),43 according to eqn (E2).

ΦΔðxÞ ¼ ΦΔðstdÞ
I630std

I630x

� �
Ex

Estd

� �
ðE2Þ

In (E2), the subscript × designates the corresponding photo-
sensitizer and std the standard (ZnPc). ΦΔ is the singlet oxygen
quantum yield. I630 is the rate of light absorption calculated as
overlap of the absorption spectrum of either PS or standard
and the emission spectrum of the LED light source at 630 nm.
E is the integrated emission peak of singlet oxygen at around
1270 nm. For these emission spectra, the integrated values
were obtained by applying a manual background correction in
Origin (Fig. S8†).

Cell culture. Human cervical carcinoma cells (HeLa) were
cultured in DMEM (Gibco) supplemented with 5% fetal calf
serum (Gibco), 100 U mL−1 penicillin, 100 μg mL−1 streptomy-
cin. The cells were grown at 37 °C and in 5% CO2 humidified
atmosphere.

Photocytotoxicity assays. The PS toxicity under light and
dark conditions was evaluated for a HeLa cell line, using a
resazurin-based fluorometric cell viability assay. Stock solu-
tions of the PS (3 mg mL−1) were prepared in DMF and stored
in the dark. The respective stock solutions were further diluted
with the complete medium to desired working concentrations.

For a typical experiment, 100 μL aliquots of cells in growth
medium were seeded in 96-well plates (density of 4 × 103 cells
per well) and incubated at 37 °C and 5% CO2. After 24 h of
incubation, cells were treated with different concentrations
(32 nM–100 μM, 200 μL final well volume) of the test com-
pounds and incubated for 4 h under light exclusion. For light
irradiation experiments, cells were treated for 4 h with com-
pounds, and the medium was replaced by fresh medium. Each
sample was placed 3 cm away from the red cut-off filter from
the projector. Cells were exposed to light (white light projector
with 600 nm filter) for 20 min (light intensity: 5.8 mW cm−2

for 20 min, light dose: 6.96 J cm−2), followed by additional
incubation for 20 h. Thereafter, for all experiments, the
medium was removed, 100 μL of freshly prepared resazurin
containing complete medium (0.2 mg mL−1 final concen-
tration) was added, and cells were incubated at 37 °C for 4 h.
Fluorescence of the resorufin product (λex = 540 nm) was quan-
tified at 590 nm using a SpectraMax M5 microplate Reader.
The reported cytotoxicity is an average of at least two indepen-
dent experiments, with triplicate determinations for each drug
concentration and the error bars demarcate the standard devi-
ation (S.D.). Final DMF concentration in the wells was less
than 0.5% (v/v) and control experiments with the same
amount of DMF in culture medium showed no cytotoxic effect
(results not shown).

Localization studies. HeLa cells were seeded in Ibidi μ-Slide
8-well glass bottom dishes and allowed to reach ≈70% con-
fluency. The medium was replaced with new medium and
freshly prepared solutions of drugs with a final concentration
of 50 μM were added. After 2 h incubation with compounds,
the cells were washed three times with PBS (0.5 mL) and
stored in fresh media containing 10% FBS for live-cell
imaging. Prior to imaging, the cells were incubated for 5 min
with 1.5 μM Hoechst 33258 (final concentrations). The fluo-
rescence of 4 was visualized with excitation from a 633 nm
HeNe laser and the red emission was collected using a 650 nm
long pass filter.

Detection of intracellular ROS levels. 2 × 105 HeLa cells
in 2 mL DMEM supplemented with 5% FBS were seeded
on 60 mm dishes. The following day, cells were treated
with 12 μM compound 4 for 4 hours. Following the incu-
bation, cells were washed with PBS and the medium was sub-
sequently replaced with 2 mL DMEM. Cells were irradiated
for 20 min with red light, as described for the photocyto-
toxicity assays. After irradiation, H2DCF-DA was added to
the samples to a final concentration of 50 μM and incubated
for 30 minutes at 37 °C. Cells were washed twice with
PBS and collected by trypsinisation. Cells were suspended in
1 mL PBS containing 1% FBS. Samples were analysed on an
Attune NxT Cytometer (Thermo Fisher Scientific) using BL1
channel (excitation 488 nm, emission 515 nm) to measure
DCF fluorescence. Results are expressed as mean percentage
of ROS levels over cell population, obtained from three inde-
pendent experiments with a minimum of 100 000 cells ana-
lysed per condition. The error bars represent standard devi-
ation (S.D).
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Determination of the n-octanol/water distribution. Stock
solutions (10 mM) of compounds 2 and 4 were prepared in
DMSO and diluted with a PBS (pH 7.4)/n-octanol system (1 : 1)
to reach a final compound concentration of 2.5 mM in a
volume of 1 mL. The mixtures were subsequently vortexed
before equilibration at 23 °C during 24 h. Then, the phases
were separated and diluted equally (PBS phase in H2O,
n-octanol phase in MeOH) to reach UPLC-suitable concen-
trations. The relative concentration of each compound in the
n-octanol and PBS phase was determined through the area
under curve in the analytical UPLC spectra.

Conclusion

The first exocyclically metallated tetrapyridinoporphyrazine 4
was synthesized, characterized and its photochemical and
photophysical properties as well as its phototoxicity against a
human cancer HeLa cell line were determined. A comparison
of the IC50 values of 4 and its nonplatinated precursor 2 shows
a clear improved effectivity of the substance emerging through
the exocyclic platination. Besides the additional heavy atom
effect emerging through the platinum species coupled to the
photochemical system, the platinum complexes help to
increase the solubility of tetrapyridinoporphyrazine PS in
aqueous media, induce a dual chemotherapeutic effect and
potentially increase the cellular uptake. We therefore propose
the further investigation of platinum(II)-coupled PS for PDT.
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