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We report here two novel “extended-arms” porphyrins, TetbpyPP and TedabpyPP, in which four
peripheral bpy fragments are connected to the meso positions of the macrocycle through flexible linkers
of different length and hydrophilicity. We describe also the new, water-soluble, tetracationic conjugate
[TedabpyPP{Ru([9]aneS3)Cl1}4][Cl]4 (6). Compound 6 belongs to the series of cationic Ru—porphyrin
conjugates 1—5, each bearing four peripheral Ru(II) half-sandwich coordination compounds that we
recently prepared as potential photosensitizing chemotherapeutic agents. The in vitro cell growth
inhibition of conjugates 1—6 toward MDA-MB-231 human breast cancer cells and HBL-100 human
nontumorigenic epithelial cells are reported, together with the phototoxic effects of 1,4, and 6 on MDA -
MB-231 cells. All conjugates have ICs, values in the low micromolar range that decrease by 1 order of
magnitude upon irradiation of cell cultures with visible light. The most promising compounds 1 and 6

are phototoxic at low light and drug doses.

Introduction

Ruthenium compounds have been investigated as potential
anticancer agents in the last 35 years.! Two Ru(III) coordination
compounds, NAMI-A and KP1019 (Figure 1),>* both deve-
loped in the 1990s, have completed phase I clinical trials with pro-
mising results.*> NAMI-A has started already a phase IT com-
bination study, whereas the sodium salt of KP1019, KP1339, was
selected for further development because it is about 35 times
more water soluble than its parent compound.

In general, these compounds showed a behavior quite differ-
ent from that of cisplatin and the other established platinum
anticancer chemotherapeutics, which makes them promising
drug candidates with a distinct mode of action.>* They were
found to possess moderate or negligible cytotoxicity in vitro
against cancer cells and exhibited peculiar activities in animal
models: KP1019 showed excellent activity against platinum-
resistant colorectal tumors,® whereas NAMI-A was found to be
particularly active against the development and growth of
metastases of solid tumors.*°

In recent years, entirely new classes of organometallic Ru(II)—
arene compounds, developed by the groups of Sadler,” Dyson,”
Keppler,” and others,'® were found to have promising anticancer
activity both in vitro and, in some cases, also in vivo in murine
models.!" Interestingly, some of them proved to be active also
against cisplatin-resistant xenografts.” Representative examples
are [(57°-biphenyl)Ru(en)CI|[PF¢] (RM175) and [(37°-p-cymene)-
RuCl,(pta)] (RAPTA-C) (Figure 1). The geometry of these
half-sandwich compounds can be described as pseudotetrahe-
dral (piano-stool geometry). We demonstrated that replacement
of the arene moiety of active half-sandwich organometallic
compounds with a neutral face-capping 6-electron donor ligand,
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Figure 1. Schematic structures of NAMI-A (top, left), KP1019 and
KP1339 (top, right), RM175 (middle, left), RAPTA-C (middle, right),
[Ru([9]aneS3)(bpy)CI|[CF5SO;] (bottom, left), and [Ru([9]aneS3)(en)-
CI)[CF;SO3] (bottom, right).

such as 1.,4,7-trithiacyclononane, leads to coordination com-
pounds that maintain a reasonable cytotoxicity in vitro.'>'* For
example, [Ru([9]aneS3)(en)CI][CF5SO5] (Figure 1) was found
to be ca. 10 times less cytotoxic than the corresponding organo-
metallic compound RM175 against human breast cancer
MDA-MB-231 cells. This result suggests that other neutral
face-capping ligands might lead to increased activity. In other
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words, half-sandwich Ru(II) coordination compounds repre-
sent a new class of compounds that deserve a thorough
investigation.

The conjugation of porphyrins to peripheral metal frag-
ments is an intriguing strategy for making compounds that
might combine the cytotoxicity of the metal moiety to the
phototoxicity of the porphyrin chromophore for additive
antitumor effects. Indeed, Brunner et al. synthesized hemato-
porphyrin— and tetraarylporphyrin—platinum derivatives
and they found an increase of the antitumor activity of the
platinum moiety by an additional light-induced toxicity.'*
More recently, Guo and co-workers described a dinuclear
cisplatin—phthalocyanine conjugate that showed a remark-
able enhancement of cytotoxicity against tumor cell lines
when irradiated with red light.'?

The central role of natural and synthetic porphyrins and
metalloporphyrins in the photodynamic therapy of cancer
(PDT) is a well established issue.'®!” PDT is a binary therapy
for cancer treatment that involves the activation of a tumor-
localized sensitizer with visible light.'® In the absence of light,
the photosensitizer should have negligible effect on either
healthy or tumor cells. However, when the drug-localized
tissue is irradiated, the drug becomes activated and the tissue
is rapidly destroyed. Thus, this technique offers precise spatial
and temporal control over drug activation and can, in prin-
ciple, selectively target and destroy abnormal tissue in the
presence of normal tissue, provided that the light beam is
carefully applied. In the presence of endogenous oxygen,
energy transfer from an excited state of the photosensitizer
can lead to a series of photochemical reactions and generation
of various cytotoxic species (e.g., singlet oxygen and other
reactive oxygen species, ROS) and consequently induce apop-
tosis and necrosis of targeted cells and tissues (type-II
PDT)."” 72! There is also a rapidly growing interest in the
new field of inorganic photoactivated chemotherapy (PACT),
i.e., in the development of complexes of different d-block
metals, and in particular ruthenium, that acquire anticancer
activity upon photoexcitation.*>

Some water-soluble porphyrins and metallo-porphyrins
show also conventional anticancer activity.>> The most rele-
vant example is the Au(IIT) porphyrin [Au"(TPP)]CI, exten-
sively investigated by Che and co-workers,”* that shows
potent in vitro anticancer properties toward a range of human
cancer cell lines, with some selectivity for cancer cells over
normal cells, and exhibits promising in vivo activity against
hepatocellular carcinoma and nasopharyngeal carcinoma.
The cytotoxicity is not enhanced by light irradiation (i.e.,
no PDT activity) and depends critically on the presence of

“ Abbreviations: AAS, atomic absorption spectroscopy; bpy, 2,2'-
bipyridine; Boc, rerz-butoxycarbonyl; bpyAc, 4-methyl-2,2’-bipyridine-
4'-carboxylic acid; bpy,-PP, meso-(p-bpy-phenyl)porphyrin; DAPI,
4’ 6-diamidino-2-phenylindolyl hydrochloride; DMA, 9,10-dimethylan-
thracene; DMAP, dimethylaminopyridine; DMF, N, N-dimethylforma-
mide; DMSO, dimethyl sulfoxide; DSS, 2,2-dimethyl-2,2-silapentane-5-
sulfonate; EDCI, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride; EDTA, ethylenediaminetetraacetic acid; en, ethane-
1,2-diamine; EPR, enhanced permeability and retention; FBS, fetal
bovine serum; HOBt, 1-hydroxybenzotriazole; Hp, hematoporphyrin;
LDL, low-density lipoprotein; MTT, thiazolyl blue tetrazolium bro-
mide; PACT, photoactivated chemotherapy; PBS, phosphate-buffered
saline; PDT, photodynamic therapy; pta, 1,3,5-triaza-7-phospha-
tricyclo[3.3.1.1]decane; ROS, reactive oxygen species; 4 TCMePP,
meso-4'-tetracarboxymethylphenylporphyrin; TCPP, meso-4'-tetracar-
boxyphenylporphyrin; TFA, trifluoroacetic acid; THF, tetrahydrofur-
an; TPP, meso-tetraphenylporphyrin; 4'TPyP, meso-4'-tetrapyridyl-
porphyrin.
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Au(ITI) because [Zn"(TPP)] is at least 100-fold less active than
[Au"(TPP)]CI under the same conditions.

In addition to conventional and PDT activity, metal—
porphyrin conjugates might have some other positive features
such as tumor selectivity. In fact, porphyrins typically show
preferential uptake and retention by tumor tissues, possibly
via receptor-mediated endocytosis of low density lipoproteins
(LDL).”® Thus, porphyrins might behave as carrier ligands for
the active transport of anticancer metal compounds into
cancer cells. In addition to the tumor-localizing properties
of porphyrins, in vivo these relatively large Ru—porphyrin
conjugates might exploit the unique extracellular environment
of tumors (e.g., their defective vasculature) and benefit of the
so-called “enhanced permeability and retention” (EPR) effect
for an increased passive targeting of malignant tissues.?
Photoexcitation of the organic chromophore, followed by
energy and/or electron transfer to the peripheral metal cen-
ters, might also induce their activation, e.g. through dissocia-
tion of ligands, and consequently lead to a reactivity diffe-
rent than in the dark.?’” Furthermore, provided that the
conjugates are sufficiently stable, the fluorescence emission
of the chromophore might be exploited for tracking the
biodistribution of the metal in the extra- and intracellular
environment of malignant cells through fluorescence micro-
scopy. Finally, an appropriate choice of the peripheral metal
fragments might considerably improve the water solubility of
the porphyrins, an important feature for biomedical applica-
tions.

For the reasons detailed above, it is of great interest to study
the anticancer properties of porphyrin—ruthenium conju-
gates. Therrien and co-workers recently reported that neutral
conjugates of meso-pyridylporphyrins with organometallic
[Ru(z°-arene)Cl,] fragments are moderately cytotoxic in the
dark against Me300 human melanoma cells and become
cytotoxic upon irradiation with visible light.*® Similar results
were reported also by Swavey and co-workers for cationic
conjugates bearing from 1 to 4 [Ru(bpy),CI]" fragments.*’

More recently, we described the preparation and character-
ization of several new Ru—porphyrin conjugates that bear
either negatively charged NAMI-A-type Ru(IIl) fragments or
positively charged half-sandwich Ru(Il) coordination com-
pounds.*® The connection between the tetrapyrrolic macrocycle
and each peripheral metal center occurred either through a
single N(pyridyl)—Ru bond or through a chelating bpy unit
(Figure 2). Both approaches have positive and negative aspects:
the single-bond connection allowed us to use the commercially
available meso-4'-tetrapyridylporphyrin (4 TPyP), whereas the
preparation of the meso-(p-bpy-phenyl)porphyrins (bpy,-PPs,
n = 1—4, Figure 2) required multistep synthetic procedures. On
the other hand, conjugation through a single bond, while
leaving five, rather than four, coordination positions on Ru
available for functionalization, is intrinsically less stable than
chelation through bpy and might lead to loss of the peripheral
Ru fragments under in vivo conditions.

Out of the above-mentioned porphyrin—Ru conjugates, we
selected the five cationic compounds described in Figure 3,
representative of both types of connections, for biological tests.
Compounds 1, 2, and 5 bear coordinatively saturated Ru com-
pounds, whereas 3 and 4 have half-sandwich Ru fragments with
a relatively labile DMSO ligand and are therefore, in principle,
more prone to coordination to biological targets. All conjugates
are either soluble in water (1) or in DMSO (2—5); those conju-
gates that are not well soluble in aqueous solution usually be-
come moderately soluble in phosphate buffer at physiological
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Figure 2. Metal—porphyrins conjugates through single bond (a) or multiple bonds (b).

pH or upon addition of small amounts of DMSO. We also
found that the peripheral Ru moieties do not quench the
porphyrin fluorescence emission significantly.

With the aim of expanding the number and chemical
features of the tetrapyrrolic chromophores suitable for
conjugation with Ru fragments, we describe here two novel
“extended-arms” versatile porphyrins, namely TetbpyPP
and TedabpyPP (Scheme 1), in which the four peripheral
bpy fragments are connected to the meso positions of the
macrocycle through flexible linkers of different length and
hydrophilicity.

In addition, we report also the synthesis and characteriza-
tion of the new, water-soluble, tetracationic Ru-TedabpyPP
conjugate [TedabpyPP{Ru([9]aneS3)Cl}4][Cl]4 (6), together
with the in vitro cell growth inhibition of compounds 1—6 in
human breast cancer MDA-MB-231 and in human nontu-
morigenic HBL-100 cells, and the phototoxic effects of 1, 4,
and 6 on MDA-MB-231 cells upon irradiation with visible
light (590—700 nm).

Results and Discussion

Synthesis and Characterization. Basically, the same multistep
synthetic route was followed to obtain the two new extended-
arm porphyrins, TetbpyPP and TedabpyPP (Scheme 1), that
bear four peripheral bpy fragments connected at the meso
positions through flexible linkers. First, the condensation of
pyrrole and methyl 4-formyl benzoate,' followed by hydrolysis
in basic conditions in THF/CH;OH, gave the meso-4'-tetra-
carboxyphenylporphyrin (TCPP). The hydroxybenzotriazole
(HOBL) ester of TCPP was then coupled with either N-Boc-
2,2'-diethylamine (yield 60%) or N-Boc-2,2’-(ethylenedioxy)-
diethylamine (yield 72%) in DMF. These intermediates
(TetNHBocPP and TedaNHBocPP, respectively) were quanti-
tatively deprotected using TFA in CH,Cl, and then coupled
with 4-methyl-2,2’'-bipyridine-4'-carboxylic acid (bpyAc) in the
same experimental conditions, giving TetbpyPP (74%) or
TedabpyPP (96%), respectively. The extended-arm bpy-por-
phyrins were characterized by UV—vis and '"H NMR spectro-
scopy and by electrospray mass spectrometry (see Figures S1—
S4 in the Supporting Information). Both porphyrins are well
soluble in DMSO but insoluble in water (even upon addition of

small amounts of DMSOQ), so that comparative biological tests
could not be performed.

Treatment of either porphyrin with 4 equiv of the neutral
Ru(II) precursor [Ru([9]aneS3)(dmso)Cl,] in refluxing CH,Cl,/
CH30H mixtures afforded, upon replacement of the dmso and
of a chloride ligand by bpy, the corresponding tetraruthenated
compound in excellent yield: [TedabpyPP{Ru([9]aneS3)Cl}4]-
Cly (6) (Figure 4) or [TetbpyPP{Ru([9]aneS3)CI}4]Cly (7)
(Figure S3 in Supporting Information), respectively. Both the
tetracationic ruthenium conjugates 6 and 7 were characterized
by mono- (Figure S4 in Supporting Information) and bidimen-
sional "H NMR spectroscopy (Figure 5).

Even though compound 6 has a good solubility in water, its
proton NMR spectrum in D,O presents only broad peaks,
possibly due to aggregation occurring at NMR concentrations
as previously observed with other Ru—porphyrin conjugates.*
For this reason, the NMR spectra of both compounds were
recorded in DMSO-ds, where only sharp resonances are ob-
served. In general, the NMR spectra of both conjugates are
consistent with their expected 4-fold symmetry, i.e., all periphe-
ral Ru fragments are equivalent.’® The "H NMR spectrum of 6
in the upfield region shows, beside the multiplets of [9]aneS3
(60 = 2.40—2.85), asinglet at 6 = 2.53 for the methyl on bpyAc
and the multiplets of the aliphatic spacer (6 = 3.55—3.70). The
two internal NH pyrrole protons appear as a relatively broad
singlet at 6 ~ —2.9. In the downfield region, the six resonances
of the bpyAc protons maintain the same relative pattern as in
the free TedabpyPP (even though, as typical for these com-
pounds, they are slightly broader than those in the free por-
phyrin). While the resonances of H5,5" are scarcely affected by
coordination to Ru, those of H6,6' and H3,3' are shifted down-
field by ca. 0.5 ppm. Also, the two triplets of the amide NH
protons are remarkably shifted downfield (ca. 2 ppm compared
to free TedabpyPP), but this effect is most likely due to the
change of solvent (DMSO-ds vs CD,Cl,). The correlation
H—H COSY spectrum of 6 (Figure 5) displays two strong
cross peaks between vicinal bipyridyl protons (H5 and H6, H5
and H6'), and two weaker peaks between the multiplets for the
CH, protons of the spacer and the NH amide protons. The 'H
NMR spectrum of 7 displays several overlapping resonances
for the bpyAc protons, and only those of H5,5 are well
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resolved (Figure S4 in Supporting Information). Owing to its
low solubility in water, compound 7 was not investigated
further.

Consistent with what was observed already for compound 4,
the fluorescence spectrum of 6 is very similar to that of the
parent porphyrin TedabpyPP, except for the ca. 25% quenching
of the emission intensity attributed to the peripheral heavy
atoms (Figure S5 in Supporting Information). The fluorescence
properties of porphyrins are useful to study their aggregation
behavior in solution. In fact, porphyrins in their monomeric
form usually show intense fluorescence emissions, which are
partially or completely quenched upon aggregation in solu-
tion.>® The fluorescence spectra of optically matched (0.2 A)
solutions of 6 in either DMSO or water showed an emission
band at 648 nm upon excitation of the Soret band; the sig-
nificant reduction in emission intensity on going from DMSO to
H>0 (= 60%) suggests that the ruthenium—porphyrin conju-
gate partially aggregates in water (Figure S5 in Supporting
Information). This finding is consistent with the very low
resolution of the '"H NMR spectrum in D,0.

The time course of the UV—vis spectrum of 6 in aqueous
solution was recorded at 25 °C. The Soret band absorbance
gradually increased (= 14%) until an almost constant value

5

Figure 3. Schematic structures of ruthenium—porphyrin conjugates 1—5.

was reached after 3 h (Figure S6 in Supporting Information).
No shape modification or shift of the Soret band were
observed, suggesting that no major chemical modification
of the porphyrin structure is occurring and that the minor
absorbance increase might be due to chloride hydrolysis and
formation of the Ru—aquo species (Figure S6 in Supporting
Information).'?

Cell Culture Studies. The cytotoxicity of compounds 1—6,
in the dark, was evaluated in the human breast cancer cells
MDA-MB-231 and in the nontumorigenic epithelial cells HBL-
100 after an exposure of 72 h. The ICs, values are reported in
Table 1 and are compared with those obtained by treating cells
with two half-sandwich Ru(II) complexes that closely mimic
the peripheral fragments on the conjugates: [Ru([9]aneS3)-
(en)CIJ[CF3S0;] (8) and [Ru([9]aneS3)(bpy)Cl|[CF3S0;] (9)
(Figure 1). While the reference Ru complexes are either mildly
(8) or not cytotoxic at all (9), the Ru—porphyrin conjugates 1—5
show ICs, values in the low micromolar range (2—10 uM), i.e.,
up to 2 orders of magnitude lower than those measured for 8.
Compound 6 s slightly less active in reducing cell proliferation as
it shows, in both cell lines, ICs, values statistically higher than
those of the other conjugates. Taken together, these results
show that, even when the cell growth inhibition per Ru
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Scheme 1. Synthetic Route to TetbpyPP and TedabpyPP*
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NH,CH,CH,0OCH,CH,OCH,CH,;NHBoc (72%) DMF, rt, 24 h or EDCI/HOBt, NH,CH,CH,NHBoc, DMF, rt, 2.5 h, then TFA, rt, 2 h (100%); (d)

EDCI/HOBt/DMAP, bpyAc, DMF, rt, 24 h (96% and 74%).

fragment is considered, conjugates 1—6 remain remarkably
more cytotoxic compared to the reference Ru complexes. In
addition, their cytotoxic activity seems to be scarcely depen-
dent on the type of porphyrin—Ru connection, on the number
of ruthenium fragments on the periphery of the porphyrin
(compare 3 vs 4), on the total positive charge of the adduct,
and on the hydrophilicity (1 and 6 have good water solubility).
These observations suggest that the increase of cytotoxic
potency of the porphyrin conjugates with respect to the Ru
complexes might derive from an improved uptake in cancer
cells.>* In addition, the cell growth inhibition, which is appar-
ently also independent of the presence of substitutionally
labile ligands on the ruthenium fragments (compare 1, 2 and
5 vs 3, 4 and 6), probably does not involve direct coordina-
tion of the conjugates to biological targets. The finding of
cytotoxic activity in substitutionally inert metal complexes,
which apparently contradicts the paradigms established for
anticancer Pt compounds, is becoming an increasingly com-
mon feature in modern inorganic anticancer research.’> Also
in the case of [Au(TPP)]CI it has been proposed that the
compound, which is stable under physiological conditions,
interacts with biomolecular targets through noncovalent

interactions behaving essentially as an organic lipophilic
cation.**

Whereas for 1—3 and 5 the ICs, values are substantially inde-
pendent of the cell line being treated, compounds 4 and 6 are ca.
two times more active against the highly invasive tumor MDA-
MB-231 cells than against the nontumorigenic HBL-100 cells,
with ICsq values of approximately 5 and 10 uM for compound 4
(p = 0.0283 for MDA-MB-231 vs HBL-100), and of 12 and
26 uM for compound 6 (p = 0.0009 for MDA-MB-231 vs HBL-
100), respectively. Despite what might be a first-sight impression,
the half-sandwich Ru fragments of compounds 4 and 6 are
remarkably similar: the investigation performed on the reference
complexes [Ru([9]aneS3)(bpy)CI][CF3SO3] (9) and [Ru([9]-
aneS3)(bpyAc)(dmso)][CF3SOs), (10) showed that both DMSO
and Cl are relatively labile ligands that are released in aqueous
solution.'>* Consistently, both 4 and 6, under in vivo condi-
tions, are likely to generate the same peripheral [Ru([9]aneS3)-
(bpyAc-P)(H,O)]*" (P=porphyrin) fragments (see above for 6).
Thus, the main structural difference of 6 compared to 4 are the
flexible hydrophilic spacers between the chromophore and the
peripheral Ru fragments. Apparently, this feature makes 6
less cytotoxic but preserves its capability to distinguish
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Figure 4. Schematic structure of the ruthenium—porphyrin conjugate 6.
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Figure 5. H—H COSY NMR spectrum of 6 in DMSO-d;. See Fig

between the nontumorigenic HBL-100 and the highly inva-
sive MDA-MB-231 cell line showing selectivity against this
latter. This finding suggests that compounds 4 and 6 might
have a specific interaction with a target differently expressed
by the two cell lines.

Phototoxicity. Conjugates 1, 4, and 6 were selected for
performing a detailed investigation of their cytotoxic activity

7.0

3.5

3.0

T

25

75 2.0
ppm

8.0

ure 4 for numbering scheme.

against MDA-MB-231 human breast cancer cells under irra-
diation with visible light (phototoxicity). These compounds,
beside being soluble in DMSO, are also well (1 and 6), or at
least appreciably (4), soluble in water, and represent three
types of porphyrins with increasing structural complexity
and both types of porphyrin—Ru connections. The cell
cultures were exposed for 24 h at concentrations of the
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Table 1. 1Csy Values of Tested Compounds on MDA-MB-231 and
HBL-100 Cells after 72 h Treatment (in the Dark)”

ICso [uM]
MDA-MB-231  HBL-100

1 441 241

2 5-5 4-5

3 4-5 6-8
4 4—6 10—10
5 4-5 6-7

6 1242 2642
Ru([9]aneS3)(en)CIJ[CF;S05] (8) 146—177" 175¢

Ru([9]aneS3)(bpy)CI[CF3S05] (9) > 300" nd

“MDA-MB-231 cells grown in multi-well plates were treated with
compounds 1—6 at 0.1 uM =+ 30 uM for 72 h, then cell cytotoxicity was
detected by MTT. ICso are the mean + SD calculated from values
obtained in three separated experiments (compounds 1, 6) or the values
obtained in two separate experiments (compounds 2, 3, 4, 5). Statistics:
unpaired t test. * From ref 13.  From ref 12.

125-
B dark
1007 1 J/em?
§ 3 Y 5J/om?
° E 75 ¢ 8J/cm?
oL _ | ® 20 J/em?
g3 8 30 J/em?
=
251
0-

0 107 106 105 10+
Compound Concentration [M]

Figure 6. Light dose—effect curves for 6 as representative ruthenium—
porphyrin conjugate. MDA-MB-231 human breast cancer cells were
exposed to doses from 1 to 10 uM for 24 h, then cells were irradiated
at a fluence rate of 25 mW/cm? and total light doses ranging from 1 to
30 Jjem?. Cell cytotoxicity was determined 24 h after the end of
irradiation by MTT test. The dotted line corresponds to 50% inhibition
of cell proliferation.

conjugates ranging from 0.1 to 10 uM, then were irradiated at
590—700 nm with a fluence rate of 25 mW/cm? and light doses
from 1 to 10 J/cm?. The exposure of control cells to these total
light doses does not induce an inhibition of cell proliferation
as reported in Figure S7 (see Supporting Information). Cell
cytotoxicity was determined using the MTT test 24 h after the
end of the irradiation. Cells treated with the same concentra-
tions of the test compounds, but kept in the dark, were used as
controls for photocytotoxicity, whereas cells neither exposed
to drugs nor to light were used as controls for cyto-
toxicity. The optimal total light dose was determined in a
preliminary series of experiments using 6 as representative
ruthenium—porphyrin conjugate (Figure 6). By irradiating
the tumor cells at increasing total light doses from 1 to 30 J/
cm?, the dose—response curve shifts to the left and the ICs,
value correspondingly decreases. Light doses greater than 10
J/em? were discarded because of induced excessive toxicity.
The phototoxicity of compounds 1, 4, and 6 against MDA-
MB-231 cells at increasing total light doses is shown in Table 2.
1C5, values are compared to those calculated from cell cultures
similarly treated with the Ru—porphyrin conjugates but kept in
the dark. For example, compound 1 has an ICs, of 3.34 uM in
the dark, that becomes 1.73 uM, 0.29 uM (p < 0.05 vs dark),
and 0.13 uM (p < 0.05 vs dark) when cells are exposed to 1 J/
cm?, 5 Jjem?, and 10 J/em?, respectively. Similar results were
observed for compound 6, whose ICsy drops from 2.09 uM
(dark) to 0.10 uM (10 Jjem? p < 0.01 vs dark). Under these

Gianferrara et al.

Table 2. 1Cs, Values of Compounds 1, 4, and 6 in MDA-MB-231 Cells
Treated for 24 h and Then Exposed to Increasing Doses of Visible Light
(590—700 nm)“

ICso [uM]
dark 1 J/em? 5J/em? 10 Jjem?
1 3.34 4+ 1.87 1.73 +£1.10 0.29 +0.02 0.13 +0.04
4 24.62 £+ 6.38 10.64 + 1.61 393 +1.24 1.71 £ 0.64
6 2.09 +0.78 0.56 +0.12 0.24 +0.10 0.10 + 0.04

“MDA-MB-231 cells grown in multi-well plates were treated with
compounds 1, 4, and 6 at 0.1—10 uM for 24 h, then cells were irradiated
with visible light (590—700 nm) at 25 mW /cm? fluence rate and total light
doses of either 1 J/em? 5 J/em? or 10 J/em?. Cell cytotoxicity was
detected by MTT test 24 h after irradiation. Statistics: ANOVA Analysis
of variance and Tukey—Kramer post test.

experimental conditions, compound 4 is slightly less active than
the others when cells are kept in the dark (ICsy = 24.62 uM) but,
after light exposure, its ICsy value decreases by 1 order of
magnitude, similarly to the other two compounds: 1.71 uM at
10 J/em? (p < 0.001 vs dark, and p < 0.05 vs 1 J/cm?).

It should be noted that the experimental conditions used in
these experiments for determining the cytotoxicity in the dark
(i.e., 24 h of cell challenge with each compound followed by
further 24 h in a drug free medium and evaluation by the MTT
test) are different from those described above (i.e., 72 h con-
tinuous drug treatment followed by the MTT test). The two
schedules do not affect the ICsy of 1 but yield moderately
different values for 4 and 6: 4 is ca. 5 times more active after a
continuative 72 h exposure, whereas the opposite result , i.e. a ca.
5-fold decrease of the cytotoxic activity, is found for compound
6 when cell treatment is prolonged from 24 to 72 h.

Most interestingly, compounds 1, 4, and 6 are all good PDT
candidates because they are effective at mild light doses (10 J/
cm?) and show ICs, values 1 order of magnitude lower than
those calculated in the dark in the same experimental condi-
tions. Compounds 1 and 6 are the most potent and most pro-
mising because they already cause a significant reduction of
tumor cells growth at a treatment dose as low as 1 J/cm?.

Because the most common mechanism of action of the
photosensitizers used in PDT (type II mechanism) involves
the production of singlet oxygen upon photoexcitation, the
0, quantum yield (®,) was measured for compounds 1, 4,
and 6. Most PDT photosensitizers typically have singlet
oxygen quantum yield values of ca. 0.5.° The investigated
Ru—porphyrin conjugates have from moderate (®, = 0.37
and 0.35 for 4 and 6, respectively) to good (®, = 0.63 for 1)
singlet oxygen quantum yields. These ®, values are not
significantly different from those of the corresponding par-
ent porphyrins (0.49, 0.38, and 0.40 for the precursors of 1, 4,
and 6, respectively). The phototoxicity of 1,4, and 6 does not
seem to be directly related to this parameter. In fact, 1 and 6
show the same potency in the phototoxic assay, despite 1
having a better singlet oxygen quantum yield compared to 6.
It is worth noting that ®, values are determined in ethanol
solution and that most likely other parameters (e.g., hydro-
phobicity, cell uptake, ...) play a more significant role in
determining the phototoxic activity of these conjugates
under in vitro conditions.

The intracellular localization in MDA-MB-231 cells of
compounds 1, 4, and 6 was determined after 16 h of exposure
using fluorescence microscopy; the results for compound 6
are reported in Figure 7. The porphyrin-associated fluores-
cence revealed that 6 accumulates in not yet identified
granular structures of the cytoplasm of the breast cancer
cells (Figure 7B), yielding red emission spots, but not in the
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Figure 7. Evaluation of the intracellular localization of 6 in MDA-MB-231 human breast cancer cells by fluorescence microscopy. MDA-MB-231
cells were grown on histological glass slides and exposed to 6 (10 «uM) for 16 h in the dark. Cells were fixed in 4% buffered formol, stained with DAPI,
and examined (magnification 200x). (A) DAPI (excitation at 365 nm), (B) compound 6 (excitation at 535 nm), (C) overlay of excitation at 365 nm for
DAPI staining of cell nuclei (blue) and excitation at 535 nm, indicating accumulation of 6 (red spots) in the cytoplasm of the cells.
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Figure 8. Ruthenium uptake in MDA-MB-231 and HBL-100 cells treated with compound 4. Cells grown in multiwell plates were treated with
compound 4 at 4.5 or 10 uM for 1, 2, 4, or 24 h. At the end of the treatment, ruthenium content was measured with atomic absorption spectroscopy.

nucleus, as demonstrated by the overlay with the blue fluores-
cence of DAPI (Figure 7C), a compound that selectively stains
the nucleus (Figure 7A). Similar results were obtained with
compounds 1 and 4 (data not shown). DAPI staining, several
hours after treatment, did not show morphological changes at
the nuclear level typical of apoptosis. On the basis of this obser-
vation, the most likely mechanism of cell death seems to be nec-
rosis, consistent with literature data showing that both death
mechanisms are possible in PDT, depending on the character-
istics of the photosensitizing agent,?” on the cell lines used*®, and
on the treatment schedule used.*’

The uptake of compound 4 by MDA-MB-231 and HBL-
100 cells was measured by atomic absorption spectroscopy
after treatment for 1, 2, 4, and 24 h. Compound 4 was
selected because it is one of the conjugates with the highest
positive charge (8+) and it shows different activity on the two
cell lines (that might suggest different uptake). Two concen-
trations (4.5 and 10 uM) were used for each cell line that
represent the ICs, values calculated for this compound in
MDA-MB-231 and HBL-100 cells after a 72 h exposure,
respectively. Figure 8 shows the ug of ruthenium/10° cells as
a function of the time of treatment: in both cell lines, the
ruthenium associated to cells increases proportionally to the
duration of the treatment reaching approximately the same
maximum value of 0.1 zg/10° cells in both cell lines (after 24 h
at the concentration of 10 uM), although the accumulation
kinetic seems slower in the human breast cancer cells in
comparison to the nontumorigenic cells.

Thus, the large positive charge of the conjugate does not
seem to inhibit its cellular uptake. Indeed, it has been demon-
strated that highly charged metal complexes are capable of
crossing cell membranes even better than neutral or low-
positively charged species.*

Conclusions

We reported the preparation of two novel “extended-arms”
versatile porphyrins, namely TetbpyPP and TedabpyPP,
with a multistep approach and reasonable overall yield. These

porphyrins, that bear at the meso positions four chelating bpy
fragments connected through flexible linkers of different
length and hydrophilicy, are particularly suited for the strong
coordination of peripheral metal fragments. Thus, in principle,
they might be easily exploited for the preparation of a wide
array of conjugates in which the nature of the metal, the total
charge, the presence of labile ligands, etc. can be varied on
demand by an appropriate choice of the metal precursor. We
demonstrated that both porphyrins can effectively bind four
half-sandwich Ru(II) coordination compounds to give the
tetra-cationic conjugates [TedabpyPP{Ru([9]aneS3)Cl}4Cl,4
(6) and [TetbpyPP{Ru([9]aneS3)Cl} 4]Cly (7) in excellent yields.
TedabpyPP seems to be best suited for biological purposes
because the hydrophilic spacers, containing the ethylenedioxy
groups, contribute to impart water solubility to the final com-
pound: in fact, conjugate 6 is water-soluble, whereas 7 is totally
insoluble. In contrast, conjugates of the highly hydrophobic
4'TPyP become water-soluble only when the charged metal
fragments bear highly hydrophilic ligands, such as en, in their
coordination sphere (e.g., compound 1).

Compound 6, together with the five other cationic Ru—
porphyrin conjugates 1—5 recently described by us,*® were
investigated for in vitro cell growth inhibition toward MDA-
MB-231 human breast cancer cells and HBL-100 human
nontumorigenic epithelial cells. In the dark, all compounds
showed ICs, values in the low micromolar range, i.e. at least 2
orders of magnitude lower than the corresponding Ru com-
plexes. Their cytotoxic activity is scarcely dependent on the
type of porphyrin and of Ru fragment. In other words,
conjugation of the Ru(Il) half-sandwich compounds to the
porphyrin led to a remarkable increase of cytotoxicity, possi-
bly due to improved uptake (see above). Interestingly, the two
cell lines showed a different sensitivity to the cytotoxicity
of compounds 4 and 6, with the nontumorigenic HBL-100
much less affected than MDA-MB-231. Because the uptake is
similar in the two cell lines, at least for 4, this finding suggests
the possibility of a specific interaction of 4 and 6 with a target
differently expressed by the two cell lines.
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Three compounds were selected for investigating their
phototoxic effects on MDA-MB-231 human breast cancer
cells upon illumination. Conjugates 1, 4, and 6 became ca. 10
times more cytotoxic after irradiation with visible light
(590—700 nm) and proved to have from moderate to good
singlet oxygen quantum yields. According to fluorescence
microscopy experiments, they accumulate in the cytoplasm
of'the breast cancer cells but do not penetrate significantly into
the nucleus. The most potent compounds 1 and 6 were active
at nanomolar concentration and very low light dose (1 J/cm?),
making them promising sensitizers for the PDT of tumors.

Experimental Section

Mono and bidimensional (H—H COSY) '"H NMR spectra
were recorded at 400 or 500 MHz, respectively, on a JEOL Eclipse
400FT or on a Varian 500 spectrometer. All spectra were run at
ambient temperature. In all the solvents chemical shifts were
referenced to the peak of residual nondeuterated solvent (0 =
7.26 for CDCls, 5.32 for CD,Cl,, 3.31 for CD;OD, 2.50 for
DMSO-ds). UV—vis spectra were obtained at 7 = 25 °C on a
Jasco V-500 UV—vis spectrophotometer equipped with a Peltier
temperature controller, using 1.0 cm path-length quartz cuvettes
(3.0 mL). Electrospray mass spectra were recorded in the posi-
tive ion mode on a Bruker Esquire ESI-MS instrument. Fluores-
cence spectra were recorded on a F-4550 Hitachi spectrofluori-
meter.

Column chromatography was performed on silica gel 60 A
(Merck, 230—400 mesh ASTM)), eluting with dichloromethane/
ethanol mixtures as specified below.

4-Methyl-2,2'-bipyridine-4'-carboxylic acid (bpyAc),* [4 TPyP-
{Ru([9]aneS3)(en) }][CF3SO5]s (1), [4 TPyP{Ru([9]aneS3)(bpy)}]-
[CF3SO;]s (2), [Bpys-PP{Ru([9]aneS3)(dmso-S)}3][CF380;]s (3),
[Bpy4-PP{Ru([9]aneS3)(dmso-S)} 4| CF5SOs]g (4), and [Bpys-PP-
{Ru([12]aneS4) ;4]LNO;]8 (5) were prepared according to the pub-
lished procedures.®® All chemicals were purchased from Sigma-
Aldrich and used without further purification unless otherwise
specified.

The porphyrin—Ru conjugates precipitate with variable
amounts of crystallization solvent that depend on the batch.
For this reason, elemental analysis of such conjugates did not
afford reliable and reproducible results and the values are not
reported here (typically, some of the elemental analysis values,
especially for C, differ from calculated values by >0.5%). Never-
theless, the purity calculated from elemental analysis data was
always >95%, and the proposed formulas are all consistent with
the "H NMR and ESI MS spectra.

Preparation of Compounds. 4-Formyl Benzoate. HCI (g) was
bubbled for 30 min in a solution of 4-formylbenzoic acid (5 g,
0.33 mmol) dissolved in 250 mL of methanol and cooled in an ice
bath. The mixture was heated to reflux for 30 min and evapo-
rated to dryness under reduced pressure to obtain a white solid
that was recrystallized from petroleum ether to obtain the title
compound; yield 4.17 g (77%); mp = 60 °C (lit. 60 °C). '"H NMR
(CDCls,0):3.97(s,3H, CH3), 7.96 (d, H3,5,J = 8.3 Hz), 8.20 (d,
H2,6,J = 8.2 Hz), 10.11 (s, CHO).

meso-4'-Tetracarboxymethylphenylporphyrin (4 TCMePP).
A 2.30 g amount of methyl 4-formyl benzoate (14 mmol) in
propionic acid (50 mL) was heated at 120 °C. Freshly distilled
pyrrole (1.0 mL, 14 mmol) was added, and the mixture was refluxed
for 1.5 h, then stored at —18 °C for 12 h. The purple precipitate was
removed by filtration, thoroughly washed with cold methanol, and
dried in vacuo at room temperature. Yield 0.63 g (21%). "H NMR
(CDCl3, 6): —2.81 (brs, 2H, NH), 4.12 (s, 12H, CH3), 8.30 (d, 8H,
oPh, J = 8.1 Hz), 8.45 (d, 8H, mPh, J = 8.1 Hz), 8.82 (s, 8H, Hp).
UV—vis (CH,Cly, 25 °C) Ajax, nm (relative intensity, %): 420 (100),
515 (4.0), 550 (2.0), 590 (1.4), 646 (1.0).

meso-4'-Tetracarboxyphenylporphyrin (4 TCPP). A 12 mL
amount of a 40% KOH aqueous solution was added to a
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200 mg amount of 4TCMePP (0.236 mmol) dissolved in 200
mL of a 2:1 THF/CH3;OH mixture. The reaction mixture was
stirred at 40 °C for 1 h, acidified with conc HCI (pH 95), and
extracted with THF/CH,Cl, 1:1 (4 x 50 mL). The organic frac-
tion was evaporated under reduced pressure, affording 174 mg
of the desired purple product; yield: 93%. "H NMR (DMSO-d,
0): —2.94 (s, 2H, NH), 8.40 (m, 16H, mPh + oPh), 8.87 (s, 8H,
PH), 13.32 (s, 4H, COOH). UV—vis (EtOH) A,.x, nm (relative
intensity, %) 416 (100), 513 (4.2), 548 (2.1), 590 (1.3), 646 (0.9).

TedaNHBocPP. A 146 mg amount of EDCI (0.76 mmol) and
a 103 mgamount of HOBt (0.76 mmol) were added to a solution
of 4 TCPP (100 mg, 0.126 mmol) dissolved in 4 mL of anhydrous
DMF. To this solution, after stirring for 30 min, a 138 mg amount
of N-Boc-2,2'-(ethylenedioxy)diethylamine (0.56 mmol)* and a 68
mg amount of dimethylaminopyridine (DMAP) (0.56 mmol)
dissolved in 1 mL of anhydrous DMF were added. The reaction
mixture was shielded from light and stirred at room temperature
for 24 h, and then the solvent was removed on a rotary evaporator
to yield a dark semisolid. A 1:1 THF/CH,Cl, mixture (100 mL)
was added, and the organic layer was washed with water (40 mL x
3) and dried over anhydrous Na,SO,. The organic fraction was
evaporated to dryness under vacuum, and the resulting solid was
dissolved in 3 mL of CH,Cl, and purified by column chromato-
graphy (4 x 20 cm) using CH,Cl,/EtOH (90:10) as eluent. The
workup afforded 153 mg of the product as a purple solid (yield
72%). '"H NMR (CDCls, 8): —2.83 (br s, 2H, NH), 1.38 (s, 36H,
CHj3 Boc), 3.35 (m, 8H, CH, spacer), 3.61 (t, 8H, CH, spacer), 3.73
(m, 16H, CH, spacer), 3.84 (m, 16H, CH, spacer), 5.04 (br s, 4H,
NHCO), 8.24 (dd, 16H, 8H mPh + 8H oPh), 8.81 (s, 8H, SH).

TetNHBocPP. A procedure similar to that described above
was used, with the following parameters: 170 mg of 4 TCPP (0.215
mmol) in 10 mL of anhydrous DMF, 247.3 mg of EDCI (1.29
mmol), and 174 mg of HOBt (1.29 mmol) To this solution, a 275
mg amount of N-Boc-ethylenediamine® (1.72 mmol) was added
and the reaction mixture stirred for 2.5 h at rt; yield 176 mg (60%).
'H NMR (CDCl;, 8): —2.84 (br s, 2H, NH), 1.48 (s, 36H, CH;
Boc), 3.56 (m, 8H, CH,NHCO), 3.74 (m, 8H, CH,NHBoc), 5.09
(m, 4H, NHBoc), 7.57 (m, 8H, CH,NHCO) 8.24 (dd, 16H, 8H
mPh + 8H oPh, J = 8.22, 19.53 Hz), 8.79 (s, 8H, SH).

TedaNH,PP-4CF;SO3H. A 6 mL amount of trifluoroacetic
acid (TFA) was added to a solution of TedaNHBocPP (153 mg,
0.096 mmol) dissolved in 9 mL of anhydrous CH,Cl,. The
mixture was shielded from light and stirred at room temperature
for 2 h, after which the solvent was completely removed on a
rotary evaporator to give a dark-green semisolid of the title
porphyrin as triflate salt. A small amount (20 mg ca.) was
neutralized with triethylamine (2 drops), dissolved in methanol
(2 mL), precipitated with diethyl ether, filtered, and thoroughly
washed with diethyl ether for characterization. "H NMR (free
base) (CD;0D, 0): 3.17 (t, 8H, CH,NH,), 3.80 (m, 40H, CH,
spacer), 8.32 (dd, 16H, mPthoPh) 8.90 (brs, 8H ,PH). UV—vis
(CH30H) Appax, nm (8 x 1073, dm® mol 'em ™ !): 415 (479), 513
(20), 546 (11), 587 (7.1), 645 (5 9). ESI-MS m/z: 1312.7 (MH™),
1334.6 (M + Na™), 1350.6 (M + K™).

The remaining product was used in the following step without
further purification.

TetNH,PP-4CF3;SO;H. The same procedure as above was
used, with the following parameters: 189 mg of TetNHBocPP
(0.14 mmol) in 10 mL of anhydrous dichloromethane and 5 mL
of TFA. "H NMR (free base) (DMSO-dj, 0): —2.93 (s, 2H, NH),
3.13 (d, 8H, CH,NH,), 3.63 (d, 8H, NHCH,), 8.35 (dd, 16H,
mPh + oPh), 8.84 (m, 8H, fH), 9.11 (m, 4H, NHCO). ESI-MS
(m/z): 959.4 (MH™), 981.4 (M + Na™) 791.2 (M(TCPP)H™).

TedabpyPP. A 115 mg amount of bpyAc (0.54 mmol), a
155 mg amount of EDCI (0.81 mmol), and a 109 mg amount of
HOBt (0.81 mmol) were dissolved in 5 mL of anhydrous DMF.
After stirring for 30 min at room temperature, a solution of
TedaNH,PP (0.090 mmol) and 110 mg of DMAP (0.90 mmol)
in 5 mL of anhydrous DMF was added. The reaction mix-
ture was stirred for 24 h in the dark. At reaction completion
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(TLC: aluminum oxide, CH,Cl,/EtOH 90:10), the solvent was
evaporated under vacuum and the resulting solid was triturated
with diethyl ether, filtered, thoroughly washed with diethyl
ether, and dried in vacuum. Yield: 180 mg (96%). '"H NMR
(CD,ClL,, 6): —3.00 (s, 2H, NH), 2.21 (s, 12H, CH;bpy),
3.68—3.83 (m, 48H, CH, spacer), 6.96 (d, 4H, J = 4.72 Hz,
H5), 7.21 (t, 4H, NHCO bpy), 7.31(t, 4H, NHCO), 7.66 (dd,
4H, J = 1.64, 4.96 Hz, H5), 8.10 (s, 4H, H3'), 8.10 (d, 8H, J =
7.95 Hz, oPh), 8.18 (d, 8H, J = 7.95 Hz, mPh), 8.35(d, 4H, J =
4.96 Hz, H6'), 8.62 (d, 4H, J = 4.96 Hz, H6), 8.65 (s, 4H, H3),
8.74 (s, 8H, BH). ESI-MS m/z: 2096.7 (MH ) 2118.6 (M + Na™),
2134.5 (M + K™). UV—vis (CH30H) 1 ,.x, nm (relative inten-
sity, %): 418 (100), 514 (4.7), 549 (2.4), 590 (1.5), 646 (1.1).

TetbpyPP. The same synthetic procedure as above was used,
with the following parameters: 191 mg of bpyAc (0.89 mmol),
218 mg of EDCI (1.14 mmol), and 159 mg of HOBt (1.17 mmol)
in 13 mL of anhydrous DMF. TetNH,PP (0.14 mmol), 154 mg
of DMAP (1.26 mmol) in 7 mL of anhydrous DMF. Yield: 181
mg (74%). "H NMR (DMSO-dq, 8): —2.94 (br s, 2H, NH), 2.40
(s, 12H, CH3), 3.64 (m, 16H, CH,), 7.28 (d, 4H, HY'), 7.87 (d,
4H, H5), 8.26 (s, 4H, H3'), 8.31 (m, 16H, oPh + mPh), 8.57 (d,
4H, H¢'), 8.84 (m, 16H, SH + H6 + H3), 9.00 (t, 4H, CONH),
9.16 (t, 4H, CONH). ESI-MS m/z: 1744.7 (MH™), 1766.7 (M +
Na™), 1782.6 (M + K™*). UV—vis (CH3;0H + 5% DMSO) Apax.
nm (¢ x 1073, dm® mol 'em™"): 416 (237), 512 (13), 547 (7.1),
589 (5.1), 645 (3.8).

[TedabpyPP{Ru([9]aneS3)Cl},4][Cl]4 (6). A 50 mg amount of
TedabpyPP (0.024 mmol) was dissolved in a mixture of CH;OH
(6 mL)and CH,Cl, (2.5mL). To this solution a 41 mg amount of
[Ru([9]aneS3)(DMSO)CI,] (0.095 mmol) dissolved in 16 mL of
hot CH3OH was added. The mixture was refluxed for 24 h, and its
color turned deep red. After reaction completion (TLC: aluminum
oxide, CH,Cl,/EtOH 90:10), the solvent was evaporated under
vacuum and the residue redissolved in a few drops of methanol.
Dropwise addition of diethyl ether to the purple—brown solution
induced the precipitation of a purple solid that was removed by
filtration and washed repeatedly with diethyl ether and dried under
vacuum at rt; yield 79 mg (92%). '"H NMR (DMSO-dq, 8): —2.93
(s,2H, NH), 2.40—2.85 (m, 48H, CH; [9]aneS3), 2.53 (s, 12H, CH;
bpy), 3.55 — 3.70 (m, 48H, CH, spacer) 7.50 (d, 4H, J = 5.03 Hz,
H5'),7.95(d,4H,J = 5.12 Hz, HY), 8.30 (s, 16H, oPh + mPh), 8.65
(s,4H, H3'),8.82 (d,4H, J = 5.75 Hz, H6'), 8.84 (s, 8H, fH), 8.93
(t, 4H, CONH), 9.01 (s, 4H, H3), 9.11 (d, 4H, J = 5.74 Hz, H6),
9.27 (t, 4H, CONH). ESI-MS m/z: 841.5 (MH™"). UV—vis
(CH30H) 4 1ay, nm (relative intensity, %): 417 (100), 513 (5.5),
549 (2.9), 590 (1.5), 645 (1.0).

[TetbpyPP{Ru([9]aneS3)Cl]4}][Cl]4 (7). The same synthetic
procedure as above was used, with the following parameters:
25 mg of TetbpyPP (0.014 mmol) in 25 mL of CH;OH and 27 mg
of [Ru([9]aneS3)(DMSO)Cl,] (0.063 mmol); yield, 39 mg (92%).
'"H NMR (DMSO-d,, 8): —2.94 (br s, 2H, NH), 2.5-2.9 (m,
48H, CH, [9]aneS3), 7.49 (d, HY'), 8.03 (d, H5), 8.34 (dd, 16H,
oPh + mPh) 8.78 (s, H3'). 8.84 (m, 16H, fH + H6'), 9.17 (m,
12H, CONH + H3), 9.52 (m, 4H, CONH). UV—vis (CH;0H)
Amax» N (relative intensity, %): 417 (100), 513 (8.1), 548 (3.9),
589 (2.6), 645 (1.8).

Tumour Cell Lines for in Vitro Tests. The MDA-MB-231,
highly invasive, human breast cancer cell line was kindly sup-
plied by Dr. P. Spessotto (Cro, Aviano, Italy) and maintained
in Dulbecco’s modified Eagle’s medium (EuroClone, Devon,
UK) supplemented with 10% fetal bovine serum (FBS,
Gibco, Invitrogen, Paisley, Scotland, UK), 2 mM L-glutamine
(EuroClone, Devon, UK), 1% nonessential amino acids, and
100 IU/mL penicillin and 100 ug/mL streptomycin (EuroClone,
Devon, UK).

The HBL-100 human nontumorigenic epithelial cell line was
kindly supplied by Dr. G. Decorti (Department of Life Sciences,
University of Trieste, Italy) and maintained in McCoy’s 5A
medium supplemented with 10% FBS, 2 mM L-glutamine, and
100 TU/mL penicillin and 100 xg/mL streptomycin.
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Both cell lines were kept in a CO, incubator with 5% CO, and
100% relative humidity at 37 °C. Cells from a confluent mono-
layer were removed from flasks by a trypsin—EDTA solution.
Cell viability was determined by the trypan blue dye exclusion
test. For experimental purposes, cells were sown in multiwell
culture clusters.

Determination of Cell Cytotoxicity. Cell growth inhibition
was determined by the MTT viability test.** Cells sown on 96-
well plates were incubated 24 h later with concentrations from
0.1 to 30 uM of the appropriate compound, prepared by
dissolving it in a medium containing 5% of serum, for 72 h.
Solutions of the conjugates 1—6 were prepared by diluting a
freshly prepared stock solution (1072 M) of each compound in
DMSO (Sigma, St. Louis, MO). Maximum DMSO concentra-
tion in the cell incubation medium was <0.3% v/v. Cell toxicity
analysis was performed at the end of the incubation time.
Briefly, MTT dissolved in PBS (5 mg mL ") was added (10 uL
per 100 uL of medium) to all wells and the plates were then
incubated at 37 °C with 5% CO, and 100% relative humidity
for 4 h. After this time, the medium was discarded and 200 uL
of DMSO were added to each well according to the method
of Alley et al.** Optical density was measured at 570 nm on
a SpectraCount Packard (Meriden, CT) instrument. ICs,
values were calculated from dose—effect curves with Graph-
Pad Prism version 4.03 for Windows (GraphPad Software, San
Diego, CA).

Determination of Cell Phototoxicity. Cells grown in 96-well
cell culture plates were incubated 24 h later with concentrations
from 0.1 to 10 uM of compounds 1, 4, and 6, prepared by
dissolving them in a medium containing 5% of serum, for 24 h.
Stock DMSO solutions of each conjugate were prepared as
described above. Maximum DMSO concentration in the cell
incubation medium was =<0.1% v/v. Thereafter, the media
containing compounds were replaced with drug-free medium
containing 5% of serum and cells were irradiated at 590—700 nm
at a fluence rate of 25 mW/cm? and light doses ranging from 1 to
10 J/ecm?. This wavelength interval was isolated from the emis-
sion of a halogen lamp (Teclas, Lugano, Switzerland) by the
insertion of broadband optical filters. Control experiments
performed in the absence of any photosensitizer indicated that
light doses up to 10 J/cm? cause no evident cell damage. A plate
similarly treated but not exposed to light was used as reference
for the dark cytotoxicity in the same experimental conditions.
Experiments were conducted in quadruplicate and repeated
trice. Analysis of cell phototoxicity using the MTT assay as
described above was performed after a further incubation of 24
h after irradiation and compared to the values of control cells
without light irradiation.

Determination of the Quantum Yield for Singlet Oxygen
Generation. The quantum yield (®,) of singlet oxygen generated
by compounds 1, 4, and 6 upon photoexcitation was measured
using 9,10-dimethylanthracene (DMA) as substrate.*® Typi-
cally, 1.5 mL of a 20 uM ethanol solution of DMA and
1.5 mL solution of the porphyrin (0.4 A at Soret band maxi-
mum, ~ 10°® M) in ethanol were placed in a quartz cuvette
of 1 cm optical path and irradiated with 590—700 nm light for
different periods of time at 20 4+ 2 °C under gentle magnetic
stirring. The fluence rate was 100 mW/cm?> The DMA fluores-
cence emission was recorded in the 380—550 nm wavelength
range with excitation at 360 nm. The first-order rate constant of
the photo-oxidation of DMA by 'O, was obtained by plotting In
Fy/F as a function of the irradiation time #, where F, and
F represent the fluorescence intensity at time 0 and at time
t, respectively. The rate constant was then converted into
'0, quantum yield by comparison with the rate constant for
DMA photo-oxidation sensitized b; hematoporphyrin (Hp),
for which ®, was shown to be 0.65.%7

Microscopy Experiments. MDA-MB-231 cells were grown on
histological slides in complete medium until 75% confluence
was reached and exposed to compounds 1, 4, and 6 (10 uM) for
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16 hin the dark. At the end of the treatment, after discarding the
medium containing the compound and washing, cells were fixed
for 10 min in buffered formol, and nuclei were stained with 4',6-
diamino-2-phenylindolyl hydrochloride (DAPI, Molecular
Probes, Invitrogen, Italy) according to the manufacturer’s
instructions. Then slides were mounted with 20% PBS-glycerol
and analyzed under a fluorescence microscope (Leica, DM 2000,
Italy) with filters set at 365 4= 5 nm excitation light (BP 340/380,
FT 400, LP 425) for DAPI, and 535 4 25 nm excitation light (BP
515—560, FT 580, LP 590) for porphyrins.

Determination of Ruthenium Cell Uptake. Ruthenium cell
uptake was determined by atomic absorption spectroscopy
(AAS) on samples processed with a modification of the proce-
dure by Tamura and Arai.*® MDA-MB-231 and HBL-100 cells
were seeded in complete medium containing 5% of serum in a
6-well plate. When cells reached 75% confluence, they were
incubated with 4.5 or 10 uM of compound 4 for 1, 2,4, or 24 h at
37 °C. At the end of the treatment, the wells were washed three
times with PBS, the cells collected by a trypsin/EDTA solution,
counted with the trypan blue exclusion test, and the intracellular
concentration of ruthenium was determined. The cells were
dried in Nalgene cryogenic vials (a first drying step was per-
formed overnight at 80 °C and a second step at 105 °C until the
samples reached a constant weight). The dried cells were decom-
posed by the addition of an aliquot of tetramethylammonium
hydroxide (25% in water) (Aldrich) and of Milli-Q water at a
ratio of 1:1 directly in each vial at room temperature under
shaking. Final volumes were adjusted to 1 mL with Milli-Q
water. The concentration of ruthenium in treated cells was
measured by flameless atomic absorption spectroscopy using
a Zeeman graphite tube atomizer, model SpectrAA-300,
equipped with a specific ruthenium emission lamp (hollow
cathode lamp P/N 56-101447-00, Varian, Mulgrave, Victoria,
Australia). Quantification of ruthenium was carried outin 10 uL
samples at 349.9 nm with an atomizing temperature of 2500 °C,
using argon as carrier gas at a flow rate of 3.0 L/min. Before each
analysis, a five-point calibration curve was obtained to check the
range of linearity using ruthenium custom-grade standard 998
mg/mL (InorganicVentures, Lakewood, NJ).

Statistical Analysis. Data obtained in the experiments were
subjected to Statistical Analysis of Variance (ANOVA) and
Tukey-Kramer post-test, or to Unpaired ¢ test performed using
GraphPad InStat version 3.06 for Windows (GraphPad Soft-
ware, San Diego, CA, USA).
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