N
N

N

HAL

open science

Tumour-targeting photosensitisers for one- and
two-photon activated photodynamic therapy

Sébastien Jenni, Angélique Sour, Frédéric Bolze, Barbara Ventura, Valérie
Heitz

» To cite this version:

Sébastien Jenni, Angélique Sour, Frédéric Bolze, Barbara Ventura, Valérie Heitz. Tumour-targeting
photosensitisers for one- and two-photon activated photodynamic therapy. Organic & Biomolecular
Chemistry, 2019, 17 (27), pp.6585-6594. 10.1039/c¢90b00731h . hal-02361931v2

HAL Id: hal-02361931
https://hal.science/hal-02361931v2

Submitted on 8 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02361931v2
https://hal.archives-ouvertes.fr

Tumour-Targeting Photosensitisers for One- and Two-photon
Activated Photodynamic Therapy

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

hal-02361931)

Sébastien Jenni,® Angélique Sour,’ Frédéric Bolze,*” Barbara Ventura*‘ and Valérie Heitz*®

Despite the advantages of photodynamic therapy (PDT) over chemotherapy or radiotherapy such as low side effects, lack
of treatment resistance and spatial selectivity inherent to light activation of the drug, several limitations especially related

to the photosensitiser (PS) prevent PDT from becoming widespread in oncology. Herein, new folic acid- and biotin-

conjugated PSs for tumour-targeting PDT are reported, with promising properties related to PDT such as intense

absorption following one-photon excitation in the red or two-photon excitation in the near-infrared, and also high singlet

oxygen quantum vyield (close to 70 % in DMSO). Cellular studies demonstrated that both targeted PSs induced

phototoxicity, the folate-targeted PS being the most effective one with 80% of cell death following 30 min of irradiation

and a phototoxicity four times higher than that of the non-targeted PS. This result is in accordance with the uptake of the

folate-targeted PS in Hela cells, mediated by the folate receptors. Moreover, this folate-targeted PS was also phototoxic

following two-photon excitation at 920 nm, opening new perspectives for highly selective PDT treatment of small and

deep

Introduction

Photodynamic therapy (PDT)
approved treatment which has shown its efficiency in cancer
therapy, ophthalmology and dermatology.l’ 2 In PDT the
photosensitiser (PS), a non-toxic drug activated by light
absorption,
reactive oxygen species that damage cells,

is a non-invasive clinically

reacts with surrounding oxygen to generate
tissue and
vasculature. The selectivity of the treatment provided by the
local photoactivation of the PS, and the absence of induced
resistance to such treatment, have encouraged researchers to
overcome the limitations of PDT in its current application to
cancer. Among these limitations is the light-activation of the
PS, which is usually performed in the visible range and not in
the optical therapeutic window, between 700 and 950 nm.
Light excitation minimal
absorption by limited
photodamage to healthy tissue, increased penetration of light
into tissue and thus deeper treatment. Therefore, a new
generation of PSs with lower HOMO-LUMO gap and
absorption shifted towards the near infrared was designed.}5
More recently, excitation performed in the optical therapeutic

in this spectral range ensures

endogenous chromophores,
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tumours.

window was conceived with a non-linear optical process called
two-photon excitation, predicted in the early 1930s.° Two-
photon PDT requires the use of short-pulse lasers to generate
a high density of photons as well as new PSs with large m-
conjugated donor-acceptor system that have a high two-
photon absorption cross section in the near-infrared.” Two-
photon absorption occurs in a minimal volume around the
focal point of the laser and therefore provides a high precision
to the PDT treatment, as already shown with vascular closure

7-11
tumours.

on mice models and eradication of small
Enhancing the selectivity of the PS for the tumour is another
goal to improve PDT. Increasing the PS localization in the
tumour using the active targeting strategy 1213 will increase
the efficiency of the treatment, while allowing for a decrease
of the PS dose and of the photodamage of healthy tissue.
Targeted PS for receptor-mediated delivery of the PS in
tumours were reported by conjugation with monoclonal
antibodies,14 carbohydrates,ls'19 and steroids.?® Small targeting
biomolecules such as peptide521'30 or vitamins®**® were also
conjugated to increase the uptake of the PS in tumour tissue.
Another strategy relies on the use of nanomaterials and
passive targeting with
nanoformulations or of active targeting with nanoparticles
incorporating both PSs and targeting agents, have been
reported.39'42 Nevertheless, combining two-photon activatable
molecular PS in the near infra-red for high spatial selectivity
and deep tumour treatment, with targeting units for enhanced

delivery of the PS has not received much attention yet.lo' 4343

examples of tumour various

We previously reported on the design of new molecular
porphyrin-based PSs for PDT connected to imaging agents for
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magnetic resonance imaging. These theranostic agents were
able to kill cancer cells following classical one-photon
excitation®® or following two-photon excitation in the near-
infrared.”” *® Based on the promising results obtained with an
engineered rm-extended porphyrin in two-photon excited
PDT,” our purpose became the enhancement of the selectivity
of the PS with the addition of a tumour-specific vector
targeting either folate or biotin receptors, known to be
overexpressed on the surface of many tumours. Folic acid
(vitamin 89)35’ %31 and biotin (vitamin B7)52 are growth cell
promoters and consumed to a great extent in cancerous cells.
Both have shown to be valuable targets in the context of
pDT? 31 38 38 44 5368 \\ith promising preclinical studies
reported on the selectivity of folate-conjugated porphyrins for
peritoneal metastasis of epithelial ovarian cancer.>

Herein, the synthesis of two targeted PSs, consisting of -
extended diketopyrrolopyrrole-porphyrin conjugates
connected to folic acid or biotin is reported, as well as a
comprehensive study on their photophysical properties
(fluorescence quantum yields and lifetimes, singlet oxygen
quantum vyields, and two-photon cross sections). Moreover,
the photodynamic activity of the two PSs following one-
photon excitation was assessed on cancer cells. For the most
promising PS that targets folate receptors, the two-photon
induced toxicity with excitation in the optical therapeutic
window at 920 nm was also evaluated.

Results and discussion

Synthesis and characterization

The folic acid- and the biotin-functionalized PSs, respectively 1
and 2, are represented in Scheme 1. Their synthesis involved a
common porphyrinic precursor 5 (Scheme 2) reported in our
previous work.”” This precursor consists of a m-delocalized
diketopyrrolopyrrole-Zn(ll) porphyrin conjugate decorated
with several mono- and tri-ethyleneglycol chains to avoid
aggregation in water and to make the PS amphiphilic for
cellular uptake. Furthermore the large n-conjugated system of
5 has been shown to endow this PS with two-photon
absorption in the near infrared.®

Journal Name

workers on polyethylene glycol connectors in the context of
folate-targeted PSs (Scheme 2).54 Compound 3 was reacted
with p-iodobenzoic acid in DMF, using TBTU (2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate) as a coupling reagent and DIPEA (N,N-
diisopropylethylamine) as a base to afford 4 in 83% vyield. A
Sonogashira coupling reaction between 4 and the porphyrin
precursor 5 afforded compound 6 in 75% vyield after
purification by silica gel column chromatography. The Boc-
protecting group (tert-butyloxycarbonyl) was then removed
from 6 with classical conditions, using TFA (trifluoroacetic acid)
in DCM. These conditions led to demetalation of the Zn(ll)
porphyrin, which was remetalated with Zn(OAc),.2H,0 to
afford the functionalized PS 7 in almost quantitative yield.

<
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Scheme 2. Reagents and conditions : (a) p-iodobenzoic acid, TBTU, DIPEA, DMF;
(b) Pd(PPhs)s, Cul, (iPr);NH, THF ; (c) 1) TFA, CH,Cly, 2) Zn(OAc),.2H,0, CHCls,
MeOH.

The synthesis of the two targeted PSs 1 and 2 is depicted in
Scheme 3.
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Scheme 1. Chemical structures of the folic acid- and biotin-targeted PSs 1 and 2.

To connect the PS to the targeting agents, a short hydrophilic
linker 3 was selected according to the study by Frochot and co-

2| J. Name., 2012, 00, 1-3

Scheme 3. Reagents and conditions : (a) TBTU, N-methylmorpholine, DMSO,
DMF; (b) TBTU, DIPEA, DMF.

To synthesize the folic acid-PS conjugate 1 by the coupling
reaction between 7 and folic acid, we selected the reaction
conditions that were reported to promote the reaction at the

This journal is © The Royal Society of Chemistry 20xx
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less sterically hindered y carboxyl site of the two « and y
carboxylic acids of folic acid.**7° Thus, using TBTU in a solvent
mixture of DMSO/DMF (1/1, v/v) at 0°C, the folic acid-
functionalized PS 1 was obtained in 35% yield after purification
on semi-preparative HPLC. The biotin-targeted PS 2 was
obtained by coupling 7 and biotin using TBTU and DIPEA in
classical reaction conditions. It was isolated in 82% yield after
purification by flash chromatography followed by semi-
preparative HPLC. Both targeted PSs were characterized by 'H
NMR, *C NMR and HR ESI-MS.

One-photon photophysical characterization

The linear absorption and fluorescence spectra of 1 and 2,
measured in DMSO, are shown in Figurela and 1b respectively.
Arbitrarily scaled absorption and emission spectra obtained in
H,O0 added with 1% DMSO are shown in Figure S18. The
absorption spectra in DMSO are similar to the one reported for
5 coupled to an aminobenzyl unit”. They show red shifted and
broad Soret and Q bands due to the extended conjugation of
the porphyrin core to the peripheral diketopyrrolopyrrole and
benzylamide components. Interestingly, both compounds
show an intense Q absorption band at 670 nm with epsilon
around 60 000 M .cm™ comparable to the most-red
absorption band of chlorin e6,71 a second generation PS
approved for photodynamic diagnosis and therapy
applications. Spectra in H,0 with 1% DMSO are slightly
broader than in DMSO (Figure S18), indicating moderate

aggregation.
(‘\
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Figure 1. Absorption a) and normalized corrected emission b) spectra of 1 and 2
in DMSO.

Emission properties of 1 and 2 in DMSO and in H,0 with 1%
DMSO are collected in Table 1. Both compounds show, in
DMSO, at 682-686 nm,
quantum yields of 0.14 and excited state lifetimes close to 1
ns. These features are in line with those previously reported
for a Zn-porphyrin connected, via acetylene linkers, to a DPP
unit and a benzyl bridged secondary imaging agent,47 and are
attributed to the large conjugation of the porphyrinic system.
In H,O with 1% DMSO the emission spectra are broad and
largely red-shifted with respect to DMSO, with tails extending
up to 1200 nm (Figure S18). Quantum yields of the order of 3-6
x 10'3, i.e. about 20-40 times lower than in DMSO, are
measured and the fluorescence decays are fitted by bi-
exponential functions, with short lifetime components of the
order of 0.3-0.6 ns (Table 1). These results can be ascribed to
the presence of aggregates in the aqueous solution, that turn

emission maxima fluorescence

This journal is © The Royal Society of Chemistry 20xx

out to be detrimental in terms of fluorescence output but
improve the spectral in the
biological window. Moreover, a good superimposition of

extension of the emission

excitation and absorption spectra is found in H,O with 1%
DMSO as well as in pure DMSO (Figure S19), confirming the

genuineness of the emission in both solvents.
Table 1. Luminescence data and singlet oxygen production quantum yields at room
temperature in the different solvents.

Amax / nM° [ t/ns¢ dr?

1 DMSO 682, 748 sh 0.14 0.94 0.69
H20 + 1% DMSO 744 6.0x 102 0.34 (40%); 1.55 (60%)

2 DMSO 686, 754 sh 0.14 0.96 0.70
H,0 + 1% DMSO 778 3.1x10° 0.62 (75%); 1.94 (25%)

? From corrected emission spectra. ® Fluorescence quantum yields, measured
with reference to DPP-ZnP-DPP in aerated DCM (¢ = 0.16).49 ¢ Excited state
lifetimes, excitation at 465 nm (in round brackets: fractional intensities). d Singlet
oxygen production quantum yields, see the Experimental Section for details.

The singlet oxygen quantum yields of 1 and 2 were
determined, in DMSO, by using 1,3-diphenylisobenzofuran
(DPBF) as a singlet oxygen trap, with reference to Zn-
phthalocyanine (ZnPc, ¢§A=0.67)72 upon irradiation at 672 nm.
Figure S20 shows the changes in the absorption spectrum of a
mixture of the examined compound (or standard) and DPBF
upon irradiation at 672 nm. The decrease of the DPBF
absorption, due to its degradation upon reaction with the
produced singlet oxygen, is monitored at 417 nm as a function
of the irradiation time. The ¢, value is calculated by
comparison of the degradation rates measured for the
compound and the standard and taking into consideration the
absorption at the excitation wavelength of both the sample
and the standard (see the Experimental Section for details).
Following this procedure, ¢, values of 0.69 and 0.70 are
measured for 1 and 2, respectively (Table 1). These values are
rather high for DPP-porphyrin conjugates and are comparable
to those of red absorbing second-generation chlorin-based
pss.”t

The high capacity of these two targeted PSs to generate singlet
oxygen, as well as their intense absorption of red light,
evidence their potential as phototoxic agents following one-
photon excitation.

Two-photon absorption properties

The two-photon absorption properties of 1 and 2 were studied
by the two-photon induced fluorescence method as
reported.49 The two-photon excitation spectra were recorded
in DMSO only, as the low fluorescence quantum yield of the
compounds in H,0 prevents measurements in this media. The
spectra are shown in Figure 2 with that of the TIPS-protected
alkyne derivative of 5, DPP-ZnP (Scheme S1). Both targeted PSs
display a large two-photon absorption between 920 and 980
nm with maxima at 940 nm and two-photon cross sections of
about 1000 GM (respectively 935 and 1115 GM for 1 and 2).
The two-photon cross-sections value obtained in the 920-980
nm range for the PSs with or without the targeting moieties
are similar (with a value of 1007 GM at 940 nm for DPP-ZnP)

J. Name., 2013, 00, 1-3 | 3
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and show that these vectors do not inhibit the ability of the PS
for two-photon absorption.
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Figure 2. Two-photon excitation spectra of 1 (blue), 2 (orange) and DPP-ZnP
(black) in DMSO.

Cytotoxicity

The toxicity of 1 and 2 in the absence of light was evaluated on
Hela cells, 24h after incubation with classical MTT test.
Interestingly, whereas the compounds do not fluoresce in the
incubation medium, the internalization of the compounds can
be evidenced by their fluorescence with confocal microscopy
24h after incubation (Figure S21), indicating interactions with
cellular components. The cytotoxicity results are represented
in Figure 3 and the half-maximal inhibitory concentration (I1Csp)
value obtained are 11 and 7 uM for 1 and 2, respectively. Both
PSs exhibited no dark toxicity at 1 uM concentration, the
concentration used to perform the phototoxicity experiments.

120 4
100

80 o

60

Cell viability / %

40 A

0,5 1 15 2 2,5 4 5 8 10 12
Concentration / uM

Figure 3. Cytotoxicity evaluation of 1 and 2 on Hela cells after 24 h incubation.
Error bars are standard deviation of at least 3 independent experiments.

Competition assays

Competition assays were performed on Hela cells to show that
the affinity of 1 and 2 for these cancer cells was mediated by
the specific targeted receptors.57 Hela cell line is known to
overexpress both the biotin and the folate receptors compared
to non-cancerous cell lines.** 7’3

4| J. Name., 2012, 00, 1-3

Figure 4. Fluorescence intensity of the PSs 1, 2 and 6 in Hela cells in presence or
in absence of an excess of free folic acid or biotin in the culture medium after 24
h incubation at 1 uM. The emission is proportional to the intracellular
concentration of the compounds (see experimental section). Error bars are
standard deviation of at least 3 independent experiments. Changer couleur 6

In the presence of excess folic acid in the culture medium, the
internalization of the folate -targeted PS 1 is significantly
decreased whereas for the non-targeted precursor 6, the
presence of folic acid in the culture medium had no influence
on its internalization (Figure 4). This is indicative of the strong
ability of 1 to target folate-receptor-positive cells mediated by
the folate receptors with more than 50% of its internalization
suppressed when the receptors are saturated by free folic acid.
For the biotin-targeted PS 2, there is no significant difference
in the amount of internalized PS, in the presence or absence of
an excess of biotin in the media. This result suggests that the
biotin linked to the PS has no ability to target its receptor. This
results is surprising since other groups have reported a zinc(ll)
phthalocyanine PS linked to biotin that showed higher

. .. . - 65,
internalization in cells that overexpressed biotin receptors.
67, 68

One-photon phototoxicity

The intense red absorption of 1 and 2 and their high singlet
oxygen generation make these targeted PSs appealing
candidates for classical one-photon PDT. Irradiation at 660 nm
was thus performed on Hela cells incubated at a
concentration of 1 uM for 24 h with 1, 2 or 6, at a fluence of 36
mW/cm? for 15 or 30 min. The cell viability was assessed 24 h
after irradiation with MTT test and the results are shown in
Figure 5. Neither 30 min irradiation at 36 mW/cm? without PS,
nor the PSs 1, 2 or 6 incubated at 1 uM without irradiation
induced toxicity. Following 15 min irradiation, a decrease of
cell viability was observed with the three incubated PSs, but
the folate-targeted PS 1 had already induced 70% of cell death
and was seven times more efficient than the non-targeted PS 6
(10% of cell death). After 30 min irradiation, 6 induced only 20
% phototoxicity whereas the biotin-conjugate 2 induced 50 %
phototoxicity and the folic acid -conjugate 1, with more than
80 % of cell death, was the most effective. These results are in
line with those obtained in the assay
experiments with 1 showing the highest accumulation in Hela

accumulation
cells. They also confirm that the addition of targeting moiety

strongly improves the efficiency of the PSs, since 1 and 2 are
much more phototoxic than 6.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Viability of HeLa cells incubated with 1, 2 and 6 (1 uM) for 24 h followed
by 0, 15 or 30 min of one-photon irradiation at 660 nm with a light intensity of
36 mW/cm?. Cell viability was assessed 24 h after irradiation. Error bars are
standard deviation of at least 3 independent experiments.

Two-photon phototoxicity

Compound 1 was selected for further PDT experiments
following two-photon excitation based on its superior affinity
for Hela cells and higher one-photon induced toxicity than 2.
Images were taken on cells incubated for 24 h with (Figure 6a)
or without 1 (Figure 6d) before 3 min irradiation was
performed at 920 nm with 12 mW laser power. Ten minutes
after irradiation, some cells showed a morphology change
(shrinkage) indicating cell death (Figure 6b). After 4 h, a large
number of cells were killed (Figure 6c) and the phototoxicity
was evaluated at 60 %. In the same conditions, the non-
incubated cells did not show any morphological change (Figure
6e) 10 minutes after irradiation, and no phototoxicity could be
observed after 4 h (Figure 6f). These experiments attested the
capacity of folic acid-conjugated PS 1 to induce high
phototoxicity following a short two-photon excitation in the
near-infrared.

Figure 6. DIC images of HelLa cells incubated 24h with (a, b and c) or without (d, e
and f) 1 (1 uM). DIC Images taken before two-photon irradiation (a and d),
images taken 10 min after irradiation (b and e) and images taken 4 h after
irradiation (c and f). For the images taken 4 h after irradiation, the nuclei of HelLa
cells were marked with Hoechst to make counting easier. Living cells are

This journal is © The Royal Society of Chemistry 20xx
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highlighted with red dots. Cell morphology modifications are highlighted with
blue arrows. Scale bar is 50 um.

Conclusions

Two targeted PSs were synthesized, characterized and their
phototoxicity was evaluated on cancer cells in the context of
PDT. They consist of a mn-delocalized diketopyrrolopyrrole-
porphyrin conjugate linked to folic acid or biotin, for selective
delivery of the PSs to cancer cells that overexpressed the
receptors of these ligands. Both targeted PSs exhibit a high
molar extinction coefficient in the red (60 000 Mtem™ in
DMSO at 670 nm), a high two-photon absorption cross-section
in the near-infrared (around 1000 GM at 940 nm in DMSO) and
efficient singlet oxygen generation (close to 70 % in DMSO).
For the biotin-targeted PS, we could not detect an increase of
its internalization in Hela cells, indicating that the recognition
of the biotin receptor was not effective. On the other hand,
the folate-targeted PS showed a high affinity for Hela cells
mediated by the overexpressed folate receptors. The
photodynamic activity of both targeted PSs at low micromolar
incubation concentration following one-photon excitation at
660 nm has shown that both exhibit a higher phototoxicity
towards Hela cells than the related non-targeted PS. The two-
photon induced toxicity was also assessed with the most
promising folate-targeted PS, and irradiation in the optical
therapeutic window at 920 nm for 3 min led to a good
phototoxicity of 60 %. Therefore, the folic acid-conjugated PS
is a promising PDT agent for active targeting folate receptors
overexpressed by many tumour cells. It is not only efficient
following one-photon excitation in the red, but also following a
more accurate two-photon excitation in the near-infrared.
These results are promising for further development of
targeted PSs to treat small localized tumours and also deeper
tumours. Such applications are of high interest since targeted
two-photon PDT could be applied to micrometastasis of
margin tissue after tumour resection, to improve the prognosis
of the patients.

Experimental

All reagents and starting chemicals were of the best
commercially available grade and used without further
purification. The compounds 4-iodobenzoic acid and folic acid
were purchased from Acros Organics. The compound D-Biotin
was purchased from Fischer BioReagants. Tetrahydrofuran was
dried by distillation over sodium and benzophenone. Dry
chloroform and dichloromethane were obtained by distillation
over CaH, under argon. Analytical thin layer chromatography
(TLC) was carried out on Merck aluminium backed silica gel 60
F254 plates and visualization when required was achieved
using UV light. Column chromatography purifications were
carried out on silica (VWR chemicals, 60-200 mesh). Size-
exclusion chromatography was carried out using Bio-Beads S-
X1, 200-400 mesh (Bio-Rad). HPLC was carried out on a Knauer
apparatus equipped with a C18 semi-prep or analytical column
and UV detector. NMR spectra were recorded using Bruker

J. Name., 2013, 00, 1-3 | 5
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AVANCE 300, 400 or 500 spectrometers. Chemical shifts are
quoted as parts per million (ppm) relative to the residual peak
of solvent and coupling constants (J) are quoted in Hertz (Hz).
To achieve full assignment of the signals the 2D-NMR
techniques COSY, NOESY and ROESY have been used. In the
assignments, shift (in ppm) is given first,
followed, in brackets, by the multiplicity of the signal (s:
singlet, d : doublet, t : triplet, m : multiplet, br s : broad signal),
the number of protons implied, the value of the coupling
constants in hertz if applicable, and finally the assighnment. The
UVIKON XL spectrophotometer was used to record UV-vis
spectra. Mass spectra were obtained by using a Bruker
MicroTOF spectrometer (ES-MS).

Compounds 3°° and 5% were prepared according to the
literature.

the chemical

Compound 4

To a solution of 4-iodobenzoic acid (154 mg, 0.62 mmol)
dissolved in anhydrous DMF (3 mL) were added TBTU (214 mg,
0.66 mmol) followed by DIPEA (230 uL, 1,35 mmol). A solution
of 3 (157 mg, 0.63 mmol) dissolved in anhydrous DMF (1.5 mL)
was added and the resulting solution was stirred at room
temperature for 4 h. The solvents were removed under
vacuum and the residue dissolved in CH,Cl, (40 mL). The
organic phase was washed with a saturated solution of
NaHCO; (40 mL), HCI 2M (40 mL) and H,0 (25 mL). Finally the
product was purified by flash chromatography on silica gel
(DCM / MeOH 0 to 5%) to give a pale yellow oil (247 mg, 83 %).
'H NMR (400 MHz, CDCls, 333 K): & (ppm) = 1.45 (s, 9H, tBu),
3.29 (td, J = 5.8, 5.0 Hz, 2H, H31), 3.55 (t, J = 5.3 Hz, 2H, H30),
3.62-3.70 (m, 8H, H26, H27, H28, H29,), 7.54 (d, J = 7.4 Hz, 2H,
m”), 7.78 (d, J = 7.4 Hz, 2H, 0”).

*C NMR (125 MHz, CDCls, 295 K) & (ppm) = 28.4, 39.8,
40.3, 69.7, 70.1, 70.2, 70.9, 77.0, 79.5, 98.4, 128.6,
129.2, 133.9, 137.7, 156.0, 166.7.

HR ES-MS m/z 501.0855 [M+Na]" (calcd 501.0857 for
[C15H27IN,NaOs]")

Compound 6

Compounds 4 (7.7 mg, 16 umol), 5 (23.0 mg, 13.4 umol),
Pd(PPh3)s (3.9 mg, 3.4 umol) and Cul (0.6 mg, 3.4 umol) were
dried under vacuum for 1 h at 40 °C. A solution of dry THF (5
mL) and NH(iPr), (1 mL) degassed by four freeze-thaw cycles
was transferred by cannula to the solids. The reaction mixture
was stirred at room temperature and under argon for 2 h. The
solvents were removed and the crude was purified by
chromatography on silica gel (DCM / MeOH 1.5 to 4.5 %
followed by size exclusion column chromatography (Biobeads
SX-1, DCM / 1% pyridine) to give a brown solid in 75 % yield
(21 mg).

'H NMR (500 MHz, CDCls/pyridine, 295 K): & (ppm) = 1.42 (s,
9H, Boc), 3.29 (s, 12H, 1), 3.33 (s, 3H, H25), 3.34 (m, 2H, H31),
3.39 (s, 3H, H20), 3.43-3.50 (m, 10H, H2, H24), 3.50-3.53 (m,
2H, H19), 3.53-3.64 (m, 14H, H3, H18, H23, H30), 3.64-3.70 (m,
12H, H4, H28, H29), 3.70-3.74 (m, 4H, H26, H27), 3.74-3.79 (m,

6 | J. Name., 2012, 00, 1-3

10H, H5, H20), 3.83 (m, 2H, H21), 3.92 (m, 8H, H6), 4.06 (m,
2H, H16), 4.31 (m, 8H, H7), 5.13 (br, 1H, HA), 6.93 (t, J = 1.9 Hz,
2H, p), 7.10 (br, 1H, HB), 7.36 (d, J = 1.9 Hz, o), 7.51 (m, 3H,
mpx, ppx), 7.99 (m, 4H, 0”, m”), 8.04 (m, 2H, opx), 8.12 (d, J =
8.2 Hz, 0’), 8.24 (d, J = 8.2 Hz, p’), 8.93 (d, J = 4.4 Hz, py2 or
py3), 8.94 (d, J = 4.4 Hz, py2 or py3), 9.66 (d, J = 4.4 Hz, pyl or
py4), 9.67 (d, J = 4.4 Hz, py1 or py4).

3C NMR (125 MHz, CDCly/pyridine, 295 K) &(ppm) = 28.4, 29.7,
39.9, 40.3, 42.0, 42.4, 59.0, 59.0, 59.1, 67.7, 68.8, 69.0, 69.8,
70.1, 70.2, 70.4, 70.5, 70.6, 70.8, 71.8, 71.8, 79.3, 95.5, 95.8,
96.0, 96.5, 100.4, 100.9, 109.7, 110.0, 114.7, 122.5, 127.2,
127.4, 127.9, 128.8, 129.3, 129.6, 130.5, 130.6, 131.2, 131.4,
131.6, 132.6, 132.6, 133.7, 135.9, 144.3, 148.3, 149.2, 149.8,
151.9, 152.0, 156.0, 157.8, 162.9, 163.0, 166.9.

HR ES-MS : m/z 1053.4129 [M+2Na]?*/2 (calcd 1053.4139 for
[C110H132N8027an32]2+/2)-

Compound 7

To a solution of 6 (47.0 mg, 22.8 umol) in CH,Cl, (10 mL)
cooled to 0°C was added dropwise TFA (0.5 mL, 6.53 mmol).
The solution was stirred for 4 h at room temperature and
washed with H,O (15 mL) followed by a saturated aqueous
solution of Na,CO; (15 mL). The solvents were dried with
anhydrous Na,SO, and evaporated under vacuum. To the
resulting solid dissolved in CHCl; (10 mL) was added dropwise
a solution of Zn(OAc),.2 H,0 (15.7 mg, 71.5 umol) dissolved in
MeOH (0.5 mL). The solution was stirred at 45 °C overnight
and the solvents were evaporated under reduced pressure.
The solid was redissolved in CH,Cl, (20 mL) and washed with a
saturated solution of NaCl (20 mL) followed by H,O (20 mL).
The organic phase was dried with anhydrous Na,SO, and the
solvent was evaporated under reduced pressure. 7 was
obtained as a brown-green solid in 97% yield (43.2 mg).

'H NMR (500 MHz, CDCls/pyridine, 295 K): & (ppm) = 3.27 (s,
12H, H1), 3.30 (s, 3H, H25), 3.36 (s, 3H, H20), 3.41-3.47 (m,
12H, H2, H24, H31), 3.47-3.54 (m, 6H, H19, H23, H30), 3.57-
3.62 (m, 12H, H3, H18, H29), 3.62-3.68 (m, 10H, H4, H28),
3.67-3.71 (m, 4H, H26, H27), 3.71-3.77 (m, 10H, H5, H22), 3.81
(m, 2H, H17), 3.90 (m, 8H, H6), 3.97 (m, 2H, H21), 4.04 (m, 2H,
H16), 4.28 (m, 8H, H7), 6.92 (t, J = 1.9 Hz, 2H, p), 7.34 (d, J = 1.9
Hz, o), 7.48 (m, 3H, mpx, ppx), 7.97 (m, 4H, 0”, m”), 8.04 (m,
2H, opx), 8.10 (d, J = 8.2 Hz, 2H, 0’), 8.21 (d, J = 8.2 Hz, 2H, m’),
8.91 (d, J = 4.4 Hz, 2H, py2 or py3), 8.93 (d, J = 4.4 Hz, 2H, py2
or py3), 9.64 (d, J = 4.4 Hz, 2H, pyl or py4), 9.66 (d, J = 4.4 Hz,
2H, py1l or py4).

3¢ NMR (125 MHz, CDCls/pyridine, 295 K) & (ppm) = 14.1,
22.7, 29.3, 29.7, 31.9, 39.9, 41.5, 42.0, 42.4, 59.0, 59.0, 59.1,
67.8, 68.9, 69.0, 69.8, 70.1, 70.3, 70.4, 70.5, 70.6, 70.8, 71.9,
72.9, 95.6, 95.8, 96.1, 96.5, 100.4, 100.9, 109.8, 110.0, 114.7,
122.5, 127.2, 127.4, 127.5, 128.0, 128.8, 129.3, 129.7, 130.6,
131.2, 131.4, 131.7, 132.7, 133.9, 144.3, 148.3, 149.9, 152.0,
152.1, 157.8, 162.9, 163.0, 167.0.

HR ES-MS : m/z 992.3889 [M+H+Na]**/2 (calcd 992.3967 for
[C105H125NgO,5ZnNa]**/2).

This journal is © The Royal Society of Chemistry 20xx



Compound 1

To a solution of commercial folic acid (5.4 mg, 12.2 umol) in
DMSO (2 mL) and DMF (2 mL) cooled to 0°C, N-
methylmorpholine (3 uL, 27 umol) and TBTU (3.8 mg, 11 umol)
were added. After stirring at 0°C for 1 h, a solution of 7 (24.0
mg, 12.2 umol) in DMF (2 mL) was added and further stirring
of the solution was performed for 20 h at room temperature.
The reaction mixture was poured in Et,O and the precipitate
washed with Et,0, H,O and CH;CN. The crude compound was
purified by a C18 HPLC column (injection in DMSO, ammonium
acetate (0.1 M, pH=7.2) / CH5CN 95/5 for 5 min then a linear
gradient until 30/70 in 25 min followed by 30/70 for 30 min).
The salts were removed with water to give a brown-green solid
in 35% yield (10.30 mg). The purity was found to be ~ 97 % by
HPLC analysis.

'H NMR (400 MHz, DMSO-d6, 350 K): & (ppm) = 1.94 (m, 1H,
A), 2.03 (m, 1H, B), 2.17-2.31 (m, 2H, C), 3.21 (s, 12H, H1), 3.23
(s, 3H, H25), 3.27 (s, 3H, H20), 3.35-3.72 (m, 56H, O-CH,) 3.85-
3.92 (m, 8H, H6) ,3.94 (m, 2H, H21), 4.02 (m, 2H, H16), 4.33-
4.43 (m, 9H, H7, D), 4.48 (m, 2H, E), 6.68 (d, J = 8.3 Hz, 2H, F),
7.05 (t, J = 2.2Hz, 2H, p), 7.37 (d, J = 2.2 Hz, 4H, 0), 7.61 (m, 4H,
mpx, ppx), 7.68 (d, J = 8.3 Hz, 2H, 1), 7.96 (m, 2H, opx), 8.09-
8.20 (m, 4H, 0”, m”), 8.22 (d, J = 8.2 Hz, 2H, 0’), 8.28 (d, J = 8.2
Hz, 2H, m’), 8.63 (s, 1H, K), 8.93 (d, J = 4.7 Hz, 2H, py2 or py3),
8.94 (d, J = 4.7 Hz, 2H, py2 or py3), 9.73 (d, J = 4.7 Hz, 2H, pyl
or py4), 9.74 (d, J = 4.7 Hz, 2H, py1 or py4).

13C NMR (125 MHz, DMSO-d6, 298 K) & (ppm) = 27.5, 28.7,
29.5, 31.2, 39.0, 41.8, 42.0, 46.3, 58.5, 58.6, 58.6, 68.1, 68.3,
68.5, 69.4, 69.4, 69.5, 70.0, 70.1, 70.3, 70.5, 71.6, 71.7, 71.7,
95.1, 95.2, 96.1, 96.4, 96.6, 100.2, 100.5, 101.2, 109.3, 109.7,
111.6, 111.7, 114.7, 123.0, 126.2, 126.3, 128.1, 128.2, 128.3,
129.2, 129.5, 130.1, 131.4, 131.8, 132.1, 133.3, 134.5, 144.1,
148.0, 149.2, 149.7, 149.8, 151.2, 151.8, 151.8, 158.2, 162.3,
166.1, 166.7.

HR ES-MS : m/z 2384.9311 [M+H]" (calcd 2384.9333 for
[C124H142N15O302n]+).

UV-Vis (DMSO): Ay (log €) = 457 (5.38), 522sh, 592sh, 617sh,
668 nm (4.79).

Compound 2

Commercial D-biotin (3.7 mg, 15 umol) and TBTU (4.3 mg, 13
umol) were dissolved in DMF (2 mL) and the solution was
stirred at room temperature for 15 min. A solution of 7 (20.0
mg, 10.2 umol) in DMF (3 mL) was added dropwise and the
solution was stirred at room temperature for 20 h. The solvent
was removed and the residue was purified by flash
chromatography on silica gel (DCM/MeOH, 0 to 8%) followed
by a C18 HPLC column (H,0/CH3CN, 50/50 to 30/70 gradient in
30 min followed by 30/70 for 30 min at a flow rate of 2
mL/min) to give a brown-green solid in 82% yield (18 mg). The
purity was found to be ~ 95 % by HPLC analysis.

'H NMR (300 MHz, DMSO-d6, 298 K): & (ppm) = 1.18-1.35 (m,
2H, B12 or B13 or B14), 1.36-1.64 (m, 4H, B12 or B13 or B14),
2.07 (m, 2H, B15), 2.53 (m, 1H, B6), 2.75 (m, 1H, B6), 3.03 (m,
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1H B8), 3.17 (s, 12H, H1), 3.19 (s, 3H, H25), 3.23 (s, 3H, H20),
3.26-3.66 (m, 56H, O-CH,), 3.84 (m, 8H, H6), 3.91 (m, 2H, H21),
3.99 (m, 2H, H16), 4.06 (m, 1H, B10), 4.22 (m, 1H, B11), 4.33
(m, 8H, H7), 6.30 (s, 1H, B4), 6.37 (s, 1H, B2), 7.04 (t, J = 1.9 Hz,
2H, p), 7.35 (d, J = 1.9 Hz, 4H, o), 7.60 (m, 3H, mpx, ppx), 7.83
(m, 1H, HA), 7.96 (m, 2H, opx), 8.10 (d, J = 8.2 Hz, 2H, o', ), 8.21
(m, 4H, 0”, m”), 8.29 (d, J = 8.2 Hz, 2H, m’), 8.75 (m, 1H, HB),
8.91 (d, J = 4.4 Hz, 2H, py2 or py3), 8.93 (d, J = 4.4 Hz, 2H, py2
or py3), 9.74 (d, J = 4.4 Hz, 2H, py1 or py4), 9.76 (d, J = 4.4 Hz,
2H, py1l or py4).

3¢ NMR (125 MHz, DMSO-d6, 298 K) & (ppm) = 25.7, 28.5,
28.7, 35.6, 38.9, 55.9, 58.5, 58.6, 58.6, 59.6, 61.5, 68.1, 68.3,
68.5, 69.4, 69.5, 69.7, 70.0, 70.1, 70.3, 70.5, 71.6, 71.7, 71.7,
95.2, 100.3, 100.5, 101.2, 109.3, 109.7, 114.8, 123.0, 126.2,
126.3, 128.1, 128.2, 128.3, 129.2, 129.5, 130.0, 131.4, 131.8,
132.1, 133.2, 133.2, 144.1, 148.0, 149.2, 149.8, 151.8, 151.9,
158.2, 162.3, 163.1, 166.1, 172.6.

HR ES-MS : m/z 1105.4292 [M+H+Na]**/2 (calcd 1105.4355 for
[C115H139N10027SZnNa]2+/2).

UV-Vis (DCM): A (log €) = 455 (5.31), 520sh, 592sh, 620sh,
666 nm (4.76). (DMSO): Ayay (lOg €) = 456 (5.32), 520sh, 596sh,
620 sh, 670 nm (4.79).

One-photon spectroscopy and photophysics

Spectroscopic grade DMSO was purchased from Carlo Erba.
Pyridine,  1,3-diphenylisobenzofuran  (DPBF) and Zn-
phthalocyanine (ZnPc) were from Aldrich. H,O was tridistilled
(Millipore Milli-Q). Absorption spectra were recorded with a
PerkinElImer Lambda 650 UV-vis spectrophotometer.

Emission spectra were collected using a FLS920 fluorimeter
(Edinburgh) equipped with a Hamamatsu R5509-72 InP/InGaAs
photomultiplier tube supercooled at 193 K in a liquid nitrogen
cooled housing and a TM300 emission monochromator with a
NIR grating blazed at 1000 nm (sensitivity range: 300—1700
nm). The spectra have been corrected for the wavelength
dependent phototube response. The fluorescence quantum
yields have been determined with reference to DPP-ZnP-DPP
in aerated DCM (¢ = 0.16). *°

Fluorescence lifetimes were measured with an IBH Time
Correlated Single Photon Counting apparatus with nanoLED
excitation at 465 nm. The analysis of the luminescence decay
profiles against time was accomplished with the DAS6 Decay
Analysis Software provided by the manufacturer. The fitting
has been performed according to function (1):

I(t) = b + 3; aje(-t/T) (1)

The relative amplitude, also known as fractional intensity, is
calculated according to equation (2), and expressed as a
percentage:

fi=at /3 a (2)

Estimated errors are 10% on lifetimes, 20% on quantum yields,
20% on molar absorption coefficients and 3 nm on emission
and absorption peaks.

Singlet oxygen production quantum yields in DMSO have been
measured with a comparative method using DPBF as a singlet
oxygen trap. ZnPc has been used as a standard (¢, =
0.67).7250Iutions of the compound or the standard (c = 2-6 x
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10° M) containing DPBF 2.2 x 107 M, prepared in the dark,
were irradiated at 672 nm by using an irradiation setup
composed by a 150 W xenon lamp (LOT) and a Omni-A150
monochromator (Zolix) with a 16 nm slit, completed by a 635
nm cutoff filter, under continuous stirring. The light intensity
was 1.0 mW/cmZ. The decrease of DPBF absorption, derived by
subtracting the constant absorption contribution of the
compound or the standard from the spectrum of the mixture,
has been followed at 417 nm. The ¢, values were calculated as
previously described.”’

The two compounds showed good thermal and photophysical
stability in the explored solvents and under the employed
experimental conditions.

Two-photon spectroscopy.

The two-photon excitation spectra were obtained by
upconverted fluorescence measurements using a Ti:sapphire
femtosecond laser Insight DS with pulse width <120 fs and a
repetition rate of 80 MHz (Spectra-Physics) as described
previously.74 The excitation beam was collimated over the cell
length (10 mm) and the fluorescence, collected at 90° of the
excitation beam, was focused into an optical fiber connected
to a spectrometer. The incident beam intensity was adjusted
to ensure an intensity-squared dependence of the
fluorescence over the whole spectral range investigated.
Calibration of the spectra was performed by comparison with
the published rhodamine B two-photon absorption
spectrum.”®

Cell culture and MTT cell viability test.

Hela cells were cultured in DMEM complete culture medium
containing phenol red at 37°C with 5% CO,. They were seeded
and maintained in 25 mL Falcon culture flask or multi well
LabTek (Lab-Tek® Il) culture flasks. Cell viability was assessed in
pentaplicate by adding a solution of 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (50 uL of a 5
mg/mL solution in DMEM by well). After an incubation period
of 45 minutes, the media was removed and replaced by DMSO
(150 pL). The absorbance was measured using the Safas Xenius
spectrofluorimeter 96 well plates reader at 550 nm.

Dark cytotoxicity

Hela cells were seeded in 96 wells culture plates and
incubated with different concentrations of 1 or 2 (0-12 uM in
DMEM with 0-0.1 % DMSOQO), After 24 hours the cell viability

was estimated using the MTT test previously described.

Competition assay

The assays were made as previously described by Frochot et al.
for 1 and 6,56 and Lin et al. for 2.°” Hela cells were seeded in a
250 mL culture flask in a complete DMEM medium, as
described previously in the cell culture section. Samples of
these cultures were incubated with 6, 1 or 2 (1 uM in DMEM
with 0.01 % DMSO) for 24 h in presence or in absence of folic
acid (4 mM) or biotin (1 mM). These cell cultures were then
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washed three times with phosphate-buffered saline (15 mL).
Cells were suspended using trypsin (1 mL), and 9 mL of DMEM
was added. The cells were counted using a Malassez cell. The
culture medium was removed by gentle centrifugation at 60 g.
The cell pellet was then lyophilized and redissolved in DMSO (1
mL). The fluorescence emission was measured and the
intensity of each sample was
concentration.

normalized to the cell

One-photon phototoxicity tests

One-photon phototoxicity tests were performed as described
in the literature using a homemade apparatus%"48 with 800 mA
high power LED Deep Red (640-660 nm) (FutureEden™)
adapted for Corning® 96 well special optic plates. Cells were
cultured 1 day in these 96 well plates and incubated with a
solution of PS (1 uM in DMEM with 0.01 % DMSO) for 24
hours. The medium was replaced by new DMEM free of
sensitizer and the plates were irradiated for 15 or 30 min. The
LEDs power was measured with a Thorlabs PM100D power-
meter. The cell viability was then estimated 24 hours after
irradiation using the MTT test previously described.

Two-photon phototoxicity tests

Hela cells were plated at 25% confluence in IBIDI u-Dish 35
mm, grid-500. After 24 h growth the culture medium was
replaced by a fresh one containing 1 (1 uM in DMEM with 0.01
% DMSO). Two-photon irradiation was performed after 24 h
incubation, with a cell confluence of about 80 % using a Leica
SP5 inverted microscope with a HCX PL APO CS 40x oil Leica
objective and a Coherent Chameleon Ultra 2 laser as fs laser
source (150 fs pulses with a repetition rate of 80 MHz set at
920 nm). A region of 260 x 260 um (zoom set to 1.5) was
irradiated. The laser power was measured at the back pupil of
the objective and set at a laser power of 12 mW. The focus
plane was selected by DIC (differential interference contrast)
microscopy (Aex = 513 nm) to be at the bottom part of the cells.
They were irradiated using a series of 10 slices (10 up the
selected focal plane corresponding to the coverslip), with 1 um
z increments, with 30 scans per slice (300 scans in total). After
irradiation the cells were imaged every 30 seconds during 10
min in wild field DIC to detect morphological changes. Then,
the irradiated cells were placed for 3h30 in an incubator.
Hoescht 33342 (5 ug/mL) was added and the cells placed in
the incubator for another 30 min before imaging. Confocal
images were obtained with a Leica TSP SPE microscope.
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