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Herein we report the self-assembly of a supramolecular singlet oxygen photosensitizing system from an
adamantane-functionalized, hexaanionic water-soluble zinc(i) phthalocyanine (PC) and B-cyclodextrin
vesicles (CDV). Characterisation of the designed PC, which was synthesized by an asymmetric statistical

condensation, was carried out by several analytical techniques such as MALDI-HRMS, NMR, IR, UV/vis as

well as steady state and time resolved fluorescence spectroscopy. The influence of the docking of the PC

to the CDVs on the PC photoluminescence as well as on the singlet oxygen photoproduction quantum
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yields was investigated. The results indicate that the host—guest interaction of the photosensitizer and

the CDVs significantly prevents the formation of inactive aggregates, and enhances the photosensitizing
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Introduction

Photodynamic therapy (PDT) constitutes a non-invasive method
for the inactivation of cancer cells or bacteria." In this approach,
irradiation of a photosensitizer (PS) with harmless red or near
infrared light (2 > 650 nm) leads to the formation of cytotoxic
singlet oxygen (*O,) by energy transfer from the lowest excited
triplet state of the PS to molecular oxygen (*0,).% Since the
introduction of phthalocyanines (PCs)** and porphyrins®” as PS
of '0,, several potential carrier systems for these rather hydro-
phobic molecules have been proposed.*® PCs are known to be
highly insoluble in aqueous environments, and consequently,
only limitedly available in vivo. Several approaches to increase
their water solubility have been investigated, which include
among others the introduction of amine,'>** carboxylate' and
hydroxyl* functions. Furthermore, it is well known that PCs
tend to form inactive aggregates due to hydrophobic interac-
tions. This behaviour decreases their ability to photosensitize
'0,, as the stacked molecules release the absorbed energy
mainly as heat.™ In this sense, the introduction of charges on
the periphery of the PC is expected to have a positive influence
on the solubility while avoiding aggregation by electrostatic
repulsion, thus enhancing their bioavailability and 'O,
photoproduction.**?
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design of phototherapeutic agents.

ability of the PC. The supramolecular assembly constitutes a biocompatible photoactive platform for the

In the last few years, the first efforts were made to use organic
and inorganic transporter systems for PCs, such as liposomes,
surfactants and zeolites, to avoid aggregation and secondary
interactions with tissues.*® On the other hand, Mazzaglia et al.
described the absorption of photosensitizers such as porphyrins
in cyclodextrin (CD) nanoparticles, which consist of amphiphilic
CDs bearing Cg alkyl chains at the primary face and ethylene
glycol units with amine functions at the secondary face. In this
case, the negatively charged 5,10,15,20-tetrakis-(4-sulfonato-
phenyl)-21H,23H-porphyrin (TPPS) binds to the positively
charged CD nanoparticles due to electrostatic interactions.*™*”
In 2000, Ravoo and Darcy reported another class of amphiphiles
based on CDs." By the introduction of alkyl chains (C;, or Cy6)
on the secondary face of the CD and oligoethylene glycol units on
the primary face, amphiphiles were obtained that form stable

100-150 nm

Fig. 1 Schematic representation of cyclodextrin vesicles decorated with phtha-
locyanine photosensitizer (8).
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unilamellar cyclodextrin vesicles (CDV) in aqueous media. The
cavities of the CDs embedded in the surface of these vesicles are
available for complexation with hydrophobic guests such as
adamantane,” > tert-butylbenzene® and azobenzene***® units
so that the CDV can be decorated with functional guest mole-
cules simply by mixing the host vesicles with the desired guests.
Herein we describe the use of such supramolecular soft colloids
for the immobilisation and transport of a tailored PS (Fig. 1). We
synthesized a PC-adamantane derivative (8) in order to combine
the photosensitizing capacity of the macrocycle with the binding
ability to the CDV vesicles, which effectively prevents the
formation of inactive aggregates.

Results and discussion

The synthesis of the PC derivative was carried out by using a
statistical condensation of substituted phthalonitriles, starting
from 1,2-dichlorophthalonitrile, which was converted into the
tetraester (1) by aromatic nucleophilic substitution with an
adequately substituted phenol derivative in the presence of
K,COj3 (Scheme 1). The X-ray diffractogram of crystals of the
resulting tetraester (1) was obtained. The crystal structure
reveals the two nitrile groups as well as the ester moieties in the
periphery, and corresponds to the space group P1 (no. 2) with 2
molecules per unit cell (see ESI, Fig. S1T). A second dinitrile
derivative bearing two adamantane moieties was also synthe-
sized starting from adamantane carboxylate. This was coupled
via an amide bond to mono Boc-protected ethylendiamine
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI),
ethylcyano (hydroxyimino)acetate (Oxyma Pure®) and N-meth-
ylmorpholine (NMM) as coupling agents. Full details of the
synthesis are provided in the ESL{
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Scheme 1 Synthesis of substituted phthalonitriles (I): K;CO3, DMF, 24 h, rt, (II):
EDCI, Oxyma Pure®, NMM, DMF, 14 h, rt, (lll): TFA, CH,Cly, 4 h, rt, (IV): EDCI,
Oxyma Pure®, NMM, DMF, 14 h, rt, (V): K,CO3, DMF, 24 h, rt.

2454 | Soft Matter, 2013, 9, 2453-2457

View Article Online

After deprotection in acidic conditions with trifluoroacetic
acid (TFA), the free amine was reacted with hydroxyl phenyl-
carboxylate as described above (vide supra). The deprotected
hydroxyl group was then coupled to 1,2-dichlorophthalonitrile.
The hydrophobic adamantane provides the ability to bind
divalently to the surface of the CDV.*® The phthalocyanine (5)
and (1) were finally condensed statistically in a ratio of 3:1
employing DBU (1,8-diazabicyclo[5.4.0.Jundec-7-ene) and
anhydrous Zn(OAc), in refluxing pentanol, yielding after puri-
fication by semipreparative HPLC the dark blue zinc(u) PC (7)
(2.9% yield, Scheme 2). During the condensation, a trans-
esterification of the methylesters to pentylesters was observed,
which has been previously described by other authors.”” The
identity of the product was confirmed by high resolution mass-
spectrometry, and "H-NMR and IR spectroscopy. In order to
obtain the water soluble Zn(u) PC (7), the ester groups were
removed by saponification with NaOH. After neutralization with
HC], a green precipitate was obtained which was found to be the
desired asymmetrical, water soluble Zn(u) PC which was
confirmed by MALDI-HR-MS. 'H-NMR spectroscopy only
showed broad, unstructured signals due to stacking of the PC
(8), both in water and in DMSO (see ESI, Fig. S21).

CDVs were prepared from an amphiphilic B-cyclodextrin
substituted with 7 n-dodecylthiol units on the primary side and 7
oligo(ethylene glycol) units on the secondary side. These
amphiphilic macrocycles form unilamellar bilayer vesicles upon
dispersion and extrusion in aqueous solution. The synthesis of
the amphiphilic cyclodextrin and the preparation and charac-
terization of vesicles have been described in the literature." In
order to assess the influence of (8) on the structure of the CDVs,
sizes and (-potentials were determined by dynamic light
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Scheme 2 Statistical macrocyclisation of (1) and (5): (I) DBU, Zn(OAc),
pentanol, 150 °C, 12 h, (ll) THF, MeOH, H,0, NaOH, rt, 6 h.
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scattering (DLS). Bare CDVs have a characteristic diameter of
around 100 nm after extrusion of a hydrated lipid film through a
100 nm polycarbonate membrane. The size distribution of the
CDVs is provided in the ESI.f The CDVs have a slightly negative
{-potential of around —11 mV, which is due to the preferential
absorption of hydroxide ions by the ethylene glycol chains at the
primary rim of the B-cyclodextrin (Fig. 2, entry 1).* Upon addi-
tion of (8) (added with 6 eq. of NaOMe), a significant drop of the
{-potential to —25 mV was observed, which confirms
the immobilization of the adamantane-functionalized PC on the
CDV surface, since the large number of free carboxylate func-
tions of the guest molecules provide a significant contribution to
the negative surface potential of the CDVs. Furthermore, the
repulsive forces between the functionalized vesicles play an
important stabilizing role, and no increase in size was observed
upon addition of (8) to the bare CDVs (Fig. 2, entry 2). To verify
that the drop in the {-potential is due to the host-guest
complexation between the hydrophobic adamantane residues of
the PC and the free CD cavities of the vesicles, an excess (10 mM)
of B-CD was added. It was observed that a displacement of the
binding equilibrium occurs and that (8) is released from the
CDVs. The {-potential of bare CDVs was recovered accordingly
(Fig. 2, entry 3). The diameter and size distribution of the CDVs
are not affected by the desorption of (8).

In Fig. 3 the normalized absorption of (8) is shown in
comparison with (8) bound to the vesicles ((8)-CDV), both in
aqueous solution. We note that in each experiment, 6 eq. of
NaOMe were added with (8). The pH of the resulting solutions
(with or without CDV) was slightly above 7. The photophysical
properties of (8) and its derivatives are largely independent of
pH, provided that the acidic or basic functional groups are
decoupled from the photoactive macrocycle.?” The absorption
spectra display characteristic Soret-bands (360 nm) and Q-
bands (685 nm), as previously reported for other zinc(u)
phthalocyanines.?®*® However, free (8) shows a pronounced
shoulder around 620 nm, which diminishes upon attachment
to vesicles, and constitutes distinctive evidence that aggregation
of (8) is inhibited when it is immobilized on the CDVs.

In Fig. 4, the excitation and the emission spectra of (8) and
(8)-CDV are depicted. The emission spectra can be attributed to
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Fig.2 Comparison of the size (hm) and the ¢-potential (mV) of (1) 0.1 mM CDV,
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Fig. 3 Absorption spectra of (8) (red line) and (8)-CDV (black line), both recor-
ded in distilled water.
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Fig. 4 Excitation (red) and emission (black) spectra of (8) (A) and (8)-CDV (B) in
distilled water.

the monomeric species and do not depend on the excitation
wavelength. The absorption and the excitation spectra are
coincident and in good agreement with previously reported
spectroscopic studies of zinc(n) phthalocyanines.*® Clearly, the
peripheral water soluble carboxylic groups do not influence the
photophysical properties of the macrocycle to any significant
extent (Table 1).

Singlet oxygen quantum yields (®,) were determined using
9,10-anthracenediyl-bis(methylene)dimalonic acid (ADMADM)
in aqueous solution as a fluorescent monitor (Ax = 380 nm).
Irradiation of stirred, air saturated solutions of a reference
compound (methylene blue, MB, ®, = 0.52) and either (8) or
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Table 1 Photophysical parameters of (8) in solution and bound to CDV in
distilled water

(8) (8)-CDV
Amax/Dm (Soret-band) 358 360
Amax/nm (Q-band) 682 682
Amax/nM (emission) 690 690
Tauo/NS (££0.05) 3.24 0.63, 2.57
@y (40.02) 0.03 0.07
@, (£0.02) 0.05 0.20

(8)-CDV in 10 x 10 mm quartz cuvettes led to a drop of the
ABMDMA emission intensity over time (Fig. 5 and ESI, Fig. S47).
Comparison of the slopes of the fluorescence decays led to ®,
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Fig.5 Decaying emission spectra of ADMADM at different irradiation times: (A)
MB (0's, 25 s and 50 s) and (B) (8)-CDV (0's, 240 s, 480 s). (C) Slopes of ADMADM
decay for (8)-CDV (red) and for MB (black).
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(Fig. S4 and eqn (S1)f). This method was used in view of the fact
that the phosphorescence of 'O, was not observable in the
aqueous environment, even when D,O was employed as a solvent.
The hydroxyl groups of the CDV most likely quench the phos-
phorescence of '0,, thus preventing its quantitative determina-
tion in the near-infrared region of the electromagnetic spectrum
(1275 nm). The @ and the @, of (8)-CDV are significantly higher
(by a factor of roughly 3 within the experimental error) than for
pure (8) in aqueous solution (Table 1). These results show the
enhanced availability of monomeric chromophores in the (8)-
CDV assembly for the photogeneration of '0,. By comparison
with monomers of other octaoxosubstituted Zn(u) PCs (¥ = 0.30
and @, = 0.70), and assuming that a dimer absorbs like two
monomers but does not show any fluorescence or 'O, photo-
production,” we conclude that about 25% of the photosensitizer
molecules are active as monomeric species on the CDV. The host-
guest interaction of two adamantane moieties with the cavities of
the CDV compensates the free energy of aggregation. The driving
force of the hydrophobic effect overcomes the stacking effect of
PC, a process that is also driven by hydrophobic exclusion of the
macrocycles. This approach constitutes a successful way to
significantly avoid aggregation of PCs in aqueous media by
immobilization on the surface of the vesicles.

Conclusion

We have documented a synthetic route for a water soluble zin-
c(u) phthalocyanine bearing adamantane moieties. Vesicles
formed by an amphiphilic B-cyclodextrin allow host-guest
interactions and immobilization of the phthalocyanine in
aqueous media, thus hindering the formation of inactive
aggregates and enhancing the photosensitizing ability. This
supramolecular assembly constitutes a biocompatible photo-
active platform for the design of new phototherapeutic agents,
and the possibility of combining this system with other ada-
mantane-functionalized molecules for enhanced targeting or
fluorescent properties opens the way for simultaneous detec-
tion and inactivation of cancer cells or bacteria.
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