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Reaction of porphycene isothiocyanates with primary and secondary
amines leads to the formation of thiazolo[4,5-c]lporphycenes, with a
substantial shift in the absorption and fluorescence spectra. The
conjugates show fluorescence in the near-infrared and are capable
of photosensitizing the production of the cytotoxic species singlet
oxygen.

Theranostic nanomedicine is an emerging therapeutic strategy
that combines a contrast agent and a drug on a single nanoplat-
form for enhanced diagnosis and treatment of localised diseases.'*
Of particular interest are photoactivatable theranostic agents that
allow simultaneous fluorescence imaging and localised generation
of cytotoxic species.'?* Current research efforts are directed to the
development of theranostic labels that show absorption and
emission in the red and near-infrared spectral range,* as well as
strong and selective binding to proteins and nanoparticles.””
Several click reactions have been developed to this end, employing
reactive groups such as the isothiocyanate (ITC) for conjugation to
free amino residues,’*? maleimide for cysteine-reduced thiol
groups,”’ and carbodiimide for carboxyl groups.®

A common and severe drawback of current labels is that the
optical and fluorescence properties of the conjugates are not
too different from those of the unbound probes, which makes
it very difficult to differentiate between covalent adducts and
non-specific complexes.> The latter pose a serious problem to
bioconjugate-based biological assays and therapies as they can
be released into the biological milieu, altering their results.

In the domain of fluorescence, the conventional solution to
this problem is the development of turn-on labels that increase
their fluorescence intensity upon binding.?”’ However, since
the spectra of the bound and unbound probes are the same and
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only the intensity changes, good contrast cannot be generally
achieved.? A more robust solution would be the use of probes that
change their absorption and fluorescence spectra upon covalent
binding since this would allow to selectively excite and monitor
the bound and unbound tags. This concept has been recently
demonstrated for the labelling of proteins with pyrilium fluores-
cent dyes that change their emission from red to blue.’
However, to date no single theranostic agent has been
reported, which undergoes a similar spectral change upon
conjugation. In the course of our ongoing research on photo-
immunotherapy” we observed marked spectral changes when
porphycenes containing a 9-ITC group (9-ITPPos) were reacted
with primary and secondary amines (Fig. 1). Porphycenes,
discovered by Vogel in 1986,° are porphyrin isomers of lower
symmetry and unique properties.””” Porphycenes are currently
being explored as photodynamic therapy agents due to their
excellent optical, fluorescent and photosensitising properties.®
It is well known that fluorophores containing ITC groups
produce thioureas upon clicking to terminal amino residues of
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Fig. 1 Structural and absorption (solid line) and fluorescence (dashed line)
spectral changes upon reaction of 9ITPPo with primary and secondary
amines. The spectra shown correspond to ATAZPo2 in acetone.
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biomolecules or amino-functionalised nanoparticles.* An arche-
typical example of such tags is the widely used fluorescein-ITC;’
however, unlike the porphycene-ITCs, its spectrum does not
appreciably change upon formation of the thiourea bridge.
Isolation of the reaction products of porphycene-ITCs with
amines revealed that the underlying cause for the colour
change was the spontaneous evolution of the originally-
formed thiourea to 2-aminothiazolo[4,5-c]porphycene (ATAZPo;
Fig. 1 and Schemes S2 and S3, ESIf), with a concomitant red-
shift of its fluorescence spectrum by more than 70 nm. For-
mation of thiourea and its subsequent cyclisation proceeded
almost quantitatively and with high selectivity at room tem-
perature (Table 1), which is a pre-requisite for “click’” labelling

Table1l Reaction of 9-ITPPo with selected primary and secondary amines
at room temperature

Reaction Yield

Substrate Compound Solvent time/h (%)
Ammonia ATAZPo1 THF 3 97
n-Butylamine ATAZPo2 CH,Cl, 3 95
Diethylamine ATAZPo3 CH,Cl, 5 95
Piperazine ATAZPo4 CH,Cl, 3 90
Morpholine ATAZPoO5 CH,Cl, 3 90
Aniline ATAZPo6 CH,Cl, 24 80
O-(2-aminoethyl)-O’-(2-azido- ATAZPo7 CH,Cl, 3 85

ethyl)nonaethyleneglycol

Table 2 Optical and photophysical properties of 9-ITPPo and ATAZPo
derivatives in acetone

Compound Am? & A &7 ¢ ol DS
9-ITPPo 667 2.1 x 10* 693 0.07 0.8 35 0.49
ATAZPo1 745 9.3 x 10° 750 0.03 0.5 30 0.30
ATAZPo2 743 2.0 x 10* 756 0.08 0.6 20 0.27
ATAZPo3 763 1.4 x 10* 775 0.05 0.7 50 0.24
ATAZPo4 744 1.8 x 10* 764 0.05 0.9 51 0.24
ATAZPo5 740 1.2 x 10* 758 0.06 0.9 32 0.30
ATAZPo6 750 1.2 x 10* 759 0.04 0.6 35 0.20
ATAZPo7 748 1.7 x 10* 768 0.07 0.9 23 0.31

“ Wavelength of the lowest-energy absorption band (nm). © Molar absorp-
tion coefficient at A, (M~' cm ). © Wavelength of fluorescence (nm).
“ Fluorescence quantum yield. ¢ Singlet state lifetime in air (ns)./ Triplet
state lifetime under argon (us). ¢ Singlet oxygen quantum yield.
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reactions.® An additional benefit of the unexpected evolution
of the porphycene-thiourea system is that it prevents the
hydrolysis of the conjugates by urease enzymes.’

The formed ATAZPos have several relevant chemical, optical
and photophysical properties that make them excellent candi-
dates for theranostic applications (Table 2). Firstly, their absorp-
tion spectrum is shifted by more than 70 nm relative to that of
the precursor 9-ITPPo, which allows their selective excitation
even in the presence of any unbound precursor (Fig. S34, ESI).
Secondly, their fluorescence shifts to the near-IR (Fig. 2), where
tissue is most transparent and shows less autofluorescence.'*
Thirdly, the fluorescence quantum yields are higher than those
of the most common near-IR fluorophores, e.g., 0.01 for the
IR800 dye'®” and 0.04 for indocyanine green.'* Finally, ATAZPos
produce singlet oxygen with high yields, which allows using
them also for therapeutic purposes (Fig. S35, ESI%)."*

Encouraged by the above results we set out to explore the
potential of 9-ITPPo for conjugation to biomolecules and nano-
particles. Bovine serum albumin (BSA) and amino-functionalised
gold nanoclusters (AuNCs) were selected for proof-of-concept
purposes. In a typical experiment, a stock solution of 9-ITPPo
was prepared and mixed with BSA in carbonate buffer (pH 9.2) or
with AuNCs in ethanol. The reaction vessels were protected from
light and stirred at room temperature. Formation of covalent
adducts was unequivocally demonstrated by the changes in
absorption and fluorescence spectra (Fig. 3 and Fig. S30, ESI¥)
and the conjugates retained their ability to photosensitise the
production of singlet oxygen.

Insight into the formation of the thiazole ring was obtained
from the study of the reaction kinetics. The time evolution of
the absorbance of a mixture of 9-ITPPo and n-butylamine was
measured in air-equilibrated toluene (Fig. 4). The isothio-
cyanate group disappeared within minutes with the concomi-
tant formation of thiourea as the only product, as deduced from
the observation of isosbestic points in the absorption spectra
and the "H-NMR spectrum (Fig. $33, ESI%). This intermediate
evolved over a period of several hours to the final product
ATAZPo. The time-resolved spectra were analysed using the
Specfit/32 software from Spectrum Software Associates and
could be successfully fitted by a simple two-step consecutive

NIR detection

Fig. 2 Solutions of 9-ITPPo and ATAZPo under white light (left) and under UV (365 nm) radiation (middle and right). While 9-ITPPo shows visible red

fluorescence, ATAZPo emits mainly in the near-IR (lops > 780 nm).

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Fluorescence spectra of unbound 9-ITPPo (blue) and its covalent
adduct ATAZPo (red) with BSA (A) and AuNCs (B).
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Fig. 4 Top: time evolution of the absorbance of a mixture of 9-ITPPo
(15 pM) and n-butylamine (3 mM) in toluene. Bottom: structures, concen-
tration evolution and spectral profiles of the reactant, the intermediate and
the product (from left to right) achieved through singular value decom-
position of the spectral evolution in air.

pseudo-first order kinetic model (9-ITPPo — 9-TUPo — ATAZPo)
with rate constants 0.32 s~ ' and 6.5 x 10~ * s~ for the first and
second steps, respectively, at room temperature. Flushing the
solutions with argon had no measurable effect on the rate
constants.

The Specfit software also yielded the spectra of the three
species involved. An excellent match was obtained between the
recovered and experimental spectra of the 9-ITPPo reactant, the
9-TUPo intermediate, and the ATAZPo product (Fig. 4).

The spontaneous cyclization of 9-TUPo was unexpected on the
basis of the known literature for aromatic thioureas. Although
thioureas are known to cyclize to the corresponding thiazoles,

5588 | Chem. Commun., 2015, 51, 5586-5589
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this is observed only when they either contain a halogen leaving
group,'®*” or are activated with palladium'® or copper,'?? or in
the presence of added oxidants such as bromine or the tribro-
mide anion.'*™ None of these factors is present in the porphy-
cenes studied. Moreover, the thioureas of the closely-related
porphyrins and phthalocyanines do not spontaneously cyclise
to the corresponding thiazole derivatives."® Thus, there is some-
thing unique in the electronic structure of porphycene that
makes the cyclization reaction highly specific for this porphyrin
isomer.

Additional insight was obtained by computational modelling
studies. Using density functional methodology, we evaluated the
molecular orbitals’ energy and shape for a series of aromatic
thioureas (Fig. 5). The results revealed that their HOMO is
localized on the highly nucleophilic sulphur atom of these
compounds, while the LUMO is mostly on the aromatic ring.
This suggests that cyclisation of the thioureas has a substantial
intramolecular sulphur-to-ring charge-transfer character.

In the framework of the frontier molecular orbital theory,
the reaction rate can thus be expected to be proportional to the
energy gap between the HOMO of the thiourea nucleophile and
the LUMO of the electrophile.'* As would probably be expected,
the HOMO-LUMO gap for all porphyrinoids is lower than for
the phenyl-thiourea, consistent with the larger size of their
aromatic ring, which allows a better electron delocalization.
The striking finding was that the HOMO-LUMO gap in 9-TUPo
was roughly half that in the related porphyrin and phthalo-
cyanine thioureas. This unique feature of porphycenes sets
them apart from the more symmetrical porphyrinoids such as
porphyrins and phthalocyanines and stems from their very
particular electronic structure.'® Thus, porphycenes are ideal
substrates for the formation of thiazole-fused derivatives,
which could be exploited for a variety of purposes, particularly
for labelling of biomolecules and nanosystems aimed at imaging
and therapeutic applications.

As a further proof for the above mechanism, and in order to
explore the scope of the new porphycene chemistry, 9-benzoamide
porphycene (9-AmPo) was prepared from 9-amino-2,7,12,17-
tetraphenylporphycene (9-ATPP0)* and treated with Lawesson’s
reagent, which is known to promote the formation of the

4
AE = 50KkJ - mol™*

AE =244K]-mol! AE =96kj-mol™! AE = 91Kk] - mol™!

I 1
o o e O

Fig. 5 HOMO-LUMO energy gap (AE = Elumo — Enomo) of different
aromatic thioureas, namely, (A) N-methyl-N’-phenylthiourea, (B) N-methyl-
N’-(2-phthalocyanine)-thiourea, (C) N-methyl-N’-(2-porphyrin)-thiourea, and
(D) N-methyl-N’-(9-porphycene)-thiourea.

This journal is © The Royal Society of Chemistry 2015
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thioamide functionality.'® Once again, instead of the expected
9-benzothioamide porphycene, we isolated the corresponding
thiazolo[4,5-c]porphycene (Scheme S5, Fig. S36 and Table S1,
ESI}). Thus, cyclisation is not restricted to thioureas but can
also be realised with thioamides.

In summary, we report a novel specific reaction of porphy-
cenes that allows the formation of thiazole-fused porphycene
conjugates with unique absorption, fluorescence and photo-
sensitizing properties. Thus, porphycene-ITCs are novel mole-
cular entities with high potential for imaging and therapeutic
applications. Work is currently in progress to explore such
applications and shall be reported in due course.
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