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One-Photon and Two-Photon Photophysical Properties of
Tetrafunctionalized 5,10,15,20-tetrakis(m-
hydroxyphenyl)chlorin (Temoporfin) Derivatives as
Potential Two-Photon-Induced Photodynamic Therapy

Agents

Piotr Gierlich,”" Sebastian G. Mucha,” Emma Robbins,”® ¢ Ligia C. Gomes-da-Silva,”
Katarzyna Matczyszyn,*® and Mathias O. Senge*!"

Photodynamic therapy (PDT) is a cancer treatment, which
exploits a photosensitizing drug and light to produce reactive
oxygen species that can cause selective damage to the target
tissue. The second-generation photosensitizer 5,10,15,20-
tetrakis(m-hydroxyphenyl)chlorin (m-THPC) is a widely used,
clinically tested, and commercially available drug with the
market formulation known as Foscan. m-THPC was used as a
starting point to obtain a library of compounds with improved
optical properties. Substitution, esterification and Sonogashira
coupling reactions were employed to modify the m-THPC
skeleton. Aldehyde and carboxylic acid moieties provided the
possibility to enhance the two-photon absorption (TPA) cross-
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section while being suitable synthetic handles in the design of
drug delivery systems. Characterization of their linear photo-
physical properties (fluorescence quantum yield, fluorescence
lifetime and singlet oxygen quantum yield) was followed by the
evaluation of their potential use in a non-linear absorption
regime. The calculated TPA cross-section values indicate even a
2.6-fold enhancement at the TPA maximum (69.3410.0 GM),
compared to m-THPC (26.7+4.0 GM), which proves that
functionalization of the m-THPC core leads to the improvement
of the non-linear optical properties. Thus, tetrafunctionalized m-
THPC derivatives are promising candidates for application in
two-photon induced PDT.

Introduction

Photodynamic therapy (PDT) is a minimally invasive anti-cancer
treatment method, which uses the combined effect of a
photosensitizing drug, light, and oxygen to cause selective
damage to the target tissue.” The fundamental concept behind
PDT involves the administration of a photosensitizing agent
(pro-drug) and subsequent photoactivation by light of a
specific wavelength to act against the target cells. Over the last
three decades, PDT has been used in clinical practice to treat
solid tumors.”?

A photosensitizer (PS) is a chromophore that, upon photo-
excitation, has the ability to efficiently produce the triplet
excited state and react with oxygen or biomolecules to
produce highly toxic reactive oxygen species (ROS). The photo-
physical processes taking place during PDT are illustrated in
Scheme 1. Initially, the PS is in the ground electronic singlet
state (S,) and, after irradiation with light of a suitable wave-
length absorbed by the molecule in a one-photon or two-
photon process, it is excited to a singlet state (S;). The return to
the ground S, state is possible by emitting the absorbed energy
as fluorescence (used for diagnostics and imaging) or through
radiationless decay. Alternatively, the S, state can undergo
intersystem crossing (ISC) to the excited triplet state (T;). The
efficiency of I1SC depends on a number of factors, including so-
called spin-orbit coupling. Because the radiative transition from
T, to S, (phosphorescence) is spin forbidden, the T;-state is
often long-lived, so it can take part in different chemical
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Scheme 1. Schematic representation of one-photon and two-photon (in red)
excitation processes.

reactions. Alternatively, the PS can return to the S,-state via
radiationless decay.®*

As indicated in Scheme 1 the excitation of the chromo-
phore can occur not only by the usual one-photon absorption
(OPA), but also by a two-photon process where two lower
energy photons, with equal transition energy are simultane-
ously absorbed. While the dependence of the rate of gener-
ation of the excited state on the light intensity is linear in one-
photon processes, it is quadratic for the two-photon processes,
requiring short-pulse lasers for activation of the molecule.” To
overcome drawbacks of conventional PDT, development of
new drug delivery systems (DDS)® (hydrogels,”® inorganic
nanoparticles®'?) combining advances of TPA and nanotech-
nology, opens promising possibilities to improve treatment
efficacy. This approach allows for better tumor targeting,
excitation of chromophores at longer laser wavelengths and
deeper tissue penetration."”

The crucial factor that determines suitability of a photo-
sensitizer for use in two-photon PDT is its TPA cross-section.
This quantity can be determined experimentally by Z-scan and
Two-Photon Excited Fluorescence (TPEF). While Z-scan is based
on the measurement of light intensity as the function of the
sample position along the z-axis, the TPEF technique inves-
tigates the intensity of the two-photon induced fluorescence as
the function of the excitation intensity. However, both
techniques have their limitations. When using the Z-scan
technique, the TPA cross-section values tend to be more
enhanced compared with other techniques, which often
correlates with the presence of non-linear scattering or
defocusing of the sample during the measurements. In turn,
TPFE can only be applied for fluorescent molecules and cannot
overlap with the one-photon absorption regions. In the case of
species with a reasonably high luminescence quantum yield,
using TPEF is usually preferred. Typically, the experiment is
carried out by comparing the signal from an investigated
sample with that from a reference fluorescent dye, avoiding the
need for exact knowledge of variables dependent on the laser
beam."”
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The desired properties of photosensitizers for two-photon
excited (TPE) PDT have been extensively reviewed in the
literature.™'® Various synthetic strategies to improve the TPA
cross-section values of a PS is the introduction of conjugated
systems, donor or acceptor moieties and enhancement of
molecular coplanarity.”'®*'¥ Generally, large enhancements can
be obtained by the increase of the size of the m-electron system
and the distance of a donor (HOMO) to an acceptor (LUMO)
moiety.”*?" Moreover, increasing the electronic and hole
density motifs within the molecule in the first singlet excited
state can lead to the enhancement of the TPA cross-section
values. This can be quantified by the Ar index which
determines the distance of the intramolecular charge
transfer.??

5,10,15,20-Tetra(m-hydroxyphenyl)chlorin (m-THPC) is a sec-
ond generation PS with the generic name temoporfin and is
clinically registered as the drug formulation Foscan®?*?¥ This
molecule belongs to the family of reduced porphyrins and was
synthesized by Bonnett et al. over three decades ago.”” The
properties of m-THPC include strong absorption at 650 nm and
good chemical stability. Additionally, Foscan® is approved in
the European Union for the palliative treatment of head and
neck cancer.?® Nonetheless, m-THPC has several limitations
such as limited solubility in aqueous media, leading to photo-
sensitizer aggregation, non-specific accumulation, and pro-
longed skin photosensitivity. PDT as a continuously developing
cancer treatment method, constantly requires further modifica-
tions of the PS to improve treatment efficacy. Several
modifications such as conjugation with anti-inflammatory
drugs,”” bioconjugation with targeting ligands,”®*' and incor-
poration into nanoformulations have been reported.***"

Herein, m-THPC was used as a starting point to obtain
derivatives aimed at overcoming the PS's limitations. Synthetic
procedures such as substitution, esterification, and Sonogashira
coupling reactions were employed to modify the m-THPC
skeleton providing aldehyde and carboxylic acid moieties
aiming to enhance the TPA cross-section, while being suitable
synthetic handles in the design of DDS, and to improve the
therapeutic effect. Linear photophysical parameters including
fluorescence quantum yield (FLQY), fluorescence lifetime and
singlet oxygen quantum yield were evaluated. Furthermore,
the TPA cross-section values of m-THPC derivatives were
determined using the TPEF technique, which confirmed their
potential application in two-photon induced PDT.

Results and Discussion
Synthesis and Characterization of m-THPC Derivatives

Our interest to implement synthetic modifications of m-THPC
arose in order to design novel DDS overcoming current
limitations related to Foscan.?? To achieve that goal, simple m-
THPC functionalization reactions were performed, providing
aldehyde and carboxylic moieties, useful for many synthetic
strategies in the design of novel platforms for drug delivery
(Scheme 2). Moreover, due to the previously reported ability of
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introduced modifications will have a positive impact on the
TPA cross-section values, opening the door for potential
application as TPE PDT dyes.

Tetrafunctionalizations of the m-THPC system were per-
formed applying cost-efficient, reliable chemistry procedures.
The PS 1 was obtained following the procedure previously
described by Rogers etal. via a one pot esterification
reaction.”” Water soluble 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide (EDC) hydrochloride and 1-
hydroxy-7-azabenzotriazole (HOAt) were used to activate the
carboxylic acid groups of 4-carboxybenzaldehye at the same
time allowing for easy removal during the reaction workup.
HOAt was used to reduce the suppressive activity of the EDC
side product, N-acylurea, allowing for a better reaction
efficiency. The reaction gave the desired product 1 in 32% yield
but provided other derivatives with a different degree of
substitution in the reaction mixture. The tetrafunctionalized
product exhibited the highest retention factor (R on thin-layer
chromatography and monosubstituted the lowest.

Molecule 3, containing carboxylic acid moieties, was
synthesized in a two-step procedure. First, the hydroxyl groups
of the m-THPC skeleton were modified in a nucleophilic
substitution reaction with methyl bromoacetate, resulting in
the formation of compound 2 with 90% reaction yield. Next,
the intermediate containing ester groups was hydrolyzed using
potassium hydroxide, leading to precipitation of the final
product (85% yield).

Derivative 5 was synthesized in a two-step synthetic
procedure. The first step was the nucleophilic substitution of
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Scheme 2. Synthesis of tetrafunctionalized m-THPC derivatives.
m-THPC to perform TPE PDT®? we surmised that the  the hydroxyl group of m-THPC with propargyl bromide

applying the conditions described by Rogers et al.®” Com-
pound 4 was obtained in a 92% vyield, and next, the propargyl
groups were reacted with aryl halide - 4-iodobenzaldeyde via
Sonogashira coupling reaction. The coupling reaction was
carried out at 45 °C in dry tetrahydrofuran (THF) in the presence
of copper (Cul) and palladium
(bis(triphenylphosphine)palladium (ll) dichloride) catalysts to
promote reaction with terminal alkynes that next undergo an
oxidative addition followed by reductive elimination to form
product 5 in a 45% vyield.

The m-THPC derivatives were characterized using 1D NMR
spectroscopy, MALDI-TOF mass spectrometry (MS), UV/Vis and
fluorescence spectroscopy. The NMR spectra recorded in
deuterated chloroform (CDCl;) for PS 1, 5 and deuterated
dimethyl sulfoxide (DMSO-d,) for PS 3, respectively and MS
data are included in the Supporting Information (SI) (Figur-
es S1-521). The 'H NMR spectra of compounds 1, 3 and 5 are
consistent with the structure of m-THPC which was originally
evaluated in detail by Bonnett et al.®® Hydrogen atoms on the
reduced pyrrole ring, characteristic for chlorins, appear as a
singlet at 4.15-4.25 ppm, and the NH protons of the macro-
cycle with a singlet at —1.5 to 1.6 ppm. Moreover, the NMR
spectra of the derivatives contain characteristic signals for the
functional groups - aldehyde for 1 and 5 at 10.12 and 10.08-
9.88 ppm, respectively. However, the carboxylic signal of 3
recorded in DMSO-d, is not visible in the spectrum due to peak
broadening. Furthermore, the synthesis of m-THPC derivatives
and reaction intermediates were confirmed by MS.

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Absorption, Excitation, and Emission Properties

The absorption, excitation, and emission spectra were meas-
ured in order to provide a comparative evaluation of their
linear photophysical properties. No significant differences
between the derivatives were observed in the positions of the
Soret and Q bands, remaining in the range 420 to 422 nm and
651 to 653 nm, respectively, confirming data reported in the
literature for the spectral properties of m-THPC. As expected,
the absorption and excitation spectra recorded at 650 nm
overlap each other (Figure 1A, S22-24). Furthermore, the red
fluorescence spectrum of each PS was found to exhibit a sharp
emission peak at 650 nm, with the full-width half-maximum
(FWHM) values estimated to be ca. 18 nm, upon excitation in
the wide wavelength range from the near-ultraviolet (NUV) and
visible regions. However, the compounds differed in the
emission efficiency. The strongest red emission signal appeared
upon excitation at 420 nm corresponding to the absorption
maximum of the Soret band (Figure S25).

The concentration-dependent aggregation-induced
fluorescence quenching of macrocyclic molecules is a common
phenomenon occurring due to the increased interactions
between the same molecules, in comparison with the inter-
actions with a solvent. This phenomenon for m-THPC in
methanol solution was previously described by Bonnet et al.”®
Moreover, the absolute fluorescence quantum yields (FLQY)
and ability to generate singlet oxygen ('0,) is strongly affected
by this process, leading to a decrease of the phototoxic activity
of the compound.®® We observed that for dimethylformamide
(DMF) solutions of m-THPC the strongest fluorescence intensity
signal was observed at the concentration of 10 pM, while for
derivatives 1, 3 and 5 it was at 8 uM. With increasing
concentration of the PSs, a gradual decrease of fluorescence
intensity was observed (Figure 1B). Additionally, with increasing
concentration of the PS the emission band at 652 nm, present
in the non-aggregated form, was broadened, and shifted
towards the red part of the spectrum resulting in fluorescence
maxima of 662 nm for m-THPC, 663 nm for 3, and 5 and
664 nm for 1 (Figure 526). These spectral red-shifts that arise
from an aggregation process are typical for the self-organiza-
tion of organic dyes with dominating planar cores.?”
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Figure 1. Left) Normalized UV/Vis absorption spectra, excitation spectra (for
650 nm emission wavelength) and emission spectra (for the 420 nm
excitation wavelength) of PS 1 in air-saturated DMF at the concentration of

Fluorescence Quantum Yields, Fluorescence Decay Times and
Radiative and Nonradiative Constants

FLQYs measured in DMF were calculated to be ¢;~44.1%,
39.5%, 38.1% and 24.6% for m-THPC, PS 1, 3, and 5,
respectively. Fluorescence of m-THPC and tetrafunctionalized
derivatives were found to be enhanced in DMF in comparison
to more polar solvents such as DMSO, or as previously reported
in ethanol (QY=8.9%)."® To our knowledge there is no FLQY
data of m-THPC reported in DMF. Although the difference
between fluorescence intensity of m-THPC and derivatives 1
and 3 is not significant, a decrease of over 20% of the emission
intensity was observed for PS 5. This decreased fluorescence
intensity may be due to the reduced rigidity of the correspond-
ing molecular structure. Moreover, this is reflected in the
increased value of the non-radiative constant (k,) (0.089 ns™')
for PS 5 in comparison with other derivatives (0.059-
0.067 ns™").'"? The fluorescence decays of the m-THPC deriva-
tives were recorded at 650 nm using time-correlated single-
photon counting technique (TCSPC). The obtained decay curves
were fitted using mono (m-THPC, PS 1, PS 3) or bi-exponential
(PS 5) functions (Figure 2).

Fluorescence lifetime values of m-THPC, PS 1, and 3 were
found to be in the range from 9.2 to 9.3 ns (Table 1), while PS 5
reveals two fluorescence lifetime components, denoted as T,
and T,, respectively. Although the T, component reaches a
similar value to other derivatives (9.51 ns), the T, value was
slightly lower (6.25 ns), and therefore, the as-calculated inten-
sity-weighted average value was estimated to be 8.50ns
(Table 2). The fluorescence lifetime t depends on the intrinsic
characteristics of the fluorophore itself and on the local
environment. Collected data of FLQY and long fluorescence
lifetimes allowed for a calculation of radiative (k) and non-
radiative rate constants (Table 1). The ratio of k,, to k, indicates
the predominance of non-radiative over radiative processes.
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concentration in DMF for m-THPC, PS 1, 3 and 5.

Figure 2. Fluorescence decay of m-THPC and m-THPC derivatives 1, 3 and 5,
after excitation at 377 nm in air-saturated DMF solution.
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Table 1. Fluorescence quantum yields, fluorescence decay times (t) and radiative and non-radiative constants of m-THPC and tetrafunctionalized m-THPC
derivatives 1, 3 and 5. (SE=standard error).
PS FLQY [%] SE of FLQY [%] Average T [ns] k [ns™'] k. [ns7']
m-THPC 441 3.9 9.31 0.048 0.059
PS1 39.5 1.4 9.26 0.043 0.065
PS3 38.1 1.5 9.24 0.041 0.067
PS5 246 1.5 8.50 0.029 0.089
Table 2. Fluorescence lifetime parameters of PS 5: Lifetime components —
(T, and T,) and amplitude values (A, and A,). 1.sx10%) = m-THPC ~* m-THPC
* P81 s P31 %
PS T, [ns] A, [%] T, [ns] A, [%] Average T [ns] 5 ol =i I s
= Rose Bengal = Rose Bangal
PS5 6.25 40.5 9.51 59.5 8.50 ‘E E R
ﬁ 5.0810% E I
. . ool i 0.0-27
Slnglet OXygen Quantum Yleld o z 4 6 B W0 12 14 18 0 2 4 6 B 10 1Z 14 6
Laser relative energy [m.J] Laser relative energy [m.J]
The results indicate that there are no significant differences in a.010 ; 0.001
] X . . X i O, decay of 10, decay of
O, generation efficiencies between the derivatives 1, 3, 5 and m-THPC in DMF RE in DMF
m-THPC, being in the range from 25% to 31% when quantified 2 a0 Z 00005
) >
in DMSO (Table 3). Slightly larger differences could be noted 3 B
> @
for the values determined in DMF, varying in the range from - Eos
64%, for the hydrophilic PS 3, to 76% for hydrophobic

derivative 1. The difference between 'O, quantum vyields
calculated in both solvents is attributed to quenching proc-
esses occurring in different solvents with '0,. This phenomenon
has been extensively elaborated by Ogilby et al.*® Nevertheless,
it can be concluded that the expansion of the m-THPC skeleton
does not negatively impact its photophysical properties.
Obtained experimental values of the 'O, quantum yield of m-
THPC in both solvents corresponds with the literature data
(68% in DMF and 40% in DMSO)“**" whereas small discrep-
ancies are within the experimental error.

The lifetime of 'O, is dependent on the properties of the
solvent and related with different kinetics of the energy transfer
from '0, in a given system, defined as a solvent quenching
constant. The average lifetime of 'O, was calculated for both
DMF and DMSO (Figure 3, Table 3) and compared to literature
values. For DMF, the calculated average value of 20 ps stays in
line with previously obtained values (18.9 and 14 ps).***

Table 3. '0, quantum yield (®,) and 'O, lifetime (t) data for m-THPC and
tetrafunctionalized derivatives PS 1, 3 and 5 in DMSO and DMF. (SE=
standard error).

PS Mean 'O, t[s] SEofmean ®,[%] Se of mean [%]
DMSO

m-THPC 8.62E-06 2.16E-06 29.8 6.9
PS1 9.68E-06 7.64E-07 26.1 34
PS3 6.96E-06 4.31E-07 30.8 5.6
PS5 7.81E-06 1.50E-06 24.6 44
Rose Bengal  8.00E-06 1.58E-06 16.0 -
DMF

m-THPC 1.91E-05 1.13E-06 73.8 3.7
PS1 2.04E-05 1.77E-06 76.0 24
PS3 2.02E-05 1.42E-06 64.1 4.6
PS5 2.03E-05 6.62E-07 67.7 4.6
Rose Bengal  2.05E-05 9.44E-07 47.0 -
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Figure 3. '0, phosphorescence intensities in DMF (top left) and DMSO (top
right) as a function of the laser pulse energy. Representative '0,
phosphorescence decays of m-THPC (bottom left) and Rose Bengal (bottom
right) recorded in DMF.

An analogous situation was observed in DMSO, resulting in
average lifetimes in a range of 6.9-9.6 us which corresponds
with the literature value of 5.6 us.****' However, other reported
values for DMSO can be found ranging up to 19 us.*® These
discrepancies between '0, lifetimes were extensively discussed
by Oelckers et al. and they might be caused by factors such as
different measurement methods, apparatus sensitivity, solvent
quality, temperature, or light source potency.”” Nonetheless,
the discrepancies of 'O, lifetimes between m-THPC and
tetrafunctionalized derivatives PS 1, 3 and 5 are in the range of
available literature data.

Nonlinear Properties of m-THPC and Tetrafunctionalized
Derivatives

Two-Photon Absorption and Two-Photon Excited Emission
Spectra

All m-THPC derivatives exhibited an intense emission upon
femtosecond laser irradiation in the NIR region (Figure 4 and
$27). As in previous cases,**>% power dependence measure-
ments of emission intensities were performed (A, _840 nm).
The corresponding logarithmic plot of emission intensity vs.
input power is shown in Figure S28 with a slope value of 1.87
indicative of quadratic power relation, and confirming the TPA

process. Similar tendencies were previously noticed for m-THPC

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 4. The TPE excitation-emission map of m-THPC in DMF. The relative
molar concentration was adjusted so the corresponding absorbance value
was kept below 0.1 in the emission region.

and its macromolecular modifications.***? Both one-photon
excited (OPE) and TPE fluorescence spectra of all compounds in
DMF solution cover the red color range (A, _655 nm) with the
narrow emission profiles i.e., high color purity. To gain a deeper
insight into the TPA properties of our compounds, TPA cross-
section values (o7p,) were estimated by TPE emission measure-
ments (Figure 5). o, values were determined with respect to
the commercially available dye LDS-698, in chloroform.®® The
most representative parameters at the TPA maxima are
displayed in Table 4.

The OPA and TPA spectra of m-THPC and other derivatives
are compared in Figure 6 and S29. As expected, there is a good
overlap of the major TPA peak with double the wavelength of
the Soret band (at 840 nm and 420 nm, respectively). Consider-
ing their very similar spectral behavior and the non-centrosym-
metric design, it is evidenced that OPA and TPA may reach the
same excited state. The small red-shift in the TPA spectra
corresponds with the possible, partial, re-absorption of the
emission occurring during the OPA processes, which is related
to the different penetration depths of the light beam."
Additionally, the compounds feature weaker TPA (~10-20 GM)
in the longer wavelength region (> 1000 nm) which are related
to Q-bands from one-photon transitions.

Among all m-THPC derivatives, the TPA cross-section values
follow the trend PS 5>PS 1>PS 3 >m-THPC (Figure 5, Table 4).
It is well-known that extending the m-conjugation length of a
molecule generally leads to an enhancement of the TPA cross-
section.”?** This was observed with the change from carbonyl
(PS 1) to alkyne linkers (PS 5), and the significant increase in

Table 4. Non-linear optics parameters of m-THPC and derivatives in DMF
(Aexe- =840 nm).

PS Orpa [GM] Normalized o+p, [GM/Da] Brightness [¢p*0rpal
m-THPC  26.7+4.0 0.039 12.0
PS1 327+49 0.048 129
PS3 30.0+45 0.033 1.4
PS5 69.3+10.0 0.056 17.0
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Wavelength (nm)

Figure 5. TPA spectra of all compounds in DMF. The relative molar
concentration were adjusted allowing the corresponding absorbance value
being kept below 0.1 in the emission region.

the TPA cross-section value. Considering the literature reports,
direct meso-substitution of the functional groups to the
porphyrin core has shown to have an efficient enhancement of
both the TPA cross-section and brightness, despite hindering
conjugation.®®

With the electron accepting groups at the end of the
molecules (PS 1, PS 3, and PS 5), in a donor-acceptor (D-A)
motif, the extent of charge transfer from the center of the
molecule is also increased. The observed difference in the TPA
cross-sections is most likely due to the difference in the
strengths of the electron-accepting end groups (ketone in PS 1
and PS 5 being more strongly electron-accepting than the
carboxylic acid group in PS 3). It has been reported that a
simpler molecular configuration, such as the D-A architecture
of PS 1, 3, and 5, leads not only to a significant enhancement
of the TPA cross-section, but to increased brightness as well.>”
With these simple modifications we have managed to improve
the TPA activity, indicating even a 2.6-fold enhancement at the
TPA maximum of PS 5 (69.3+10.0 GM), compared to m-THPC
(26.7+4.0 GM). Varying molecular structures also induces
different TPA peaks at double the wavelength of the Q-band
regions (Figure 6 and S29).

Although m-THPC and its derivatives are known as strong
emitters and superior photosensitizers, their multiphoton-
excited fluorescence and multiphoton absorption features have
only found limited attention. Hamed et al. reported the TPA
spectrum in the Q-band transition regime (1050-1450 nm) and
around the Soret band using the open aperture Z-scan
technique. TPA cross-sections of m-THPC in DMSO were
measured to be around 20GM at 1320 nm and 28 GM at
775 nm,*¥ also showing similar spectral behavior in OPA and
TPA spectra. Furthermore, TPE fluorescence at a single
excitation wavelength (800 nm) has been previously reported
for m-THPC in a solvent mixture (20% ethanol, 30% poly-
ethylene glycol, and 50 % distilled water) to be 18 GM.”"

© 2021 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 6. OPA (pink) and TPA (green) spectra of m-THPC (top) and PS 5
(bottom) in DMF. The relative molar concentrations were adjusted allowing
the corresponding absorbance value being kept below 0.1 in the emission
region.

Transfer to Aqueous Solution and Nonlinear Optic Properties

The intense red fluorescence produced upon two-photon
excitation lying in the first biological optical window gives
promise for the use of these compounds as TPE-fluorescence
imaging agents. As expected, attaching carboxyl groups to
meso-phenyl rings allows PS 3 to be dissolved in water with no
pre-treatment process. Importantly, although the transfer to an
aqueous medium does not quench TPE fluorescence, spectral
differences are observed. Figure 7 shows that the red-shifted
emission (~670 nm) component plays a more crucial role in
buffer solution rather than the blue-shifted one (~655 nm) that
dominates in DMF solutions. This may indicate the significant
contribution of H-like agglomerates to TPE fluorescence. Never-
theless, the existence of strong TPE red fluorescence at
stimulated physiological conditions indicates the potential of
PS 3 in biomedical applications.
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We reported convenient synthetic procedures introducing
aldehyde and carboxylic groups to the skeleton of m-THPC, and
investigated the photophysical effects of modifying the m-
THPC structure. Quantifying 'O, generation efficiency and
fluorescence properties of derivatives, we found that introduc-
tion of peripheral functional groups does not have a significant
effect on their properties in comparison to the mother
compound. The non-linear properties of m-THPC and deriva-
tives were investigated using two-photon excited fluorescence
in DMF, showing that simple modifications of the m-THPC
skeleton increase the TPA activities. This was proven by
determination of the two-photon cross-section, indicating a
2.6-fold enhancement at the TPA maximum for PS 5, containing
alkyne linkers between the m-THPC core and the introduced
carbonyl groups.

Moreover, the existence of fluorescence in aqueous media
of PS 3 after two-photon excitation opens a door to explore its
properties as fluorescence imaging probes. Future work will, in
addition to in vitro and in vivo studies, include development of
systems aiming to use the combined effect of the non-linear
properties of the compounds described here, together with
nanoformulation strategies for application in two-photon
induced PDT.*® It is hoped that the development of DDS using
m-THPC derivatives as cross-linkers in polymeric nanoparticles
will allow for the excitation of chromophores at longer laser
wavelengths, leading to deeper penetration of the treated
tissues, and in consequence, better therapeutic response and
reduction of side effects related to Foscan treatment.

Experimental Section

Materials

General Information and Instrumentation are provided in the
Supporting Information.

Synthesis of 5,10,15,20-Tetrakis[3-(4-formyl-
benzoate)phenylichlorin (1). m-THPC (200 mg, 0.29 mmol.), K,CO,
(487 mg, 3.53mmol.), HOAt (479 mg, 3.53mmol), EDC
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hydrochloride (676 mg, 3.53 mmol.), and 4-formylbenzoic acid
(529 mg, 3.53 mmol) were added to a Schlenk flask. The reagents
were stirred and dried under vacuum for 1 hour. Dry DMF (10 mL)
was added to the flask and the reaction was stirred for 20 hours
under argon. The reaction was monitored by TLC. When full
conversion of the starting material was observed, the reaction was
terminated by the addition of CH,Cl, (50 mL). The reaction mixture
was washed using distilled water (2x30 mL), NaHCO; (2x30 mL),
NaCl (2x30 mL), and distilled water (2x30 mL). The organic phase
was evaporated under reduced pressure. The product was purified
on a silica gel column using CH,Cl,/n-hexane/methanol (3:1:0.1) as
the eluent. The first purple band was collected and evaporated
under reduced pressure and then recrystallized (CH,Cl,:hexane).
The products were isolated as a purple solid (112 mg, 0.092 mmol,
32%). M.p.>250°C; R=0.46 (SiO, CH,Cl,:hexane:methanol -
3:1:0.1); "H NMR (400 MHz, chloroform-d) & 10.12 (s, 4H, CHO), 8.73
(d, J=4.9 Hz, 2H, Hp), 8.56 (s, 2H, Hg), 8.42 (d, J=3.6 Hz, 8H, Ar—H),
8.34 (d, J=4.9 Hz, 2H, Hy), 8.10-7.95 (m, 12H, Ar-H), 7.79 (m, 8H,
Ar—H), 7.63 (dd, J=8.1, 1.6 Hz, 2H, Ar—H), 7.57 (dd, J=8.1 Hz, 2H,
Ar-H), 4.36-4.20 (s, 4H, Hy), —1.50 (s, 2H, N-H) ppm; *C NMR
(101 MHz, chloroform-d) 6 =191.42, 167.52, 164.32, 152.35, 150.44,
149.37, 144.37, 14348, 140.58, 139.53, 135.09, 131.91, 130.72,
129.58, 127.87, 12148, 111.38, 65.32, 42.00, 30.16, 29.15, 23.37,
23.12, 14.13, 11.13, 1.07 ppm; UV/Vis (chloroform): 1,,.., (log €) =421
(5.31), 519 (4.19), 547 (3.99), 601 (3.77), 654 nm (4.57); HRMS
(MALDI) m/z caled. for CygHiN,Op, [MIF: 1208.3269, found
1208.3257; IR (ATR): v~ 1979.5, 1734.2, 1701.4, 1602.9, 1575.8,
1470.7, 1419.2, 1382.6, 1301.5, 1245.2, 1198.1, 1149.0, 1066.4,
1018.8, 100.2, 944.0, 918.8, 778.3, 750.6, 721.5, 681.1, 629.1 cm ™.

Synthesis of 5,10,15,20-Tetrakis[3-(1-propan-2-
one)phenylichlorin (2). m-THPC (200 mg, 0.29 mmol.) and Cs,CO,
(449 mg, 2.94 mmol.) were weighted out and added to a Schlenk
flask. The reagents were dried under vacuum for 1 hour. Dry DMF
(10 mL) was added to the flask and the reaction was stirred for
15 minutes. Next, methyl bromoacetate (957 mg, 2.94 mmol.) was
added and the reaction mixture was stirred for 20 hours at 45°C
under an argon atmosphere. The reaction was monitored by TLC.
When full conversion of the starting material was observed, the
reaction was terminated with the addition of CH,Cl, (50 mL). The
reaction mixture was washed using distilled water (2x30 mL),
NaHCO; (2x30 mL), and NaCl (2x30 mL). The organic phase was
evaporated under reduced pressure. The product was purified on
silica gel column using CH,Cl,/n-hexane/methanol (3:1:0.1) as the
eluent. The first purple band collected was evaporated under
reduced pressure and recrystallized (CH,Cl,:hexane). The product
was isolated as a purple solid (250 mg, 0.27 mmol, 90%). M.p.:
>300°C; Ri=0.6 (SiO, CH,Cl,:hexane:methanol - 3:1:0.2); 'H
NMR (400 MHz, chloroform-d) & 8.59 (d, J=4.9 Hz, 2H, Hg ), 8.43 (s,
2H, Hg), 8.20 (d, J=4.8 Hz, 2H, Hg), 7.75 (d, J=7.6 Hz, 2H, Ar-H),
7.65 (s, 2H, Ar—H), 7.60 (q, J=6.9 Hz, 4H, Ar—H), 7.51 (d, J/=7.4 Hz,
2H, Ar—H), 7.43 (s, 2H, Ar—H), 7.30 (dd, /=8.4, 2.1 Hz, 2H, Ar—H),
7.23 (dd, J=8.4 Hz, 2H, Ar—H), 479 (m, 8H, CH,), 4.17 (s, 4H, Hy),
3.80 (s, 12H, CH;), —1.51 (s, 2H, N—H) ppm; *C NMR (101 MHz,
chloroform-d) ¢ 169.33, 169.31, 167.12, 157.41, 156.23, 152.21,
14437, 143.43, 140.47, 134.94, 131.92, 129.13, 128.00, 127.87,
127.69, 126.04, 123.40, 121.96, 120.15, 118.69, 114.35, 113.88,
111.74, 65.47, 63.72, 57.91, 52.27, 35.60 ppm; UV/Vis (chloroform):
Amax (10g €) =420 (5.39), 519 (4.26), 547 (4.06), 600 (3.86), 654 nm
(4.65); HRMS (MALDI) m/z calcd. for CsgHesN,Oy, [MIF: 96832609,
found 968.3258;

Synthesis of 5,10,15,20-Tetrakis[3-(acetic acid)phenyllchlorin (3).
m-THPC derivative 2 (200 mg, 0.22 mmol.) was weighted out and
added to a Schlenk flask. The reagents were dried under vacuum
for 1 hour. THF (5 mL) and methanol (5 mL) were added to the flask
and the reaction mixture was stirred for 15 min at room temper-
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ature. Next, KOH (148 mg, 2.63 mmol.) dissolved in distilled water
(2 mL) was added to the flask and the reaction mixture was stirred
overnight under reflux (80 °C). The reaction was monitored by TLC
and, after full conversion, terminated. The solvent was evaporated,
and distilled water (3 mL) was added to the reaction mixture. Next,
the crude product was neutralized with an appropriate amount of
2 M HClI solution. The product was filtered using on a Blichner flask
using and dried. The product was isolated as a purple solid
(172mg, 0.18 mmol, 85%). M.p.>300°C, 'H NMR (400 MHz,
dimethyl sulfoxide-ds) & 8.62 (d, J=4.7 Hz, 2H, Hp), 8.36 (s, 2H, Hp),
8.22 (d, J=4.8 Hz, 2H, Hp), 7.66 (d, J=6.2 Hz, 4H, Ar—H), 7.63 (s, 2H,
Ar—H), 7.47 (m, 4H, Ar—H), 7.32 (dd, J=7.2 Hz, 2H, Ar—H), 7.25 (dd,
J=8.6Hz, 2H), 484 (m, J=11.0Hz, 8H, CH,), 4.16 (s, J=293,
13.8 Hz, 4H, Hy), —1.63 (s, 2H, N-H) ppm; *C NMR (101 MHz,
methanol-d,) & 171.58, 157.91, 156.98, 143.56, 142.46, 135.36,
128.89, 128.25, 127.76, 125.25, 123.90, 121.23, 120.75, 118.51,
114.27, 113.78, 113.05, 64.79, 38.97, 35.27 ppm; UV/Vis (methanol):
Amax (109 €)=418 (5.18), 518 (4.10), 545 (3.92); 597 (3.77), 652 nm
(4.44); HRMS (MALDI) m/z caled. for Cs,Hg N0, [M]T: 912.2643,
found 912.2650.

Synthesis of 5,10,15,20-Tetrakis[3-(prop-2-yn-
1yloxy)phenyllchlorin (4). m-THPC (200 mg, 0.29 mmol.) and
K,CO; (406 mg, 2.94 mmol) added to a Schlenk flask. The reagents
were dried under vacuum for 1 hour. Dry DMF (10 mL) was added
to the flask and the reaction mixture was stirred for 15 minutes.
Next, propargyl bromide (349 mg, 2.94 mmol.) was added and the
reaction mixture was stirred for 20 hours under an argon atmos-
phere. The reaction was monitored by TLC. When full conversion of
the starting material was observed, the reaction was terminated by
the addition of CH,Cl, (50 mL). The reaction mixture was washed
using distilled water (2x30 mL), NaHCO; (2x30 mL), NaCl (2x
30 mL) and distilled water (2x30 mL). The organic phase was
evaporated under reduced pressure. The product was purified on
silica gel column using CH,Cl,/n-hexane/methanol (3:1:0.1) as the
eluent. The first purple band collected was evaporated under
reduced pressure and recrystallized (CH,Cl,:hexane). The product
was isolated as a purple solid (225 mg, 0.27 mmol, 92%). 'H NMR
(400 MHz, chloroform-d) & 8.63 (d, J=4.8 Hz, 2H, Hg), 8.47 (s, 2H,
Hﬁ), 8.24 (d, /=49 Hz, 2H, Hﬁ), 7.76 (m, 4H, Ar—H), 7.61 (m, 4H,
Ar—H), 7.52 (m, 4H, Ar—H), 7.35 (dd, J=8.3, 2.5 Hz, 2H, Hj), 7.29 (dd,
J=8.3, 2.5 Hz, 2H, Hﬁ), 4.85 (m, 8H, CH,), 4.27-4.11 (s, 4H, Hﬁ), 2.57
(s, 4H, alkyne-H), —1.48 (s, 2H, N-H) ppm; HRMS (MALDI) m/z calc.
for CygHaoN,O, [M]7: 832.3050, found: 832.3040.

Synthesis of 5,10,15,20-Tetrakis[3'-(4"-
ethynylbenzaldehyde)phenoxyl-chlorin (5). A Sonogashira cou-
pling was performed under dry conditions. The m-THPC derivative
4 (100 mg, 0.12mmol.) and 4-iodobenzaldehyde (278 mg,
1.2 mmol) were weighted out and added to a Schlenk flask and
dried for 1 hour under vacuum. Next, the compounds were
dissolved in dry THF (6 mL) and TEA (3 mL) and stirred for 1 hour.
Next, Cul (6.8 mg, 0.036 mmol) and PdCL,(PPhy), (12 mg,
0.018 mmol) were added. The reaction was monitored by TLC.
When full conversion of the starting material was observed, the
reaction was terminated, filtered through celite and the crude
product was purified on silica gel column
(CH,Cl,:hexane:methanol - 3:1:0.1). Fraction of TEA (5 mL) was
added to neutralize the silica and to reduce stacking of the
compound. The first dark-red band collected was evaporated under
reduced pressure and recrystallized. The product was isolated as a
dark-red solid (67 mg, 0.053 mmol, 45%). M.p.:>300°C; R;=0.7
(Si0,, DCM:hexane:MeOH - 3:1:0.1); '"H NMR (400 MHz, chloro-
form-d) 6 10.08-9.88 (s, 4H, CHO), 8.56 (d, J=4.8 Hz, 2H, Hp), 8.41
(s, J=3.3 Hz, 2H, Hﬁ), 8.16 (d, J=3.9 Hz, 2H, Hﬁ), 7.93-7.78 (m, 4H,
Ar—H), 7.71 (m, 8H, Ar—H), 7.67-7.61 (m, 4H, Ar—H), 7.60-7.51 (m,
4H, Ar—H), 7.50 (m, 8H, Ar—H), 7.41 (dd, J=8.2, 1.9 Hz, 2H, Ar—H),
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7.35 (dd, J=8.2, 1.8 Hz, 2H, Ar—H), 5.09 (m, 8H, CH,), 4.23-3.98 (s,
4H, Hp), —1.49 (s, 2H, N—H) ppm, *C NMR (101 MHz, chloroform-d)
0 191.40, 167.22, 157.09, 155.94, 143.28, 135.77, 132.44, 132.35,
129.45, 129.40, 129.25, 128.35, 127.86, 125.82, 123.53, 118.88, 87.99,
86.59, 56.59, 35.64 ppm; UV/Vis (chloroform): 4., (log &) =423
(5.51), 521 (4.37), 548 (4.2), 600 (3.97), 654 nm (4.74); HRMS (MALDI)
m/z calc. for CgHs6N,Og [M]7: 1248.4098, found 1248.4124.

Fluorescence decay times and radiative and non-radiative
constants

The photoluminescence decay profiles of m-THPC and tetrafunc-
tionalized derivatives PS 1, 3 and 5 were measured through a
conventional time correlated single-photon counting (TCSPC)
setup, containing a BDL-375-SMN Picosecond Laser Diode (20 MHz,
377 nm), an Acton SpectraPro SP-2300 monochromator (Princeton
Instruments), and a high-speed hybrid detector HPM-100-50
(Becker&Hickl GmbH) which was controlled by a DCC-100 card. The
fluorescence lifetime values were calculated, after deconvolution
procedure of the instrument response function (IRF).

Fluorescence quantum yields

The absolute fluorescence quantum yields (FLQYs) were deter-
mined using a FLS 980 Edinburgh Instruments spectrometer,
equipped with an integrating sphere and a BDL-375-SMN Pico-
second Laser Diode (20 MHz, 377 nm) as an excitation source.
Compounds were dissolved in DMF to obtain 10 uM concentration,
the sample in a 1 cm quartz cuvette was placed into the center of
the integrating sphere. Absolute quantum yield was calculated
based on Equation (1):

D = (1)

=55

Where E, is the integrated fluorescence intensity of the PS sample
(600-750 nm), S, is the integrated excitation peak without presence
of the PS (360-400 nm), and S, is the integrated excitation peak
with presence of the PS (360-400 nm).

Average fluorescence lifetimes

In the case of bi-exponential fluorescence decay of PS 5, the
intensity-weighted average value was calculated according to
Equation (2):

m:§ﬁ @)

Where \[1\] is the intensity-weighted average fluorescence lifetime
(ns), A; refers to amplitudes (%), and T, is fluorescence lifetime
components (ns).

For PSs showing mono-exponential fluorescence decay, there is
only one fluorescence lifetime component.

Singlet oxygen generation of PSs (direct and indirect
method)

The efficiency of singlet oxygen production was studied following
the procedure previously described by Silva et al®® Briefly, 'O,
phosphorescence was detected at 1270 nm at room temperature
using a Hamamatsu R5509-42 photomultiplier (cooled with liquid
nitrogen) after exciting the solutions of PSs using the second
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harmonic (532 nm) of a Nd:YAG pulsed laser (8 ns) Spectra-Physics
model Quanta-Ray. In order to avoid scattered and fluorescence
light Newport long pass filter 10LWF-1000-B were used before the
photomultiplier. Solutions of m-THPC and tetrafunctionalized
derivatives (PS 1, 3, and 5) were prepared in DMSO and DMF
obtaining absorbance in a range of ~0.15-0.2 at 532 nm. Rose
Bengal was used as a reference; the 'O, quantum yield for this dye
is 047 and 0.16 in DMSO and DMF, respectively.®*®" The 'O,
phosphorescence decay was fitted using a monoexponential
function. Pre-exponential factors I, were obtained selecting the
same time interval for all compounds, then these intensities were
plotted in function of the laser pulse energy. The 'O, quantum
yield @, was determined using the slope, m, obtained from the
linear fitting of I, in function of the laser pulse energy [Equa-
tion (3)1. Two independent measurements were performed and the
average @, was calculated for m-THPC and tetrafunctionalized
derivatives PS 1, 3 and 5.

quX:M*mx*@ 3)

(-108)  my  ref

For Equation (3), A, refers to the absorbance of the reference at
532 nm, A, is the absorbance of the compoundxat 532 nm, m, is
the slope of the compound x, m, is the slope of the reference, and
@, is the '0, quantum yield of the reference.

Two-photon excited emission

TPE emission spectra were recorded on a custom-built experimen-
tal setup, consisting of a spectrometer (Shamrock 303i, Andor)
equipped with an ultrasensitive camera (iDus camera, Andor). All
samples were excited with a Ti:Sapphire Chameleon laser (Coher-
ent Inc.), operating from 800 nm to 1080 nm (the repetition rate
80 MHz and the pulse duration =120 fs). In order to minimize
undesired re-absorption effects and aggregation processes, the
relative molar concentrations were adjusted, so the corresponding
absorbance values were kept below 0.1 in the emission region.
Photostability of each compound was monitored throughout the
experiments via absorption and OPE fluorescence measurements.
All spectroscopic measurements were performed at room temper-
ature.

Power-dependence measurements

TPE fluorescence spectra of m-THPC with the varying laser
excitation power (from 2.5 mW to 40 mW) were recorded. The
logarithmic emission intensity and laser power values were plotted
and then fitted with a linear function.

Two-photon absorption cross-section values

TPA cross-section values were calculated from the TPE emission
measurements with the respect to LDS 698 in chloroform,”
following Equation (4):

_ Lsam Crer N2 Prer
Orea, sam [GM] = O1pn, ref 120, 2o (4)

where | is the integrated emission intensity, C is the molar
concentration, @ is the OPE fluorescence quantum yield, and n is
the refractive index of solvent (sam refers to sample and ref to
reference).®>***¥ The normalized o, values were estimated, follow-
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ing Equation (5), where M denotes the molecular weight of the
compounds.

O norm.TPA sam [GM/M} = Oapasam /M (5)

Brightness values were also determined as the multiplication of
TPA cross-sections and FLQYs.
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