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Octahydroxy bis-porphyrin Troger’s base (TB) and octahydroxy porphyrin-chlorin spiro-Troger’s base (spiroTB)
derivatives were successfully prepared from their Ni(II) complexes utilizing an optimized demetalation method
using H2SO4-TFA followed by demethylation via BBrs. The synthesized TB and spiroTB were then in in vitro
experiments for their utility in photodynamic therapy (PDT) of cancer. Compared to temoporfin (mTHPC,
Foscan®), the chlorin derivative used in PDT of cancer, TB and spiroTB were localized in lysosomes instead of the
endoplasmic reticulum and were found to possess enhanced biocompatibility. Cell culture studies were per-
formed on TRAMP-C2 (prostate cancer), HeLa (cervical cancer), and MRC-5 (non cancerous) cell lines. Both TB
and spiroTB displayed negligible dark toxicity but increased production of reactive oxygen species (ROS) when
illuminated. In addition, spiroTB displayed significant phototoxicity in TRAMP-C2 cells (ICso, 1ignt 0.7 pM after
24 h incubation). Despite the phototoxicity of spiroTB being lower than that of mTHPC (ICsp, 1ight 0.02 pM), due
to the low dark toxicity (ICsg, dark > 100 pM), the therapeutic factor of spiroTB (>150) is six times higher than

that of mTHPC (25).

1. Introduction

Photodynamic therapy (PDT) is an established treatment for various
cancers, such as skin, lung, brain, bladder, pancreas, bile duct, esoph-
agus, head and neck cancers, as well as other conditions, including acne
and psoriasis and bacterial, fungal, and viral infections [1-4]. In general,
PDT is based on the accumulation of a light-sensitive drug, the so-called
photosensitizer, followed by irradiation with a light of suitable wave-
length. The absorption of light then leads to the local production of
reactive oxygen species (ROS), i.e., singlet oxygen or hydroxyl radicals,
which subsequently cause the destruction of tumor cells, usually via
apoptosis [5].

The ideal photosensitizer displays a high solubility in biological
media, no dark toxicity, a high yield of ROS, selective accumulation in
the targeted cells, and absorption of radiation in the so-called photo-
therapeutic window (650-850 nm) [6], where tissues have the lowest
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absorption. Unfortunately, none of the known photosensitizers meets all
the mentioned requirements [7]. Even the widely used 5,10,15,20-tet-
rakis(m-hydroxyphenyl)chlorin (temoporfin, mTHPC, Foscan®, Scheme
1) [8] is far from being an ideal photosensitizer, e.g., mTHPC must be
stored at 20 °C due to the general instability of the unsubstituted chlorin
core, is poorly soluble in biological media and exhibits rather high dark
toxicity [1,9].

In 2012, we published our discovery that the conversion of f-amino
[Ni]porphyrin to bis-porphyrin Troger’s base (TB) derivative 1a-Nij is
followed by the formation of chlorin-porphyrin spiro-Troger’s base
(spiroTB) derivative 2a-Niy [10], in which the chlorin moiety is stabi-
lized by substitution on the reduced pyrrole (Scheme 1). The molecular
structure of 2a-Niy was proposed based on its similarity with the
naphthalene spiroTB derivatives formed as by-products in TB prepara-
tion [11] (the only known spiroTB derivative before was derived from
aminoazulene [12]). Recently, we reported confirmation of the structure
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by electron diffraction and preparation of new derivatives, including
spiroTB 2b-Niy, comprising m-methoxyphenyl moieties [13].

Thus, this study aimed to synthesize the yet unknown free base
spiroTB 2c-H4, which comprises the structural features of mTHPC,
investigate the photodynamic effect of this compound, and compare the
photosensitization properties with the corresponding TB 1c-Hy
congener and the parent mTHPC. This comparison would shed light on
the role of the TB and spiroTB moieties with respect to toxicity, photo-
dynamic effects, and biological compatibility.

2. Results and discussion
2.1. Preparation of compounds

Preparations of the free base porphyrin TB derivatives 1-Hy via direct
troegeration of the free base f-aminoporphyrins with yields up to 70 %
were first described by Crossley in 1995 [14]. However, spiroTB 2-Hy
derivatives were not reported, presumably because 2-H4 were not
formed or perhaps due to problems with their unambiguous
identification.

Recently, published experiments aimed at directly preparing the free
base of spiroTB 2b-H4 were unsuccessful [13]. However, during the
troegeration of tetrakis(3-methoxyphenyl)-g-aminozinc(Il)porphyrin
under acidic conditions, simultaneous demetalation was observed, and
free base 1b-H4 was obtained in 35 % yield. Unfortunately, only traces
of 2b-H,; were formed. The difficulty with the isolation of 2b-H4 pre-
sumably results from compound instability (vide infra).

Therefore, we prepared the free bases of both porphyrin TB 1c-Hy
and spiroTB 2c-Hy4 by demethylation and demetalation of the TB 1b-Niy
and spiroTB 2b-Niy derivatives (Scheme 2). We also tried the reverse
procedure in which demethylation of the starting material was followed
by demetalation, as well as first exchanging Ni(II) for Mg(II) followed by
hydrolysis of the unstable Mg(II) complex. The latter attempts were
unsuccessful. For more information, see ESI.

The first step of the preparation was demetalation of 2b-Niy in a
mixture of H,SO4 and TFA (1:20, v/v). The reaction was followed by TLC
frequently and quenched immediately after the starting compound was
consumed (approx. 30 min). After extraction with dichloromethane, the
free base spiroTB 2b-H4 was obtained in 97 % yield. Because of the
problems with purification, 2b-H4 was used in the next step without
further purification. In the cases when the reaction was not quenched,
complete decomposition of the products occurred within 45 min. The
same treatment of a nickel(II) complex TB 1b-Niy yielded TB 1b-Hy in
84 % yield. Likewise, when the reaction is not quenched, a rapid
decomposition occurs within 45 min.

The demethylation of 2b-Hy in the second step was performed using
boron tribromide in dichloromethane. The target spiroTB 2c-H4 was
obtained in 98 % yield in high purity (based on UV-Vis, fluorescence,
and HRMS). Likewise, free base TB 1b-H, yielded TB 1¢-H4 in 98 % yield
and purity > 95 % by LC-MS. Further, the meso-phenyl congeners TB 1a-
H4 (99 % yield) and spiroTB 2a-H4 (98 % yield) with less hindered
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Scheme 2. Preparation of targeted compounds 1c-H,4 and 2¢-Hy.

rotation, which are easier to characterize by NMR, were prepared in 99
% and 98 % yield, respectively.

2.2. Stability and purification of the compounds

Various metal complexes, TBs 1-My and spiroTBs 2-M,, were re-
ported to be stable upon heating of their solutions up to 145 °C [10,13]
and purified by column chromatography on silica. However, their free
base derivatives 1-H4 and 2-H4 prepared in this work showed signifi-
cantly lower stability.

Although it was reported that 1a-Hy, as well as its 3,5-di-tert-butyl-
phenyl derivative were purified via chromatography [14], we found that
chromatography of 1b-H4 and 1c-Hy4 on a normal phase silica column
led to partial decomposition of the compounds (based on TLC, HRMS
and 'H NMR). However, the prepared 1¢-Hy is obtained in > 95 % purity
using reverse-phase HPLC. TBs 1-Hy are thermally stable in solution in
DMSO-dg even at 145 °C as determined by NMR spectra (Fig. S61, S68).

Unfortunately, the free base of porphyrin-chlorin spiroTB derivatives
2-H, were found to be less stable than their TB isomers 1-H4. The
chromatography of 2a-H,4, 2b-H4 and 2c-H,4 on silica led to a significant
decomposition (TLC, HRMS and 'H NMR; e.g., Fig. S64). Decomposition
was observed even on a reverse-phase column. HPLC-HRMS analysis of
2c-H4 with a direct injection HRMS showed the formation of several new
unknown products not observed in the original sample.

Moreover, the decomposition of 2¢c-H4 at temperatures exceeding
40 °C in the presence of air was also observed. As expected for a
photosensitizer, decomposition in the presence of light and air also took
place. Fortunately, when stored under an argon atmosphere in a
refrigerator without the presence of light, 2¢-H,4 was found to be stable
for up to six months in the form of a powder, a solution in DMF (based on
identical UV-Vis spectra) and a solution in DMSO (based on repeatable
biological tests).

It is worth noting that the first known spiroTB derived from 2-amino-
azulene was described as unstable during column chromatography on
alumina and melted with decomposition at 218-223 °C [12]. Similarly,
naphth-2-ylamine spiroTB also melted with decomposition at 84-86 °C
[17]. In contrast to the reported instability, spiroTBs derived from
naphth-2-ylamines and anthracen-2-ylamine were stable [11]. Overall,
these observations suggest that decomposition upon column chroma-
tography and heating might be the common property of spiroTB
derivatives.

2.3. Characterization of the compounds

The ordinary identification and characterization of the prepared
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Scheme 1. Molecular structures of the studied compounds.
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spiroTBs 2b-H,4 and 2¢-H4 by NMR were severely complicated due to the
limited rotation of the meso-aryl substituents, which can lead to the
existence of up to 256 atropisomers. Therefore, recording well-resolved
NMR spectra required measurements at temperatures exceeding the
stability of the compounds (vide supra). Consequently, we also studied
the derivatives 1a-H4 and 2a-H4 with unsubstituted phenyl groups as
the meso-aryl substituents, which prevents the formation of atro-
pisomers and results in less hindrance to phenyl rotation, thus lowering
the coalescence temperatures of NMR signals.

All TB derivatives, 1a-Hy, 1b-H4, and 1c-Hy, were easily character-
ized by 'H NMR spectra at higher temperatures. The 'H signals of the
methylene groups of 1a-H4 were well resolved at 105 °C (Fig. S61),
those of 1b-H4 were well resolved at 145 °C [13], and those of 1c-Hy
were resolved at 120 °C. However, at least some signals of their meso-
substituents were broadened even at temperatures approaching 150 °C
(Fig. S61, S68, [13]). All the TB derivatives 1-H4 were stable upon
heating, as the 'H NMR spectra before and after heating matched tightly.
Further characterization of 1a-Hy, 1b-H4, and 1c-H4 was performed by
recording the UV-Vis and fluorescence emission spectra at various
concentrations. Their absorption maxima, absorption coefficients, and
normalized fluorescence emission maxima were rather similar (Fig. 1,
Table 1). Linear Lambert-Beer plots suggest that no intermolecular as-
sociation is taking place.

Identification and characterization of the spiroTB derivatives 2a-Hy,
2b-Hy4, and 2¢-H4 was more complicated. Their HRMS spectra contained
intensive molecular ions corresponding to expected m/z, but the 'H
NMR spectra were rather complex. The 'H NMR spectrum of 2a-Hy
confirmed the molecular structure at room temperature. The structure
was better resolved above 100 °C. Still, some of the signals of the aro-
matic hydrogen atoms were very broad, even at 148 °C (Fig. S60-S61).
Unfortunately, the Iy NMR spectra of 2b-Hy (Fig. S62) and 2c¢-Hy
(Fig. S66) were poorly resolved even at temperatures exceeding 100 °C,
a consequence of atropisomerism and the slow rotation of the
substituted phenyl groups. In addition, the NMR analyses were
complicated by the decomposition of the compounds upon heating, as
we observed by HRMS and NMR (Fig. S63, S67).

UV-Vis absorption and fluorescence emission spectra enabled com-
parison with 2a-H4 and were used to further confirm the molecular
structures of 2b-H4 and 2¢-Hy (Fig. 1, Table 1).

The UV-Vis spectra showed four Q-bands characteristic of free base
porphyrinoids [18]. As is typical for the spiroTB derivatives 2-My
[10,13], the Soret band of 2¢c-Hy4 is located at 433 nm with a shoulder at
426 nm. The fluorescence emission spectrum of 2¢c-H4 displays a pattern
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Fig. 1. UV-Vis absorption spectra of TBs 1-H,4 (black-red) and spiroTBs 2-H,4
(black-green) and normalized fluorescence emission spectra (blue) measured in
DMF. The region of the phototherapeutic window (650-800 nm) is shown in
blue. ® Data from reference [13]. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Journal of Photochemistry & Photobiology, A: Chemistry 453 (2024) 115618

similar to that of spiroTB 2a-Hj4, including the ratio of both emission
bands. Overall, the similarity of the UV-Vis and fluorescence emission
spectra of 2b-H4 and 2¢-H,4 with that of 2a-H, (Fig. 1, Table 1) strongly
supports the analogous molecular structure and purity. Moreover, the
fluorescence intensity is low for all the compounds.

As expected, the UV-Vis spectra showed that all the prepared free
base TBs and spiroTBs had absorption bands in the area of the photo-
therapeutic window. The targeted spiroTB 2¢-Hy4 had the fourth Q-band
at 670 nm, which is 18 nm further in the phototherapeutic window than
the commercial chlorin derivative mTHPC (Q4: 652 nm, in DMSO,
Table 1) [19,20].

We attempted back metalation to further confirm the molecular
structures of the free bases 1b-H4 and 2b-H4. The back metalation of TB
1b-H4 with nickel(II) acetate yielded the expected 1b-Nig, which was
identified by HRMS and by comparison with its TLC standard. Analo-
gously, the zinc complex 1b-Zny was obtained when zinc(II) acetyla-
cetonate was used.

In contrast, the back metalation of spiroTB 2b-H4 with nickel(II)
acetate did not produce nickel(II) complex 2b-Nis (based on TLC), but
2b-Ni; Hy was identified in the crude product by HRMS. Based on HRMS,
back metalation using zinc(II) acetylacetonate yielded a complex
mixture of products, including 2b-Zns. SpiroTB derivatives are less
stable than their TB isomers.

2.4. Toxicity and phototoxicity

Both 1¢-H4 and 2¢-H4 were found to be soluble in methanol, ethanol,
DMF, DMSO and insoluble in water. The samples for biological evalu-
ation were prepared by dissolving 1c-H4 or 2¢-H4 in DMSO.

Mouse prostatic carcinoma TRAMP-C2 cells were treated with up to
100 pM 1c-Hy, 2¢-Hy, or mTHPC in full media for 2 h and then irradiated
with full-spectrum halogen light (emission maximum in the red region,
water-filtered to avoid the heating effect, 15 min, 18 mW-cm~2) or kept
in the dark, and their viability was analysed. The incubation time was set
according to our experience with molecular photosensitizers [21,22].
However, none of the compounds exhibited phototoxicity or toxicity.
Next, the incubation time was prolonged to 24 h in the dark, which is
sufficient for slowly accumulating compounds [23]. In this setup, strong
phototoxicity in the micromolar range was observed for 2c-H4 but not
for 1c-Hy, and no dark toxicity was observed for either compound.
However, strong submicromolar phototoxicity and considerable dark
toxicity were observed for mTHPC. After dividing ICso values for un-
wanted dark toxicity and desirable phototoxicity, a considerably
broader therapeutic factor (>150) was observed for 2c-H4 compared to
that for mTHPC (25). Therefore, mTHPC is more effective, but spiroTB
2c-H4 seems to be safer for patients.

In addition, the dark toxicity and phototoxicity were also determined
in MRC-5 fibroblasts, a model of noncancerous cells, to evaluate the
general value of 2¢-Hy4 as a novel photosensitizer. The results showed
that toxicity profiles were comparable between TRAMP-C2 and MRC-5,
suggesting no clear selectivity to a particular genetic background. The
longer exposure necessary for the application of 2¢-Hy4 raised the ques-
tion of whether it is caused by less efficient cells uptake or whether the
transport is retarded by 2¢-Hy binding to the serum proteins. Therefore,
a two-hour incubation in the absence of fetal bovine serum prior to
irradiation was examined. In this case, the ICs values were comparable
or slightly lower than those for 24-hour incubation in the presence of
serum. Thus, significant binding to serum proteins was confirmed for all
the investigated compounds. The ICs( values are summarized in Table 2.
The original measurements of viability under different conditions are
given in ESI (Fig. S80-588).

2.5. Uptake and intracellular localization

The kinetics of porphyrin uptake by TRAMP-C2 cells were investi-
gated using flow cytometry. Time- and dose-dependent uptake was



T. Navratilova et al.

Journal of Photochemistry & Photobiology, A: Chemistry 453 (2024) 115618

Table 1

UV-Vis absorption (Amax in nm (log €)) and fluorescence emission characteristics of 1-Hy, 2-H4 and mTHPC.
UV-Vis Fluorescence

Soret bands Q-bands hex Aem,1 Aem,2
v I I I
la-Hy 413 (5.53) 523 (4.50) 555 (4.02) 598 (3.98) 652 (3.74) 413 658 720
2a-Hy sh 411 (5.54) 429 (5.35) 520 (4.55) 551 (4.28) 601 (4.19) 657 (4.06) 429 660 728
1b-H, 413 (5.49)¢ 523 (4.45)* 555 (3.93)* 599 (3.91)* 655 (3.59)* 413 667 725
2b-H4 422 (5.50) sh 472 (4.97) 544 (4.45) b 603 (4.25) 674 (4.20) 422 660 717
1c-Hy 415 (5.47) 525 (4.45) 558 (4.06) 600 (4.02) 661 (3.76) 415 667 724
2c-Hy sh 426 (5.48) 433 (5.49) 533 (4.54) 561 (4.47) 614 (4.40) 670 (4.31) 433 671 740
mTHPC 421 (5.36) ¢ 520 (4.27)° 546 (4.09)° 598 (3.85)° 652 (4.63)° 427°¢ 653° 718¢
405 ¢ 652 4

“Data from reference [13]; bOverlap, Data from reference [19], measured in DMSO, ‘Data from reference [20].

Table 2
ICsq values calculated from the data measured on the TRAMP-C2 cell culture
using the ICs calculator [24].

mTHPC TB 1c-Hy spiroTB 2c¢-Hy
Incubation time [h] 24 2 24 2 24 2
Incubation [w/wo]¢ serum w wo w wo w wo
ICs0,dark [HM] 0.5 3.9 >100 >100 >100 >100
ICso,light [KM] 0.02 0.03 62 >100 0.7 0.3
Therapeutic factor 25 130 >1.6 N. AP >150 >330

aw = with, wo = without; °N. A. = not applicable.

observed for 1c-H4 and 2c-Hyg, but 2c-Hy signal was significantly
stronger, suggesting a robust uptake. Therefore, the higher phototoxic
efficiency of 2¢-H4 compared to that of 1c-H4 may be explained by its
more efficient uptake. Uptake of 2c-H4 increases almost linearly with
increasing concentration in the medium after 24 h of incubation, while
1c-Hy seemed to saturate cells at lower concentrations (Fig. 2, top). The
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Fig. 2. Fluorescence measurements of 1lc-Hs and 2c¢c-H, samples by flow
cytometry. Top: Measured at different times of incubation (2, 6 or 24 h). Bot-
tom: Measured at different concentrations of samples (0.625-5.000 pM).

uptake of both compounds increased linearly over time without reach-
ing a plateau at 24 h (Fig. 2, bottom), suggesting that even several days
of incubation may be necessary to reach equilibrium between intracel-
lular and extracellular compartments. We may hypothesize that the
preferential uptake of 2c-Hy is caused by higher diffusion through
plasmatic membrane or lower efflux by cellular detoxification pumps,
which could be the consequence of specific structural features of spiroTB
derivatives.

Confocal microscopy revealed that both 1c-Hy4 and 2c¢-H4 were
selectively localized to lysosomes, which is a common property of por-
phyrins [25,26]. At the same time, mTHPC was retained in the endo-
plasmic reticulum (Fig. 3). This difference could explain the lower dark
toxicity of 2c-Hy compared to that of mTHPC since lysosomes are “trash
bins” intended to store and decompose unwanted materials, while the
endoplasmic reticulum is vital for cellular proteosynthesis. Moreover,
damage to lysosomes after photoactivation can release digestive en-
zymes into the cytoplasm and trigger apoptosis [27].

Indeed, investigation of the cell death mode using flow cytometry
and annexin/propidium iodide staining showed a dramatic increase in
the apoptotic cell population after treatment with 2¢-H4 and irradiation
compared to treatment with 1c-Hy at the same concentration used for

TB 1c-H,

spiroTB 2¢-H,

mTHPC

Fig. 3. Intracellular localization observed using confocal microscopy; scale
bars: 10 pm. A: Localization of 1c-H, in the cell (red color); B: Lysosomes
(LysoTracker green; green color); C: Overlay of images A and B (yellow color).
D: Localization of 2¢-Hy in the cell (red color); E: Lysosomes (LysoTracker
green; green color); F: Overlay of images D and E (yellow color). G: Localiza-
tion of mTHPC in the cell (red color); H: Endoplasmic reticulum (ER tracker
blue-white; green color); I: Overlay of images G and H (yellow color). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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2c-Hy, while the necrotic population was negligible for all treatments
(Fig. 4).

2.6. ROS production

The principal mechanism of photodynamic cell killing is producing
reactive oxygen species (ROS) causing oxidative stress. However, cancer
cells can counteract oxidative stress due to the upregulation of antiox-
idant mechanisms [28]. Oxidative stress results in elevation of intra-
cellular ROS caused by antioxidant depletion, radical chain reaction,
and damage of metabolic enzymes. We intended to measure intracellular
ROS levels as a marker of cellular oxidative damage. Thus, ROS levels in
the cells treated with porphyrins after irradiation were visualized using
specific ROS-sensitive probes. All three compounds increased the ROS
levels compared to the controls, and the ROS signal was stronger for 2c-
H4 than for 1c-Hy (Fig. 5).

3. Conclusion

Three free base porphyrin-chlorin spiroTB derivatives were pre-
pared, expanding the small family of spiroTB compounds. SpiroTB 2c-
H,4 was prepared, its photochemical properties were investigated, and
the compound was evaluated with respect to a potential use as a
photosensitizer in photodynamic therapy (PDT). This compound com-
pares favourably with the commercial chlorin derivative mTHPC
currently used in PDT of certain cancers under the brand name Foscan®.

Studies of the photophysical and photochemical properties of octa-
hydroxy bis-porphyrin Troger’s base (TB 1c-H4) and octahydroxy
porphyrin-chlorin spiro-Troger’s base (spiroTB 2c¢c-Hy4) and comparison
with a similar tetrahydroxy-derivative, mTHPC, revealed redshifted
absorption spectra and higher absorption coefficients for these
porphyrin derivatives compared to those for mTHPC. While the bis-
porphyrin TB 1c-H4 shows only a negligible photodynamic effect,
owing to the chlorin moiety, the new porphyrin-chlorin compound
spiroTB 2c¢-Hy displays a high phototoxicity in the submicromolar range
and a very low dark toxicity. As a result, the therapeutic factor of spi-
roTB 2c¢-Hy is six times higher than that of mTHPC, which displays high
dark toxicity.

Subcellular localization studies show that spiroTB 2¢c-H4 and TB 1c-
H, are localized in lysosomes, while nTHPC is preferentially localized in
the endoplasmic reticulum. The different subcellular localization is
presumably due to the diazocine moiety. These structural features will
be explored further and aimed at developing new chlorin spiroTB de-
rivatives that will display low dark toxicity and higher stability so that
they could be a safer alternative in porphyrin (chlorin)-based photody-
namic therapy of cancer.

100% A
Olive cells

80%

60% Eapoptotic cells
6

% of cells

40% 4

20% A

0% t t |
Control 2¢c-H, 1c-H,

Fig. 4. Investigation of the cell death mode using flow cytometry: ratios of live
and apoptotic cells.
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4. Experimental section
4.1. Materials

All reagents were purchased from commercial suppliers and used
without further purification. The tested batch of mTHPC (Temoporfin,
Item: 17333, Batch: 0494841-20, 25 mg, crystalline solid, >95 % pure
by HPLC analysis) was purchased from Cayman Chemical Company
(USA). Starting compounds 1a-Niy, 2a-Nip, 1b-Niy, and 2b-Niy were
prepared according to our previously published procedures [13].
Chromatography-grade silica (32-63 D, 60 A) was used to purify the
prepared compounds. The final compound 1c-Hy4 was >95 % pure by
HPLC. The high purity of 2¢-H4 was confirmed by UV-Vis and fluores-
cence emission spectra since the compound decomposed during chro-
matography (vide supra). For detailed preparation of all compounds,
including comments on stability, see ESI.

4.2. General procedure for the synthesis of compounds 1a-Hy, 2a-Hy,
1b-H4 and 2b-H4

The appropriate nickel(II) complex (1a-Niy, 2a-Nig, 1b-Niy or 2b-
Niy) was dissolved in a 20:1 (v/v) mixture of TFA and conc. H,SO4 in a
round bottom flask. The solution was stirred at RT. After 30 min, the
reaction mixture was poured onto ice water; the solution was rendered
basic with 25 % aq-NH3 and extracted with CHyCly. The combined
organic layers were washed with water, dried over anhydrous NaySO4
and evaporated to dryness. The targeted compounds (1a-Hy, 2a-Hy, 1b-
Hy, and 2b-H4) were obtained as crystalline compounds without further
purification.

4.2.1. Phenyl TB derivative (1a-Hy)

Red-brown crystalline compound; yield 99 % (11 mg). 'H NMR (500
MHz, DMSO-dg, 145 °C): § 8.70 (d, 2H, J = 5.0 Hz), 8.67 (d, 2H, J = 5.0
Hz), 8.56 (d, 2H, J = 5.0 Hz), 8.50 (d, 2H, J = 5.0 Hz), 8.34 (d, 2H, J =
5.0 Hz), 8.15-7.98 (m, 11H), 7.89-7.67 (m, 20H), 7.65-7.50 (m, 9H),
4.64 (s, 2H), 4.19 (d, 2H, J=17.5Hz), 4.11 (d, 2H,J=17.5Hz), ~3.0 (s
br, cov., 2H), —2.82 (s br, 2H). HRMS (ESI™): calcd. for [Co;He2N1o +
H]' 1295.52317, found 1295.52405, caled. for [Co;HgoNigp + Nal™
1317.50511, found 1317.50574, caled. for [CoHgoNig + KIT
1333.47905, found 1333.47961. Apax/nm (log €may) in DMF: 413 (5.53),
523 (4.50), 555 (4.02), 598 (3.98), 652 (3.74).

4.2.2. Phenyl spiroTB derivative (2a-Hg4)

Dark green brown crystalline compound; yield 98 % (9.0 mg). 'H
NMR (500 MHz, DMSO-dg, 148 °C): 5 8.77 (d, 1H, J = 4.8 Hz), 8.76 (d,
1H, J = 4.8 Hz), 8.72 (d, 1H, J = 4.8 Hz), 8.66 (d, 1H, J = 4.8 Hz), 8.63
(d, 1H, J = 4.8 Hz), 8.61 (d, 1H, J = 4.8 Hz), 8.59 (d, 1H, J = 4.8 Hz),
8.43 (d, 1H, J = 4.8 Hz), 8.41 (m, 2H), 8.31-8.02 (m, 13H), 7.90 (d, 2H,
J=17.7 Hz), 7.84 (m, 21H), 7.48 (d, 2H, J = 7.7 Hz), 6.81 (t, 1H,J = 7.5
Hz), 6.68 (t, 1H, J = 7.5 Hz), 4.54 (d, 1H, J = 18.3 Hz), 4.26 (d, 1H, J =
18.3 Hz), 3.82 (d, 1H, J = 17.9 Hz), 3.74 (d, 1H, J = 12.0 Hz), 3.30 (4,
1H,J=17.9 Hz), 3.20 (d, 1H, J = 12.0 Hz), 1.48 (s br, 2H), —2.55 (s br,
2H). HRMS (ESI"): caled. for [CoiHgaN1g + H]T 1295.52317, found
1295.52295, caled. for [CoHeaN1g -+ Nalt 1317.50511, found
1317.50452, caled. for [CoiHeaNig + KIT 1333.47905, found
1333.47876, caled. for [Cg1HgaNip + 2H]er 648.26522, found
648.26434. Apax/nm (log emax) in DMF: 429 (5.54), 411 (5.35), 520
(4.55), 551 (4.28), 601 (4.19), 657 (4.06).

4.2.3. m-Methoxyphenyl TB derivative (1b-Hy)
Red-brown crystalline compound; yield 84 % (7.8 mg). The spec-
troscopic data were in agreement with our previous work [13].

4.2.4. m-Methoxyphenyl spiroTB derivative (2b-Hy4)
Dark green brown crystalline compound; yield 97 % (9.0 mg). HRMS
(EST™): caled. for [CogH7gN100g + HI T 1535.60769, found 1535.60840,
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Fig. 5. ROS levels in TRAMP-C2 cells after treatment with photosensitizers followed by irradiation. Concentrations of the samples: TB 1¢-Hy and spiroTB 2¢-Hy: 2.5
uM, mTHPC: 0.08 pM. Incubation: 24 h, with serum. a) 2',7-Dichlorodihydrofluorescein diacetate (DCFDA) was used as a ROS sensitive probe; b) dihydrorhodamine

(DHR) was used as a ROS sensitive probe.

caled. for [CooH7gN190g + Na]™ 1557.58963, found 1557.58984, calcd.
for [CogH7gN100s + K1 1573.56357, found 1573.56946, caled. for
[CooHygN190g + 2H]?*" 768.30748, found 768.30676. hmax/nm (log
€max) in DMF: 422 (5.50), 472 (4.97), 544 (4.45), 603 (4.25), 674 (4.20).
For 'H NMR spectra see Fig. S65-66.

4.3. General procedure for the synthesis of compounds 1c-H4 and 2c-Hy

The appropriate free base (1b-H4 or 2b-Hy, 1 eq.) was dissolved in
dry CH,Clz (20 mL) in a round bottom flask wrapped with aluminum
foil, and an argon atmosphere was established. The solution was cooled
to 0 °C, and boron tribromide (5.5 eq. of BBr3 per 1 MeO group) was
added dropwise. The reaction mixture was left to reach room tempera-
ture and allowed to proceed overnight. The next day, the reaction was
cooled to 0 °C and quenched by slowly adding ice-cooled water. The
resulting suspension was dissolved in a small amount of methanol. The
solution was extracted using CH3Cly/H20. The precipitate on the in-
termediate phase was filtered on a frit. The precipitate was washed with
hexane and dissolved in a small amount of methanol. Then, 25 % aq-NH3
was added to the solution, and the resulting solution was evaporated to
dryness. The crude product was dissolved in diethyl ether and extracted
with water. The organic layer was separated and dried over anhydrous
NaySO4 in an Erlenmeyer flask covered with aluminum foil. The targeted
compound (1c-H4 or 2¢-Hy) was obtained as a solid after evaporation of
the organic layer without further purification. The work-up was per-
formed as fast as possible to avoid excessive contact with light and air.

4.3.1. m-Hydroxyphenyl TB derivative (1c-Hg)

Red brown solid; yield 98 % (134 mg). TH NMR (500 MHz, DMSO-dg,
145 °C): 6 9.18 (s br, 3H), 9.00 (s br, 2H), 8.88-8.69 (m, 6H), 8.64 (d,
2H, J = 4.8 Hz), 8.57 (d, 2H, J = 4.8 Hz), 8.42 (d, 2H, J = 4.8 Hz), 8.24
(d, 2H, J = 4.8 Hz), 7.81-6.96 (m, 32H), 4.74 (s, 2H), 4.40 (d, 2H, J =
17.8 Hz), 4.32 (d, 2H, J = 17.8 Hz), —2.93 (s br, 4H). HRMS (ESI"):
caled. for [Co1HgoN19Og + H] T 1423.48249, found 1423.48352, calced.
for [Co1HgoN190g + Nal™ 1445.46443, found 1445.46472, calcd. for
[Co1HeaN190g + KIT 1461.43837, found 1461.43787, caled. for
[Co1HeaN100g + 2H]?* 712.24488, found 712.24420. Amaw/nm (log
€max) in DMF: 415 (5.47), 525 (4.45), 558 (4.06), 600 (4.02), 661 (3.76).

4.3.2. m-Hydroxyphenyl spiroTB derivative (2c-Hg4)

Purple brown solid; yield 98 % (52 mg). HRMS (ESI): caled. for
[Co1HeaN1g0s + HIT 1423.48249, found 1423.48096, caled. for
[Co1HeaN100g + Nal™ 1445.46443, found 1445.46289, caled. for
[Co1HgaN100s + 2H]*" 712.24488, found 712.24402. Amax/nm (log
€max) in DMF: 426 sh (5.48), 433 (5.49), 533 (4.54), 561 (4.47), 614
(4.40), 670 (4.31). For H NMR spectra see Figs. S69-70.

4.4. NMR spectroscopy

The NMR spectra were recorded using a 500.16 MHz instrument
(JEOL, Tokyo, Japan). The chemical shifts (8) are given in ppm. The H

chemical shifts are referenced using the residual solvent signals (H
NMR: DMSO-dg 2.50 ppm, TCE-dz 5.91 ppm) at all temperatures.

4.5. UV-Vis spectroscopy

The electronic absorption spectra were recorded in a 1 cm optical
quartz cuvette (Aireka Cells) on a Cary 60 UV-Vis spectrometer (Agilent
Technologies) in the 190-1100 nm wavelength range. Samples for the
measurement were dissolved in DMF. The UV-Vis spectra were obtained
by dividing the measured spectra from the dilution experiments by the
measured concentration and then averaging the spectra thus obtained.
The spectra were processed by blank subtraction (DMF). The molar
absorption coefficients of the prepared compounds were determined by
linear regression from dilution experiments.

4.6. Fluorescence spectroscopy

The fluorescence emission spectra were measured in a 1 cm quartz
cuvette (Aireka Cells) on a Cary Eclipse fluorescence spectrometer
(Agilent Technologies) using DMF as a solvent. The spectra were ob-
tained by averaging the normalized fluorescence emission spectra
measured at two different concentrations. The Soret band wavelength
was used as the excitation wavelength for each compound.

4.7. Mass spectrometry

Mass spectrometry was performed using an LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific), a hybrid Ion trap - Orbitrap spec-
trometer with an Ion Max ion source and H-ESI II probe. The conditions
for MS detection were as follows: ionization: ESIT, spray voltage: 3.0 kV,
source temperature: 250 °C, capillary temperature: 300 °C, measure-
ment mode: FTMS, resolution (FWHM): 30000, lock mass: 413.2662 Da
(diisooctyl phthalate), and scan: 150-2000 Da. Samples were dosed
under direct injection conditions (FIA) using an Accela 600 (Thermo
Scientific) pump. The conditions for the injection were as follows:
sample dosage: 5 pl (injection loop, Rheodyne valve), mobile phase:
methanol, and flow of mobile phase: 150 pl/min.

4.8. High-performance liquid chromatography

The purities of compounds 1c-H4 and 2c-Hy4 were followed via
reversed-phase HPLC using an analytical-size (250 x 4.0 mm) Reprosil
100 C18 column (5 pm, Watrex, Czech Republic) at 25 °C. The separa-
tions were monitored using a UV-Vis detector at a wavelength of 254 nm
and recorded using Clarity software. The samples for analyses were
dissolved in HPLC-grade methanol. Samples were introduced via an
injection loop (20 pl) with an 10 pl injection volume. The concentration
of the samples was 1.0 mg/mL. The separation conditions for 1c-Hy4
were 1.0-5.0 min: gradient elution, HoO/MeOH, 20-100 % v/v;
5.0-30.0 min isocratic elution, 100 % MeOH; and mobile phase flow
rate: 0.250 mL/min. The separation conditions for 2c-H4 were 1.0-30.0



T. Navratilova et al.

min: isocratic elution, 100 % MeOH; and mobile phase flow rate: 0.500
mL/min.

The purity of compound 2c-Hy was further followed via reversed-
phase HPLC/MS. For HPLC, an analytical-size (50 x 2.1 mm) Hypersil
GOLD™ (18 column (1.9 pm, Thermo Scientific, USA) was used. The
separation conditions were as follows: sample dosage: 5 pl (injection
loop, Rheodyne valve), isocratic elution, and mobile phase: methanol,
the of mobile phase: 300 pl/min. The sample for analysis was dissolved
in HPLC-grade methanol. The conditions for MS detection were as fol-
lows: ionization: ESI*, spray voltage: 3.0 kV, source temperature:
350 °C, measurement mode: FTMS, resolution (FWHM): 30000, lock
mass: 413.2662 Da (diisooctyl phthalate), and scan: 200-2000 Da.

4.9. Cell cultures

TRAMP-C2 — mouse prostate adenocarcinoma cells were cultured in
a complete medium consisting of DMEM (Dulbecco’s modified Eagle
medium), 5 % Nu-serum, 5 % serum, 1 % penicillin/streptomycin, in-
sulin, and trans-dehydroandrosterone (DHEA) at 37 °C under a 5 % CO»
atmosphere. MRC-5 — human fibroblasts isolated from lung tissue were
cultured in a complete medium consisting of EMEM medium (Eagle’s
minimal essential medium), 5 % serum, and 0.5 mM glutamine at 37 °C
under a 5 % CO5 atmosphere. HeLa — human cervical adenocarcinoma
cells were cultured in a complete medium consisting of EMEM medium,
5 % serum, and 0.5 mM glutamine at 37 °C under a 5 % CO atmosphere.

4.10. Toxicity and phototoxicity

The experiments were performed on two different cell lines —
TRAMP-C2 and MRC-5. Experiments were performed under three
different conditions: 24-hour incubation in medium with serum, 2-hour
incubation in medium with serum, and 2-hour incubation in the medium
without serum. Compounds (1¢-Hy, 2¢-H4 and mTHPC) were dissolved
in DMSO, and then equal volumes with different concentrations of
compounds were added to the cells in medium. The final concentration
of DMSO in the cells was not higher than 1 % v/v DMSO. Before the
compounds were added, the medium was replaced with fresh full me-
dium without phenol red. After the incubation of cells with 1c-Hy, 2c¢-
Hy4, and mTHPC for 24 h (or 2 h) in the dark, the cells were kept in the
dark or irradiated (with a halogen lamp in the presence of water heat
filtration, 18 mW-cm ™2, full-spectrum halogen light) for 15 min. Next,
the samples were again replaced with fresh full medium and incubated
for 24 h. The evaluation was performed 24 h after changing the medium.
Cell viability was analysed using resazurin (Sigma Aldrich) and the re-
sults were visually controlled by microscopy. Viability results were
related to controls with identical concentration of serum and DMSO and
identical incubation time.

4.11. Flow cytometry

TRAMP-C2 cells were seeded in 12-well culture plates. The day
before the measurement, four different concentrations of 1¢c-Hy, 2¢-Hy,
and mTHPC were added to the cells to determine the concentration
dependence. Equal concentrations of 1¢-Hy, 2¢-Hy4, and mTHPC (5 pM)
were added to other cells 2 h and 6 h before the start of the measurement
to determine the time dependence. Both tests were performed on
TRAMP-C2 cell cultures in a medium with serum. The incubation time
was 24 h.

For the measurement of cell death, HeLa cells treated with 1¢c-H4 and
2c-Hy, irradiated, and incubated for 5 h were resuspended in annexin
binding buffer and labeled with annexin V FITC Alexa Fluor 488 and
propidium iodide (Invitrogen), and stained cells (ten thousand events)
were analyzed using BD FACSDiva 8 software on a BD FACSAria III flow
cytometer. The incubation time was 24 h. After irradiation (15 min,
halogen lamp, full-spectrum halogen light), the medium was changed.
The evaluation took place 6 h after irradiation. The concentration of
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both 1c-H4 and 1c-H4 was 5 uM. The excitation wavelength in flow
cytometry was 405 nm.

4.12. Confocal microscopy

TRAMP-C2 cells (incubation time: 24 h) were seeded on a black 96-
well culture plate, and subsequently, 1c-Hy, 2¢c-H4, and mTHPC were
added to them (concentration of the samples: 5 uM). The localization of
the compounds was visualized with an Andor xD spinning disk confocal
microscope on an Olympus IX81 platform. The excitation and emission
wavelengths were 405 nm and 700 nm for the porphyrin derivatives and
488 nm and 535 nm for the used probes.

4.13. ROS measurement

TRAMP-C2 cells (incubation time: 24 h) were seeded on a black 96-
well culture plate, and subsequently, 1c-Hy, 2¢c-Hs, and mTHPC were
added to them (concentration of the samples: 1¢-Hy, and 2¢-Hy: 2.5 M,
mTHPC: 0.08 pM). After 24 h, the cells were irradiated with a halogen
lamp in the presence of water heat filtration, 18 mW-cm ™2 for 15 min.
ROS-sensitive  probes  2/,7-dichlorodihydrofluorescein  diacetate
(DCFDA) and dihydrorhodamine (DHR) were added, and their fluores-
cence (Aex 488 nm/Aey, 525 nm) was monitored after 1 h of incubation.
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