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In this review, we address a highly interdisciplinary field:
the use of nanomaterials as carriers for singlet oxygen
photosensitizers and their potential applications in
photodynamic therapy. In particular, recent advances
in the use of nanoparticles including inorganic
oxide-, metallic-, and polymer-based nanocomposites as

photosensitizer carriers are highlighted. We review
advantages and shortcomings of these diverse approaches
as far as their application for photodynamic therapy is
concerned. Fullerenes and their derivatives are also
included, focusing on recent studies on their structure,
properties, and ability to generate singlet oxygen.
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1 Introduction

Nanoparticles are defined as colloidal particles with a size
below 1 mm. Because of the potential applications in such
diverse fields as optics,1 electronics,2 and catalysis,3 nanopar-
ticle research has necessarily been interdisciplinary research. In
the life sciences, nanomaterials are widely used in separation
technologies, histological studies, clinical diagnostic assays,
and drug delivery systems (DDSs).4–7 In the DDS applications,
nanoparticles have several merits, such as ease of purification
and sterilization, drug targeting possibilities, and a sustained
release action. In recent years, an increasing number of
researchers have considered the possibility of using nanopar-
ticles in photodynamic therapy (PDT).8,9 PDT is based on the
concept that photosensitizer (PS) molecules can be preferen-
tially localized in tumor tissues upon systemic administration.10

Reactive oxygen species, such as singlet oxygen (1O2), or free
radicals are the main cytotoxic substances, which can
irreversibly damage the treated tissues.11 It is generally
accepted that singlet oxygen is the primary cytotoxic agent
responsible for photobiological activity.12 Very recent work by
Yamakosi et al. shows that other active oxygen species such as
O2

2 and OH produced from photoexcited fullerene (C60) in the
presence of NADH and Fe(II) may also be responsible for
photoinduced DNA cleavage under physiological conditions.13

Compared to current treatments including surgery, radiation
therapy and chemotherapy, PDT offers the advantage of an
effective and selective method of destroying diseased tissues
without damaging the surrounding healthy tissues. Singlet
oxygen, the 1Dg state of the dioxygen molecule, is capable of
damaging nucleic acids, proteins, and lipids in the cellular
environment.14,15 Thus, reactions of singlet oxygen with
nucleotide bases and amino acids have been the subject of
intensive research for several decades.16,17

The combination of nanomaterials with singlet oxygen has
emerged as a new interdisciplinary research field. Nanoparticles
can be ideal carriers of PS molecules for PDT. Moreover, some
nanomaterials, e.g. TiO2, ZnO, and fullerenes as well as their
derivatives, can generate singlet oxygen. Although this research
area has not nearly received as much attention as the
application of nanomaterials to electronics or catalysis, it
represents a promising route to overcome many of the
difficulties associated with traditional PDT.18 This review
will survey the literature on the application of nanoparticles as
PS carriers for PDT, and the generation of singlet oxygen by
nanoparticles, especially by fullerenes and their derivatives.

2 Photosensitized generation of singlet oxygen

Photosensitization is a simple and controllable method for the
production of 1O2, requiring only oxygen, light of the
appropriate wavelength, and a PS capable of absorbing and
using the energy to excite oxygen to its singlet state. The
process has been reviewed in detail by Wilkinson et al.;19 a brief
summary is given below. With the irradiation of light of
appropriate wavelength, the PS in its S0 state is excited to the S1
state [reaction (1)]. The lifetimes of the S1 state are in the
nanosecond range which is too short to allow for significant
interactions with the surrounding molecules. The S1 state
decays via a radiative process [fluorescence, reaction (2)] or by
non-radiative processes [internal conversion or intersystem
crossing, reactions (3) and (4), respectively] to the ground state
or triplet excited state, T1. The lifetimes of the T1 state are in
the micro- to milli-second range. This is long enough for a
variety of quenching processes to compete favorably with
phosphorescence [reaction (5)]. Quenching mechanisms [reac-
tion (6)] include energy transfer, charge transfer, H-abstraction
and oxidative transfer (mostly methyl viologen). Triplet
quenching involving dioxygen can be described by energy

transfer, electron transfer and physical deactivation which give
1O2, O2

2 and 3O2 respectively [reactions (7), (8) and (9)]. The
photophysical process leading to 1O2 generation and its
competing reactions can therefore be presented as follows:

P(S0) 1 hv A P(S1) (1)

P(S1) A P(S0) 1 hvF kF (2)

P(S1) A P(S0) kIC (3)

P(S1) A P(T1) kISC (4)

P(T1) A P(S0) 1 hvP kP (5)

P(T1) A P(S0) knr (6)

P(T1) 1
3O2 A P(S0) 1

1O2 ken (7)

P(T1) 1
3O2 A P1 1 O2

2 ket (8)

P(T1) 1
3O2 A P(S0) 1

3O2 kpq (9)

Based on the above equations, we can define the quantum
yield of triplet formation as

�T~
kISC

kFzkICzkISC
(10)

and, furthermore, the proportion of triplet quenched by 3O2

(PT

3
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P
3O2
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The fraction of triplet excited sensitizer quenched by 3O2 and
leading to the formation of singlet oxygen fD

3

O2 is given by:

f
1O2

� ~
ken

kenzketzkpq
(12)

We can therefore express the quantum yield of singlet oxygen
formation as

��~�T f T
� P

1O2

T (13)

An alternative way of expressing the quantum yield of singlet
oxygen formation based on reactions (1)–(9) is given by

��~�T
ken½O2�

kz(kenzketzkpq½O2�
~�T �en (14)

where Wen is the effiency of energy transfer.
Singlet dioxygen is able to cause irreversible damage to

various cell constituents including plasma, mitochondria,
lysosomal and nuclear membranes, and protein modifications.
In PDT, the complete eradication of diseased tissue is believed
to be largely due to the shutdown of tissue vasculature that
provokes blood stasis, thus starving the diseased tissue of
oxygen and nutrients. Ultimately, the target tissue may be
eradicated with either little or no damage to the surrounding
normal tissues.20 The PDT efficiency depends upon the
chemistry of the PS, the pharmaceutical formulations, the
physical localization and the amount of PS the in treated tissue,
the time of activation with light, the light doses and the
absorption properties of the PS. The maximum transmittance
of skin tissue is in the 700–800 nm region, and the development
of a PS with a maximum absorbance in this region remains a
major challenge. Photofrin, one of the two FDA-approved
sensitizers (see Section 3 below) is usually irradiated at 630 nm,
which limits the penetration of light through the tissue to
just a few mm. Thus far, it has not been possible to develop
more red-shifted PSs by using nanoparticles. However, using
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nanoparticles as carriers for PS molecules has a number of other
advantages which are described in the next section.

3 Nanomaterials as PS carriers for PDT

During the past few decades, various types of PS molecules
have been synthesized.21 Many organic dyes, porphyrins and
derivatives, flavins and other biomolecules are efficient
sensitizers. Recently, it has also been found that several
organometallic species, namely bis(cyclometallated) Ir(III)
complexes (which can easily be attached to protein residues),
possess very high quantum yields.22 There are two photo-
sensitizers currently approved by the FDA for use in PDT:
photofrin (actually a mixture of porphyrins, including proto-
porphyrin, haematoporphyrin, and hydroxyethyldeuteropor-
phyrin); and verteporfin, a benzoprohyrin derivative. However,
there are many problems for the clinical application of existing
photosensitzers. (1) Most PS molecules are hydrophobic and
can aggregate easily in aqueous media where the PS aggrega-
tion will result in the decrease of its quantum yield (WD).

23

Moreover, the aggregated PS cannot be simply injected
intravenously. (2) Selective accumulation of the PS molecules
in deceased tissues is required to avoid collateral damage to
healthy cells. Although third generation PS have been prepared
for selective targeting, their selectivity is not high enough for
clinical application. Because of these problems, the construc-
tion of an effective PS carrier becomes critical and remains a
major challenge to PDT. It is therefore not surprising that there
is increasing interest in using nanoparticles as PS carriers.
Nanomaterials are promising in that (1) they could be made
hydrophilic; (2) possess enormous surface areas, and their
surface can be modified with functional groups possessing a
diverse array of chemical or biochemical properties; (3) owing
to their sub-cellular and sub-micron size, nanoparticles can
penetrate deep into tissues through fine capillaries, cross the
fenestration present in the epithelial lining (e.g. as in the liver),
and are generally taken up efficiently by cells;24 (4) since
numerous strategies for the preparation of nanomaterials are
already in place, PS-loaded nanoparticles can be desirously
made by numerous different methods, e.g. chemical covalent
grafting or self-assembly.
In PDT, nanotechnology focuses on formulating PS agents

in biocompatible nanocomposites, such as nanoparticles,
nanocapsules, micellar systems, and conjugates. These colloid
particles have different structures, e.g. colloidal particles with a
PS agent encapsulated within their matrix or adsorbed or
conjugated onto the surface. Tumor-seeking molecules can be
simultaneously attached to the surface of nanoparticles for
specific targeting. These PS-loaded nanoparticles have the
ability of recognizing and selectively adhering to the target
moieties of the tumor-specific molecular receptors.
A variety of different nanomaterials, such as inorganic

oxides, metal, and organic compounds, have been used to
prepare PS-loaded composites. Further in this section, we will
survey recent articles on PS-loaded composites.

3.1 Ceramic-based nanoparticles

There is an increasing interest in developing ceramic-based
nanoparticles as carriers for drug delivery.25 Ceramic-based
nanoparticles have several advantages over organic carriers:
particle size, shape, porosity, and mono-dispersibility of these
particles can be easily controlled during their preparation. The
ceramic-based nanoparticles are water-soluble and extremely
stable, are known for their compatibility in biological
systems,25–27 and are not subject to microbial attack.28

Furthermore, there is no swelling or porosity change occurring
in these particles with change of pH.
For conventional drug delivery, the carrier vehicle should

release the encapsulated drug at the target tissue. The

ceramic-based nanoparticles, owing to the aforementioned
immunity to chemical or microbial attack, have shells that are
difficult to collapse to release the encapsulated drug. Conse-
quently, this feature of ceramic-based nanomaterials may have
limited its application in the delivery of common drugs. In
contrast with conventional medical treatment, PDT is based on
the generation of an active oxygen species as a cytotoxic agent.
Hence, for PDT it is unnecessary to release the loaded PS
molecules, except that a small void in the shell of the
nanoparticles is needed for the diffusion of oxygen molecules.
The pioneering work done by Prasad’s group is one of the few
examples for the application of ceramic nanoparticles to
PDT.29 Their silica-based nanoparticles (diameter ca. 30 nm)
were constructed and effectively entrapped with the hydro-
phobic photosensitizing anticancer drug 2-devinyl-2-(1-hexyl-
oxyethyl) pyropheophorbide via a controlled hydrolysis of
triethoxyvinylsilane in micellular media. The resulting silica-
based nanoparticles were highly monodispersed with uniform
particle size. By a combined characterization using both
luminescence spectroscopy and chemical methods, it was
established that singlet oxygen is efficiently produced upon
irradiating this system with light of suitable wavelengths of 532
and 650 nm, respectively. Owing to the porosity of the silica
wall, the produced singlet oxygen can easily permeate from the
photosensitizing drug entrapped in the nanoparticles. In an
in vitro experiment, it was found that such doped nanoparticles
were efficiently taken up by tumor cells, and light irradiation of
such impregnated cells resulted in significant cell death.

3.2 Metallic nanoparticles

In recent years, metallic nanoparticles and monolayer-
protected nanoclusters (MPCs) have been explored due to
their potential applications in nanoelectronic and optical
devices, catalysis, and chemical and biological sensors.30–34

MPCs usually possess a very small size ranging from ca. 1 to a
few nanometers, and are of immense mono-dispersibility.
Russell and co-workers35 prepared gold nanoparticles with a
particle size between 2 and 4 nm using a hydrophobic thiol
group containing a PS, namely phthalocyanine (Pc), as the
stabilizing agent. On the surface of the MPC, the hydrophilic
reagent tetraoctylammonium bromide (TOAB) was adsorbed,
and this made the MPC soluble in polar solvents. The three-
component (PS/gold/phase transfer reagent) MPC was shown
to generate singlet oxygen with enhanced quantum yields of ca.
50% as compared to the free Pc. The authors suggested that the
enhanced quantum yield can be attributed to the TOAB phase
transfer reagent, which affects the excited singlet state of Pc as
well as the triplet energy transfer to molecular oxygen to form
singlet oxygen. In contrast to ceramic-based nanoparticles,
metallic nanoparticles can be confined to an extremely small
particle size. These particles possess an enormous surface area,
and hence can be loaded with a relatively large dose of
PS. Moreover, instead of being confined to the core of the
silica-based nanoparticles, PSs can be attached on the surface
of the MPC. Consequently, the produced singlet oxygen is able
to diffuse into the tumor cells much more easily. This kind of
PS-protected MPC may be especially useful for the PS delivery
in PDT.

3.3 Biodegradable polymer-based nanoparticles

Biodegradable nanoparticles have received much attention as
possible drug-delivering agents. Their main advantages lie in
high drug loading, the possibility of controlling the drug
release, and a large variety of materials and manufacturing
processes.10 Biocompatible polymers are predominantly
favored over small molecules for drug delivery systems because
of the opportunities that polymers offer in achieving optimal
medication effects. The chemical composition and architecture
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of polymers can be readily tailored to accommodate drugs with
varying degrees of hydrophobicity, molecular weight, pH, etc.
Furthermore, the surface properties, morphologies, and
composition of polymer matrices can be easily optimized to
achieve the desired biocompatibility, controlled polymer
degradation and drug release kinetics.36

Recently, studies in PDT have thus focused on the use of
polymer-based nanoparticles for PS delivery and release
systems, in particular those with biocompatible and biode-
gradable polymers. These systems are able to target different
organs and control the release of the PS molecules by the
incorporation of site-specific moieties. For example, the surface
of particles can be modified with poly(ethylene oxide) to
improve the carrier’s biocompatibility and biodistribution.36

Different strategies have been developed for the preparation of
polymer-based nanomaterials for the delivery of PS molecules
in PDT. Among these methodologies, the common method is
the emulsion polymerization or the interfacial polymerization
in water-in-oil or oil-in-water microemulsions. The resulting
nanomaterials can be either nanospheres or nanocapsules
(core-shell nanoparticles) depending upon the synthetic
approach (Fig. 1).
Among the various PSs investigated for PDT, phthalocy-

anines have been found to be highly promising. However, one
of the problems in using phthalocyanines for PDT arises from
their intrinsic tendency toward aggregation.37 This intermole-
cular association process promotes the non-radiative internal
conversion [eqn. (6)], almost invariably causing a shortening of
the triplet lifetime and a drastic reduction in the overall
efficiency of singlet oxygen production. As early as 1991, the
preparation of tetrasulfonated zinc phthalocyanine (ZnPcS4) or
aluminium naphthalocyanine entrapped into poly(isobutyl-
cyanoacrylate) or poly(ethylbutylcyanoacrylate) nanocapsules
or nanospheres by interfacial polymerization in water-in-oil
emulsion was reported.38 The prepared nanocapsule sizes
ranged from 150 to 250 nm, while the nanospheres had a
broader size distribution from 10 to 380 nm. The PS
encapsulation efficiency was very high and could reach 100%
when prepared under optimal experimental conditions. PS
binding in the nanoparticles was between 75 and 80%. In a
subsequent study39 with cultured V-79 hamster cells as a model,
it was found that the nanoencapsulation enhanced the cellular
localization of the dyes providing a high level of in vitro

phototoxic activity. Indeed, ZnPcS4-loaded poly(isohexyl-
cyanoacrylate) nanocapsules turned out to be more active than
the free dye. Hexadecafluoro zinc phthalocyanine (ZnPcF16), a
second-generation sensitizer for PDT, was formulated in
poly(ethylene glycol)-coated poly(lactic acid) nanoparticles
(PEG-coated PLA-NP) by a ‘salting-out’ method.40 The
resulting nanoparticles possessed a large average diameter,
up to nearly 1000 nm, and the PS loading was very low, only
0.61%. The photodynamic activity of the PS-loaded nanopar-
ticles was tested in EMT-6 tumor-bearing mice and the tumor
response was compared to that induced by the same dye
formulated as a Cremophor EL emulsion. It was found that the
formulation of the biodegradable nanoparticle improved the
PDT response of the tumor while providing prolonged tumor
sensitivity towards PDT. Recently, a similar method has been
applied to the preparation of poly(D,L-lactide-co-glycolide)

(50:50 and 75:25 PLGA) and poly(D,L-lactide) nanoparticles
entrapped with the PS meso-tetra(hydroxyphenyl)porphyrin
(p-THPP).41 The resulting nanoparticles have an average
particle size of 130 nm and the PS loading was improved to
near 8%. The photocytotoxicity of these nanoparticles was also
evaluated on EMT-6 mammary tumor cells and compared to
free PS molecules. The most important photocytotoxicity was
observed with 50:50 PLGA nanoparticles, allowing drug doses
and short drug administration–irradiation intervals for local
PDT.42 Blais’s group constructed colloidal capsules entrapped
with a second-generation PS molecule, meta-tetra(hydroxy-
phenyl)chlorin (mTHPC).43 These nanoparticles were oil/water
nanospheres made of poly(D,L-lactic acid) (PLA), or nanocap-
sules made of PLA coated with poly(ethylene glycol) (PLA-
PEG), or poloxamer 188 (polox PLA). The cellular uptake,
localization and phototoxicity of PS-loaded carriers have been
studied in macrophage-like J774 cells and HT 29 human
adenocarcinoma cells. It was found that the cellular uptake was
reduced with mTHPC encapsulated into surface-modified
nanocapsules – PLA-PEG and polox PLA – compared with
naked PLA. However, the phototoxicity was much less affected
and a protecting effect against plasma proteins was observed.43

As explained above, singlet oxygen is the main cytotoxic
species in PDT, and hence a fundamental requirement for a PS
carrier is that it should not significantly quench singlet oxygen.
Moreno et al. prepared PS-loaded polymeric nanoparticles by
using polyacrylamide (PAA) and amine-functionalized PAA
(AFPAA) as the matrix carriers.44 These nanoparticles were
entrapped with disulfonated 4,7-diphenyl-1,10-phenantroline
ruthenium [Ru(dpp(SO3)2)3], which gives a high quantum yield
of 1O2 production, a large extinction coefficient in the visible
spectrum and high photostability. The nanoparticles were quite
uniform and possessed a hydrodynamic diameter of 20–25 nm.
The PAAmatrixwas found not to quench 1O2, while theAFPAA
was found to reduce the singlet oxygen productivity to only 60%
compared with the free dye. Nanoparticles with amine-
functionalized PAA and AFPAA matrixes were produced by
the same research group, and it was suggested that the amine
groups on the surface of the nanoparticles could react with the
targeting moieties for tumor-specific molecular receptors. This
result indicated that PAA would be an ideal candidate for
developing polymer-based PS carriers for PDT.
Recently, a newmethodology has been developed to synthesize

the PS-containing nanoparticles by using the PS unit-containing
copolymer as aprecursor.45The copolymer,namely poly(phthalo-
cyanine-co-sebacic anhydride) (Pc-SA), was constructed by the
polymerization of Zn(II) phthalocyanine and sebacic anhydride
units. The Pc-SA-n copolymer then aggregated into nanopar-
ticles via a microphase inversion method. The resulting nano-
particles have an average hydrodynamic diameter of about
160 nm. The fluorescence quantum yield (Wf) of phthalocyanine-
containing polymers Pc-SA-n is close to that of free Pc. This
nanoparticle degrades in alkaline media, and releases Pc from the
Pc-SA-n nanoparticles, and has a decreased aggregation
tendency giving ultimately monomeric species. Themethodology
is superior compared with the common microemulsion poly-
merization method for the construction of PS-loaded, polymer-
based nanocomposites in that the PS loading is relatively high
and that it avoids the possible quenching and entrapping of the
produced singlet oxygen by the polymer matrix.

4 Fullerenes and their derivatives for PDT
application

4.1 Generation of singlet oxygen by fullerenes

The fullerenes, a class of spherically-shaped molecules made
exclusively of carbon atoms, were observed for the first time in
198546 and isolated in bulk in 1990.47 Among the fullerenes

Fig. 1 Schematic diagram of the formation routes of nanosphere and
water- and oil-containing nanocapsules.
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synthesized to date, the soccer-ball-shaped C60 cluster is
certainly the most well known.48 A significant amount of
research has been undertaken in the hope that fullerenes and
their derivatives may find applications in materials and
medicinal chemistry.49 Fullerenes absorb strongly in the UV
and moderately in the visible region.50 The main drawback for
their application in PDT is their poor absorption in the red
region of the visible spectrum. The absorption spectrum of C70

is somewhat red-shifted compared with that of C60, but the
absorbance of C70 beyond 700 nm is still very low. Intersystem
crossing is the predominant decay mode of the fullerene singlet
excited state51,52 and generates the fullerene triplet excited
state, T1, with a lifetime in the tens to hundreds of
microseconds. The driving force behind this formally spin-
forbidden process is efficient spin–orbit coupling; the rate for
intersystem crossing for C60 is 5.06 108 mol21 dm3 s21. Foote
and co-workers found that the quantum yields of triplet
formation (WT) for C60 and C70 are almost unity.53,54 The
fullerene triplet can be effectively quenched by ground state
triplet oxygen (3O2) and sensitizes the formation of singlet
oxygen (1O2).
The efficiency of 1O2 formation (unity for C60 at 532 nm) for

C60 is the highest among all PS molecules investigated to date.53

The efficient generation of 1O2 by photoexcited C60 and C70

makes fullerenes potentially useful candidates for PDT,
although, C60 and C70 absorb poorly in the red region of the
visible spectrum.

4.2 Solubility of fullerenes

Fullerenes are practically insoluble in aqueous and most polar
media.55 The low solubility appears to be a major problem for
their biological applications. There have been several attempts
to overcome the natural repulsion of fullerenes or their
derivatives for water: (a) through the encapsulation or
microencapsulation in special carriers, (b) through suspension
with the help of co-solvents, (c) through chemical functiona-
lization, or (d) through the reduction of C60 or its derivatives to
a water-soluble anion, as has recently been reviewed in detail.56

A large number of fullerene derivatives have been synthesized,
and most of the research aims at enhancing their water-
solubility. The most common way is to covalently attach
hydrophilic groups on the surface of the fullerenes. However,
new problems such as aggregation and clustering may arise.57

The formation of clusters decreases the lifetime of the triplet
excited state by 2–3 orders of magnitude, impeding the
application of fullerenes in PDT. Multiple functionalization
is an effective method to improve the solubility against the
clustering of fullerenes. For example, the tris-dicarboxylate
derivatives (C60[C(COOH)2]3) are highly soluble in water
without losing their capacity as a radical scavenger.58 However,
the singlet oxygen quantum yield decreases with the increasing
number of substituents due to the increased perturbation of the
fullerene p-systerm. Foote and co-workers59 systematically
studied the relationship between fullerene structure and the
singlet oxygen quantum yield by analyzing a complete
homologous series of fullerene adducts, and found that the
quantum yield of singlet oxygen production decreases as the
area of the conjugated fullerene core decreases. Recently, there
have been several reports of improving the solubility of
fullerenes by single functionalization. The trifluoroacetic acid
salt of an octahedrally-functionalized derivative of C60

containing 12 primary amine groups was found to have a
high solubility of 89 mg of the derivative per mL of water.60

The malonodiserinolamide fullerenes C60[C(COSer)2]n (n ~ 4,
5, 6; Ser ~ 2-amino-1,3-propanediol) have a solubility of more
than 240 mg mL21, the most water-soluble fullerene derivative
to date.61 Fulleropyrrolidines containing the arylpiperazine,
arylpiperidine or arylmorpholine fragments were found to be
soluble in H2O/DMSO (9:1) solvent mixtures.62

A dendritic framework surrounding a fullerene demonstrates
the shielding effects, and can improve the solubility of
fullerenes. The fullerodendrimer, synthesized by grafting a
poly(amidoamine) dendrimer to C60 via a Diels–Alder reaction,
is water-soluble and acts as a PS to generate singlet oxygen in
water. Stern–Vollmer quenching studies in O2-saturated water
yielded a rate constant for energy transfer from the triplet state
of the fullerodendrimer to O2 of 1.3 6 109 mol21 dm3 s21, just
one order of magnitude below the diffusion-controlled limit,
and is comparable to conventional efficient PSs. The quantum
yield of singlet oxygen was estimated to be 0.45, which is much
lower than ‘naked’ C60.

63 In a subsequent study, the yield of
fullerodendrimer was improved to 70%, which is more than five
times that in the previous study.64 The decrease of the quantum
yield for singlet oxygen may be attributed to the network
surrounding the C60 core, which decreased the diffusion rate of
O2 inside the peripheral wedges. Likewise, the fullerodendrimer
constructed by cyclization of dendritic bis-malonate derivatives
at the carbon sphere also showed a decreased quantum yield.65

4.3 Fullerene–porphyrin hybrids

Fullerene–porphyrin hybrids possess attractive properties, e.g.
excellent photo-absorption, solubility, etc. Research has been
focused on both the synthesis and properties of this relatively
new type of hybrid material. An excellent review concerning the
types and synthesis of fullerene–porphyrin hybrids has recently
been given by van Koten and co-workers.66 In this section we
will discuss the properties and application in PDT of this
material.
C60 is an excellent electron acceptor in the ground state and

can accept, reversibly, up to six electrons.67 When irradiating
the fullerene–porphyrin hybrid, the porphyrin unit harvests the
light and is excited to its T1 state, which is subsequently
quenched by the fullerene molecule. During the process,
intramolecular electron transfer from the porphyrin to the
C60 unit occurs, and a charge-separated state is formed:

C60{P �!h� 1�C60{P ! C
:{
60 {D

:z (15)

C60–porphyrin in the charge-separated state increases the
solubility of C60 in polar solvents. Moreover, the attached
porphyrin can absorb light in the visible range much more
effectively than the ‘naked’ C60 molecules. Schuster and co-
workers prepared a tetraphenylporphyrin–C60 hybrid with a
quantum yield for the generation of singlet oxygen of 0.40, only
somewhat lower than that of ‘naked’ tetraphenylporphyrin
(0.62).68

4.4 Fullerenes embedded into a solid matrix

The efficiency of formation of the triplet excited state of
fullerenes is highly dependent upon the environment.69 It has
been shown that when C60 molecules aggregate the quantum
yield of formation of the triplet state decreases considerably.70

Fullerene molecules are able to exist in a monodispersed state
when confined inside the pore of a solid matrix such as
molecular sieves. In contrast with chemical modification, i.e.
the attachment of organic functional groups, this method can
keep the original molecular structure intact without perturba-
tion of the p-system. Galletero et al.71 prepared C60

incorporated within the supercages of alkali-ion-exchanged
zeolite Y as well as in the pores of mesoporous MCM-41.
By detecting its characteristic near-IR emission at lmax ~
1270 nm, it was found that singlet oxygen was effectively
generated in both of the materials. Moreover, the triplet excited
state of C60 (lmax ~ 780 nm) had a lifetime of several minutes
when this fullerene was incorporated inside zeolite LiY! On
the other hand, the C60 triplet excited state lifetime is in the
sub-millisecond range when C60 is incorporated into zeolites
HY and MCM-41. Mokaya’s group72 confined C60 or C70 into
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pores of mesoporous silica powder73 and films and deduced
that the incorporated fullerenes are predominantly embedded
in the monomeric form. Single wall carbon nanotubes, which
are structurally similar to fullerenes, have also been embedded
into the pores of mesoporous silica.74 Moreover, this composite
is able to generate singlet oxygen in D2O. Many similar
methods have been developed to incorporate fullerenes into the
micro- or meso-porous materials.75–77

5 Other research related to nanomaterials and
singlet oxygen

5.1 Generation of singlet oxygen by semiconductor nanoparticles

Semiconductor nanoparticles such as TiO2, ZnO, etc., are
known as effective photocatalysts. Recently, these materials
were shown to be capable of generating singlet oxygen by
monitoring the photooxidation of methyl oleate and 2,2,6,6-
tetramethyl-4-piperidone.78 Xu et al.79 prepared the hypocrel-
lin B-chelated TiO2 composite (HB-TiO2) and found that the
chelate had a high efficiency of singlet oxygen generation under
irradiation of visible light. The generation of singlet oxygen in
HB-TiO2 was attributed to an energy transfer and electron
transfer mechanism, i.e. electron transfer from the excited HB-
TiO2 chelate to the conduction band of TiO2 and energy
transfer between the excited triplet state of the chelate and
ground state oxygen:

Feigelson et al.80 studied the photo-degradation of organic
pollutants and found that the photocatalyzed degradation was
enhanced by the combined use of both dye and TiO2, probably
via the involvement of singlet oxygen.

5.2 Nanoreactors

The term ‘nanoreactor’ denotes reactors with an instantaneous
reaction volume usually measured in nanoliters (1 nanoliter ~
1029 liter). Because of efficient mixing and separation
combined with high rates of thermal and mass transfer,
nanoreactors are ideal for processing valuable or hazardous
reaction components and in many instances for improving
reaction selectivity.81 DeMello’s group prepared a nanoreactor
of a glass microchip by using direct-write laser lithography
combined with wet chemical etching and bonding techniques.82

In this nanoreactor, singlet oxygen was effectively and safely
generated and used for the synthesis of ascaridole. The
technique allows for the generation of singlet oxygen without
the inherent dangers of a large build-up of peroxidic species in
solution. The methodology allows for facile scale-up of
processes involving singlet oxygen.

6 Outlook and conclusions

The combination of nanomaterials with singlet oxygen has
generated a new research field with rather diverse potential
applications, especially in PDT. PDT obviously remains one of
the most important applications of singlet oxygen. PS
molecules confined in nanoparticles may exist in aggregations
different from the bulky or isolated molecules, and as a result
may have different photophysical properties. Much systematic
work needs to be carried out to understand fully the influence
of structural parameters of nanoparticles on the quantum yield
and quenching of singlet oxygen.
Selective targeting remains another major issue in PDT. The

selective targeting systems can mainly be divided into two

types, namely passive and active targeting. In the former type,
the selective accumulation in target tissues such as tumors or
neovasculature is due to the phenomenon known as the
‘enhanced permeability and retention effect’.83 The active
targeting is a method of selective delivery of PS by conjugates
containing a receptor-targeting moiety.84 In recent years, much
attention has been focused on selective targeting in the study of
drug delivery or PS molecules. Nanoparticles provide not only
a vehicle to the delivery PS molecules, but also represent a
reasonable possibility for a cell-specific moiety without the
perturbation of PS molecules. For example, the surfaces of
nanoparticles can be easily tailored with functional groups for
the attachment of cell-specific moieties such as antibodies.
However, this kind of research has not yet been executed in the
PS-entrapped nanomaterials delivery systems.
Some of the semiconductors such as TiO2 and ZnO have the

ability to generate singlet oxygen. Many aspects of the
photophysical mechanism of this process remain unexplored.
Moreover, the near-IR signal of singlet oxygen at 1270 nm has
not directly been observed for these systems. Binding PS
molecules onto titania may result in the coupling interaction
between the PS energy levels and the energy bands of
semiconductors, and new properties are expected to appear
for this kind of composite. Although fullerenes and their
derivatives have very high quantum yields of singlet oxygen,
there currently remains a long way to go for their clinical
application. The major problems are how to maintain their
ability of generating singlet oxygen together with the enhance-
ment of their solubility in a physiological environment, and
how to avoid their aggregation. Carbon nanotubes, the
structural analogs of fullerenes, remain to be studied as far
as their photophysical properties are concerned. In conclusion,
much remains to be done at the interface between PDT in
general, and singlet oxygen in particular, and the synthesis and
characterization of novel nanomaterials. In part because of
its interdisciplinary nature, the study of nanomaterials and
singlet oxygen is still in its infancy and presents numerous
research opportunities to the materials chemists, biologists, and
engineers.
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