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Cyclodextrin/chlorophyll a complexes as supramolecular photosensitizers
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Abstract

The interactions between chlorophyll a, and three cyclodextrins, hydroxypropyl-β-cyclodextrin heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin
and hydroxypropyl-γ-cyclodextrin, were studied in aqueous solutions by means of absorption, emission and circular dichroism spectroscopy.
Nanosecond laser flash photolysis and steady-state singlet oxygen generation experiments were performed to clarify the photoactivity of
chlorophyll a in these systems. Moreover the photosensitizing activity of these complexes towards human leukemia T-lymphocytes (Jurkat cells)
was tested and compared with that of the free sensitizer, chlorophyll a. The results obtained indicate that each cyclodextrin is able to carry the
pigment in monomeric form inside of cells producing singlet oxygen.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The use of photosensitizers together with visible light is a
widely studied and promising technique in the treatment of
tumors (photodynamic therapy, PDT) [1]. The sensitizer should
preferentially localize in the tumor tissues that will be
irreversibly, directly or indirectly, destroyed by photogenerated
singlet oxygen. In general light with wavelength in the red
region of the visible spectrum is used to achieve a deeper
penetration in the tumor tissue [2,3]. Then the sensitizer should
exhibit intense absorption bands in this spectral region.
Although a great variety of compounds can sensitize the
formation of singlet oxygen in organic solvents and water, it is
well known that sensitizers with absorption wavelengths longer
than 800 nm often show a low photostability. Moreover the
energy of the lowest excited triplet is too small for promoting
phototoxic processes. Therefore, the PDT-literature deals
mainly with dyes having intense absorption bands between
600 and 800 nm [4,5]. For this reason our research activities
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were focused on the photochemical and photophysical charac-
terization of porphyrins and chlorines, which present absorption
maxima in this wavelength region, with the aim to develop a
new class of sensitizers for biomedical applications [6–9]. In
particular, these studies concern the use of cyclodextrins for
solubilizing hydrophobic dye molecules in aqueous environ-
ment. Cyclodextrins are cyclic oligomers of six (α), seven (β)
or eight (γ) α-D-glucopyranose molecules linked by α-(1,4)
bonds, with toroidal shape which present an inner hydrophobic
cavity and an external hydrophilic surface. These characteristics
allow the solubilization of hydrophobic molecules in aqueous
solutions by host–guest inclusion complex formation [10]. The
complexation generally affects the properties of the guests in the
ground and/or excited states, i.e. their photophysical and
photochemical parameters [11,12]. Our studies on the behavior
of chlorophyll a (Chl a) in two β-cyclodextrins showed that the
cyclodextrins form inclusion complexes solubilizing the dye
molecules in water mainly in monomeric form, which is the
photoactive species. In this note we report the photophysical
properties of cyclodextrin/chlorophyll a complexes studied
using both steady-state and time-resolved optical spectroscopy,
with regard to their intracellular uptake and photosensitizing
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activity towards human leukemia T-lymphocytes (Jurkat cells).
In particular the results of a study on inclusion complexes of
chlorophyll a with cyclodextrins having different cavity size
and different substituents are presented. The Chl a intracellular
uptake has been verified and the results, compared with those
obtained for free sensitizer, chlorophyll a, suggest that Chl a/
CDs complexes may be a promising candidate for further use in
PDT experiments.

2. Materials and methods

Hydroxypropyl-β-cyclodextrin (HP-β-CD) (DS=5.6),
hydroxypropyl-γ-cyclodextrin (HP-γ-CD) (DS=4.8), heptakis
(2,3,6-tri-O-methyl)-β-cyclodextrin (TM-β-CD) and all other
solvents used were purchased from Aldrich and used without
further purification. Chlorophyll a was isolated from Spirulina
geitleri and purified according to Omata et al. [13]. Each
solution was prepared mixing the appropriate amounts of
alcoholic stock solutions of cyclodextrin and Chl a. The mixture
was evaporated under a stream of dry nitrogen. The thin film of
pigment and CD was redissolved in the desired quantity of
bidistilled water. The residual undissolved Chl a was recovered
with ethanol, quantified by UV–Vis absorption measurements
and used to correct the solution concentrations. The tolerance of
cells towards the cyclodextrin concentration was checked by
XTT (2,3-bis[2-methoxy-4-nitro-5-sulphophenyl]-5-[(phenyla-
mino)carbonyl-2H-tetrazolium hydroxide]) kits. The assay is
based on the cleavage of the yellow tetrazolium salt XTT to
form an orange formazan dye by metabolic active cells [21].
Therefore, the described process can only occur in viable cells.
The formazan dye formed is soluble in aqueous solutions and is
directly quantified using a scanning multiwell spectrophotom-
eter (ELISA reader). Concentration of 0.1 mM was used for
TM-β-CD solutions, instead a concentration of 1 mM was used
for HP-β-CD and HP-γ-CD solutions. Jurkat cells (Clone E6-1)
were grown in suspension in RPMI 1640 medium supplemented
with 10% FCS, bacteriostatica, and mycostatica in a humidified
atmosphere of 5% CO2 and 95% air. Cells were usually
reseeded into fresh medium every second day. Cell proliferation
and cell viability were determined by the trypan blue test. For
this purpose, aliquots of cells were incubated with 0.2% trypan
blue and subsequently counted in a Fuchs-Rosenthal chamber.
Viability of cells was defined as percentage of living cells to the
total cell number. Chl a or Chl a/CD were added to the growth
medium 2 h after reseeding the cells into fresh medium. Chl a
was administered in ethanol (0.05% final ethanol concentra-
tion), and Chl a/CD, in buffer Dulbecco phosphate (PBS).
Before starting the incubation experiments, the tolerance of
cells towards ethanol was checked. For the cell irradiation
experiments, a special setup was used. After incubation with or
without sensitizers, 1×105 cells in 100 μl per well were PBS
washed twice and placed in a 96-well cell culture plate (Falcon).
The 96-well culture was positioned on a plane having a circular
hole with a surface of 0.32 cm2, corresponding to the surface of
each single well. A laser diode with a 668 nm wavelength
emission was fixed below the plate in correspondence to the
well. The out-put power of the laser trough the hole and a
culture plate cover was of 0.60 mW, so that the irradiance
resulted to be 2.12 mW/cm2. Irradiation times of 180 s and 30 s
were used, corresponding to doses of 400 and 64 mJ/cm2. After
the irradiation, fresh medium was added and cells were
incubated at 37 °C, 5% CO2 and 100% humidity prior further
analysis. Visible absorption spectra were recorded using a
Varian CARY/3 spectrophotometer. Fluorescence measure-
ments were carried out using a Varian Cary Eclipse fluorescence
spectrometer exciting at the maximum absorption of Chl a in the
Soret band. The circular dichroism spectra were recorded using
a JASCO J810 spectropolarimeter. The measurements of
steady-state singlet oxygen luminescence were performed in
spectral range of 1200–1350 nm. AVersa Disk ELS laser was
used to excite the samples at 515 nm and luminescence signal
was recorded by a gallium arsenide pin diode and monochro-
mator. Flash photolysis experiments were carried out with an
ns-Nd-YAG laser (BMI) to excite the sample at 532 nm.
Perpendicular to this excitation pulse, a cw-test beam was
passed through the sample (XBO 100 with monochromator at
470 nm). The intensity of this test beam was monitored with a
fast Si-PIN diode and recording oscilloscope (HP5415).
Occupation of the lowest triplet state results in an additional
absorption and hence a reduction of the transmittance of the
sample for the test beam. The decay of this increased absorption
is directly proportional to the relaxation of the lowest excited
triplet state. For laser flash photolysis experiments the
measurements were carried out after 24 h of incubation; the
cells with Chl a/CD complexes were separated from the growth
medium and washed twice with buffer.

3. Results and discussion

The tolerance of cells towards the cyclodextrin and Chl a
concentration was checked by XTT test. This test allows the
quantification of viable cells and therefore it has been used to
determine the less toxic cyclodextrin and Chl a concentration.
The obtained results indicate that the less non-toxic concentra-
tion are: 0.1 mM for TM-β-CD solutions, 1 mM for HP-β-CD
and HP-γ-CD solutions (Fig. 1) and 10−5 M for Chl a. The
absorption spectra of Chl a, in aqueous solution of HP-β-CD,
TM-β-CD and HP-γ-CD, are shown in Fig. 2. The spectra are
characterized by an intense Soret band in the blue region of the
visible spectrum and a Qy (0,0) band in the red region at about
670 nm. The attention has been focused on the Chl a Qy
transition because it is indicative of the presence of aggregated
species in solution [14]. Enlargement and shift of this band,
relevant to that of Chl a in ethyl ether, indicate the presence of
dye dimers or larger aggregates [15–17]. In details the
absorption spectra of Chl a in all cyclodextrins show the
presence of a different aggregate distribution and evidence the
presence of a particular aggregated species absorbing at 713 nm.
This species has already been observed and characterized in the
water-rich region of binary water/organic solvent mixtures [17].
In particular a “micelle-like” aggregate structure, with the
chlorophyll phytyl chains anchored by hydrophobic interactions
in the inside, and the macrocycles addressed toward the bulk
water, has been supposed for this aggregate form [15]. The



Fig. 1. Jurkat cell toxicity 24 h after incubation with HP-β-CD, HP-γ-CD and
TM-β-CD.
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presence of pigment aggregates in the investigated range of
concentration was confirmed by absence of fluorescence signals
(data not shown) and by circular dichroism measurements (Fig.
3). It is well known that chlorophyll aggregates do not show any
detectable fluorescence emission because of an internal energy
transfer between the porphyrin rings; moreover Chl a
aggregates show a conservative peak in the red region of
circular dichroism spectra [18]. In Fig. 3 the circular dichroism
of Chl a in HP-β-CD, TM-β-CD and HP-γ-CD solutions is
reported. The presence of a conservative red band characterized
by a positive band at about 730 nm and a negative one at about
698 nm is evident for each system. This splitting confirms the
presence of a strong coupling between the dipole transition of
different Chl a molecules characteristic of aggregated form of
the dye in aqueous system as reported by Agostiano et al. [19].
In particular the split signals show a different symmetry in the
studied system although the zero crossing wavelength is 713 nm
Fig. 2. Absorption spectra of Chl a 1×10−5 M in aqueous solution of HP-β-CD
1×10−3 M (– · · –), HP-γ-CD 1×10−3 M (—) and TM-β-CD 1×10−4 M (- - - - -).
for all cyclodextrin solutions indicating that the prevalent
aggregated form of Chl a is the species with the absorption
maximum at 713 nm, in agreement with the absorption data.
The non-symmetrical splitting of the two bands and their
enlargement, observed in the case of HP-β-CD and TM-β-CD,
indicate the presence of a non-uniform distribution of different
Chl a aggregate in these systems. The increased symmetry of
the split CD signal recorded for HP-γ-CD is in agreement with
the higher amount of 713 absorbing species in this solution as
observed in the absorption spectra. It is also possible to observe
a corresponding increase of CD non-conservative peak at about
670 nm relative to the monomeric form of Chl a which is the
prevalent form of the pigment in TM-β-CD solution.

The presence of these aggregate species gives rise to a
dramatic reduction of photoinduced singlet oxygen generation
and a decreased Inter System Crossing (ISC) quantum yield, as
confirmed by the absence of steady-state singlet oxygen
luminescence and the triplet Chl a decay signals with and
without oxygen in all systems.

A completely different behavior was observed when Chl a
and Chl a/CDs systems were added to the cells. Triplet decay
traces, obtained by flash photolysis experiments, carried out
with Chl a and Chl a/CD incubated cells, are reported in Fig. 4.
Triplet decay times in air-saturated and nitrogen-flushed
samples reported in Table 1 for Chl a and Chl a/CDs are nearly
equal. This suggests that the interaction of the sensitizer first
excited triplet state with oxygen is nearly the same for both Chl
a/CDs and Chl a in the biological environment. Since it is well
known [20] that a good sensitizer should have a long triplet
decay time in the absence of oxygen and a short one in the
presence of oxygen, these systems can be considered as
promising sensitizers for applications in PDT.

To this aim the phototoxicity of Chl a/CD complexes (in
water) was tested in comparison with the Chl a free (0.05%
ethanol). Fig. 5 reports the phototoxicity of the studied
compounds after different time of irradiation. The experimental
Fig. 3. Circular dichroism spectra of Chl a 1×10−5 M in aqueous of HP-β-CD
1×10−3 M (—), HP-γ-CD 1×10−3 M (- - - - -) and TM-β-CD 1×10−4 M (······).



Fig. 4. Triplet decay of (A) Chl a, (B) Chl a/HP-β-CD, (C) Chl a/HP-γ-CD and (D) Chl a/TM-β-CD in (top) N2-flushed and (bottom) air-saturated buffer.
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data were obtained from air-equilibrated samples, 24 h after
irradiation with a laser diode (688 nm, 2.12 mW/cm2). As can
be seen, after 180 s of irradiation an about 50% of cell mortality
was recorded for cells incubated with Chl a/CD complexes.
These results show that, even in a cellular environment, these
complexes can induce the production of singlet oxygen.

4. Conclusions

In conclusion, the overall spectroscopic data presented in this
study indicate that in aqueous solutions the fluorescence
quantum yield of Chl a/CDs systems and the triplet and singlet
oxygen quantum yield are dramatically reduced due to the
presence of aggregate species. The behavior of these systems
changes in presence of cells, suggesting that the interactions
Table 1
Values of triplet decay time in the oxygen-depleted and in the air-saturated
samples

Sample Triplet decay time
in the oxygen-depleted
sample (μs)

Triplet decay time
in the air-saturated
sample (μs)

Chl a in cells 360 < 1
Chl a/HP-β-CD in the cell 334 4.5
Chl a/TM-β-CD in the cells 219 3.5
Chl a/HP-γ-CD in cells 283 < 1
between Chl a/CD and cells favour the presence of the dye–CD
complexes in its monomeric form, the only one able to
photogenerate singlet oxygen. This behavior, together with
the advantageous use of aqueous solution, makes the Chl a/CDs
systems a promising candidate for further use in PDT
experiments.
Fig. 5. Jurkat cell phototoxicity 24 h after irradiation with (grey) 400 mJ/cm2 and
(light grey) 64 mJ/cm2 of red light (668 nm, 2.12 mW/cm2).
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