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Abstract

This article contains a critical review on the application of different types of nanoparticles in photodynamic therapy (PDT). Passive carrier particles
like photosensitiser-“doped” silica nanoparticles are discussed as well as luminescent and noble metal nanocrystals in conjunction with molecular
photosensitisers. Recent achievements are highlighted and the fundamental limitations of these systems are discussed. The article is concluded by an

outlook on potential improvements and the possibility for practical applications of nanoparticle-based PDT.
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Introduction

Photodynamic therapy (PDT) is a relatively new
method for cancer treatment, where tumour cells are
destroyed by light-induced, local production of a reactive
oxygen species (ROS), such as singlet oxygen ('0,) [1-
3]. The ROS is generated by a photosensitiser, which has
to be brought in close proximity to the tumour cells and is
usually administered systemically. The major advantages
of PDT are that it is relatively inexpensive, non-invasive,
can be applied locally and cumulative toxicity is not
observed. However, limitations of the method are
primarily connected with the systemic distribution of
the photosensitiser and the local irradiation of tissue.
Advanced disseminated diseases cannot be cured, because
irradiation of the whole body with appropriate doses is
impossible. Moreover, irradiation of “deep” tissue proves
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to be difficult with visible light since such wavelengths
do not penetrate sufficiently into tissue.

The advent of nanosciences opened up new possibilities
for PDT [4, 5], where nanoparticles were used as
highly sophisticated, multi-functional medicines. More
specifically, nanoparticles were employed as
sphotosensitisers
scarriers of photosensitising molecules
elight antennas for photosensitising molecules (up- and
down-converters)
scarriers of multiple functions, for example targeting
moieties or magnetic nanoparticles

Theoretically, nanoparticles have the potential to
improve PDT beyond its current limitations. Nanoparticle
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surfaces can be modified with different functional
moieties such as photosensitisers and/or targeting
molecules (for example antibodies against certain types of
cancer cells). Thus, although administered systemically,
the nanoparticles are expected to concentrate at the target
site. This would have several advantages: first, tissue does
not necessarily have to be irradiated locally — viz. the
patients would be able to expose themselves to sunlight.
Second, the concentration of photosensitisers at the site of
interest would be increased, which would lead to a higher
concentration or ROS where required.

Furthermore, nanoparticles might act as photosensitisers
directly, which would be beneficial due to their large
absorption cross section [6, 7]. A similar approach uses
transparent nanoparticles (silica) which are “doped” with
photosensitising molecules. These approaches aim to
increase the efficiency of PDT by increasing the quantum
yield of conversion of light to ROS.

Finally, nanoparticles have been used as luminescence
up- and down-converters, whereas their excited energy
has been transferred to surface-bound photosensitisers.
In case of down-converting nanoparticles, the motivation
was primarily to exploit the large absorption cross-
section of nanoparticles in conjunction with a classical
photosensitiser. In case of up-converting nanoparticles,
the prime motivation was to use infra-red light for
irradiation, which penetrates deeper into tissue than
ultraviolet or visible light. So far, several systems that
realised combinations of these principles have been
published.

This review article is targeted at readers with a medical
background and readers from neighbouring areas of
research who want to obtain an overview of current
developments in PDT. We will discuss the current
state of the art critically by focussing on the four main
approaches to nanoparticle supported PDT mentioned
above. Eventually, we will discuss the research results
and highlight promising approaches.

Photosensitisers

PDT is based on the light-induced, local generation of
a toxic species, which destroys the surrounding tissue,
e.g. tumour cells. In the simplest case, this toxic species
is singlet oxygen — the diamagnetic form of molecular
oxygen. Unlike oxygen in its triplet ground state, singlet
oxygen is highly reactive and short-lived. The energy
of the singlet state lies approximately 7882 cm™, 1268
nm or 0.98 eV above the ground state [8]. Oxygen can
be excited into its first singlet state (the 'Ag state) by
direct absorption of radiation of appropriate energy (this
effect plays probably a key role in the photochemical air
pollution). However, the generation of 'O, by transfer of
energy from an excited dye molecule (photosensitiser) is
more effective (in the context of PDT, this is called a type
II mechanism).

An efficient photosensitiser has to meet several pre-
requisites: first, the excited state of the photosensitiser has
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to have an energy of more than 0.98 eV, otherwise it won't
be able to transfer an oxygen molecule into its excited
state (excited states above 2.23 eV are detrimental as
well, because of insufficient overlap of the wave functions
(Franck-Condon principle) [9]). Second, the excited
states of the photosensitisers should have a relatively long
lifetime, to allow the photosensitiser molecules to collide
with oxygen molecules and transfer their excited energy.
Even though there are exceptions of these rules of thumb,
the majority of practically relevant photosensitisers
comply with these conditions.

Molecular photosensitisers

The vast majority of nanoparticle based endeavours
to PDT use “classical” molecular photosensitisers. This
approach is favourable, because the ability of a substance
to generate singlet oxygen is not sufficient to make it a
successful therapeutic agent. In practise, aspects such as
hypoxia (inadequate oxygen supply of cells and tissues),
hydrophobicity and others have to be taken into account
[10]. Even though many molecular photosensitisers
such as rose bengal, rhodamines, anthraquinones and
others have been reported to generate singlet oxygen by
a type II mechanism, the vast majority of commercial
PDT products is based on porphyrin, chlorin and
phthalocyanine motifs (cf. Fig. 1) [11].

An interesting exception is 5-aminolevulinic acid
(ALA), which is a precursor in the heme biosynthetic
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Fig. 1 Left basic structure of porphyrins (red double bond) and chlorins.
Right: basic structure of phthalocyanines.

pathway [12]. On administration, ALA is fed into the
protoporphyrin IX biosynthesis, which is a potent natural
photosensitiser. To best of our knowledge, nanoparticle-

supported local administration of ALA has not been
realised yet.

Direct photosensitisation by nanoparticles

Although several types of nanoparticles have been
discussed as potential candidates for PDTphotosensitising,
only semiconductor nanocrystals (or Quantum Dots, QDs)
did demonstrably generate singlet oxygen [13]. QDs have
attracted an extraordinary amount of attention during
the past decade, because they are a unique nanomaterial
with size-tuneable optical properties: the luminescence
of QDs shifts to the blue with decreasing nanocrystal
size as depicted in Fig. 2. Furthermore, QDs can be
manufactured with a relatively narrow luminescence line-
width and excited broadly by wavelengths below their
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Fig. 2 Differently sized InP Quantum Dots. Left: photographic image; right: luminescence [17] — Reproduced by permission of The Royal

Society of Chemistry.

first excited state. These optical properties make them
interesting luminophores for bioimaging and other bio/
medical applications [14]. The detrimental effect of the
highly toxic cadmium [15] — which is a component of
the widely used CdSe QDs — might be avoided by using
alternative materials such as InP [16-18].

The direct generation of singlet oxygen by CdSe QDs
has been first studied by Burda et al. in 2003 [13]. The
authors found that the quantum yield of singlet oxygen
production by CdSe QDs was approximately 5%. The
first excited state of these QDs is a triplet state [19] and
should be well suited for the photosensitisation of oxygen.
We speculate that the low quantum efficiency observed
is primarily due to a low Franck-Condon factor [20].
Later, Chen et al. observed a quantum yield of about 1%
for the direct generation of singlet oxygen by CdTe QDs
[21]. The same group published an article in 2010, where
the same type of QDs was used for PDT by generation
of another reactive oxygen species; by a so called type I
mechanism [22]. Quantum yields of the ROS generation
have not been measured.

It has to be noted that some wide band-gap semicoductor
QDs such as ZnO [23] and TiO, [24, 25] have been tested
as direct photosensitisers too, however, no systematic
studies as to the quantum yields and nature of the ROS
have been performed yet. A principal limitation of wide
band-gap QDs is that they have to be excited with UV
light, which does not penetrate deep into tissue and may
cause radiation damage.

It is reasonable to conclude that QDs in itself are no
match for molecular photosensitisers. The quantum
efficiencies for singlet oxygen generation measured so far
are far below figures interesting for clinical applications.
However, the fact that QDs have a very high light
absorption cross section makes them still interesting as
light antennas for molecular photosensitisers [6, 7] — if
one ignores the possibility that the patients might suffer
from a subsequent heavy-metal poisoning.

Nanoparticular systems for PDT

Having established that nanoparticles in itself are
not suitable for PDT, it has to be noted that they have
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a potential to enhance the performance of molecular
photosensitisers. This principle has been tested with
various types of nanoparticles, including passive carriers,
noble metals, Quantum Dots, luminescence up-converters
and others. Some nanoparticle systems have been
rendered multi-functional by attaching targeting moieties
(e.g. carbon hydrates) to their surfaces.

Passive nanoparticular carriers

Perhaps the most straightforward realisation of a
nanosystem for PDT is to “dope” mesoporous (silica)
nanoparticles with molecular photosensitisers. First
systems of this type have been synthesised and tested by
Kopelman et al. in 2003 [26] and recently reviewed by
Durand et al. [27]. The delivery of photosensitisers by
mesoporous silica nanoparticles has several advantages:
first, basically any type of photosensitiser can be used
as long as it can be embedded in a silica matrix. Second,
if delivered locally, the concentration of photosensitiser
can be increased, and third, the silica surface and particle
body offer the possibility for further functionalisation. A
wealth of photosensitising molecules has been embedded
into silica nanoparticles, and some researchers were able
to demonstrate an increased PDT efficacy compared to
free photosensitisers [28, 29] (see Durand's review for a
comprehensive list of articles on this nanosystem [27]).

The administration of drugs that are embedded in bio-
degradable polymer nanoparticles, is a rapidly emerging
field. This variation of drug delivery is based on the
principle that the drug is released as the polymer particles
degrade. By far the most popular polymer for this purpose
is poly(lactic-co-glycolic acid) (PLGA) [39]. This
method falls — strictly speaking — more under the remit
of general drug delivery than nano-sciences, because the
nanoparticles serve the sole function of transporting the
photosensitiser molecules to their destination. Therefore,
we will not go into further detail here.

Multi-functional nanoparticular carriers

Even though many authors mention the potential
possibility of attaching suitable targeting molecules
against tumour cells onto the silica surfaces, there is only
one publication where this has actually been done: Brevet

Odwost 139



-ed. Eng.

Article

http://nanobe.org

et al. have attached mannose to the surface of their
silica nanoparticles [30]. Thus, the authors were able
to demonstrate an improved PDT efficacy in vitro. An
interesting, similar approach was realised by Cui et al.
who “loaded” graphene oxide sheets (strictly speaking not
a nanoparticular system) with photosensitisers and folic
acid (a targeting moiety) [31]. The authors were able to
demonstrate cellular uptake and photocytotoxcity of their
system.

Besides nanoparticles with the ability to recognise
tumour cells, there were several efforts being undertaken
to create multi-functional PDT nanoparticles. The
most popular one has been to co-embed magnetic
nanoparticles into the silica matrix [32-35]. This allows
for the simultaneous imaging of the tissue by magnetic
resonance imaging (MRI) and/or magnetic direction of
the particles. Similarly, magnetic nanoparticles were co-
embedded into chitosan particles [36], or photosensitisers
were direcly grafted onto magnetic nanoparticles [37].
Other possibilities for multi-functionality include the
derivatisation with luminescent moieties [38], “exotic”
photosensitisers such as C60 [39], and the simultaneous
sensing of oxygen [40-41].

Down-converting nanoparticle/photosensitiser systems

Luminescence up- and down-conversion constitutes
the process of converting incident light to shorter,
longer wavelengths respectively. In this sense, every
fluorescent dye is a down-converter, because it emits light
of wavelengths longer than its excitation wavelength.
This process may be exploited for PDT, when molecular
photosensitisers are excited by up- or down-converters
with a broad excitation characteristic (light antennas) or
favourable wavelength (for example infra-red to visible
up-conversion).

Above, we have discussed the possibility that
Quantum Dots might directly act as photosensitisers.
Even though it was found that they are not suitable
for this purpose, they might be useful to enhance the
efficiency of molecular dyes. The underlying idea is
that QDs absorb light, and then transfer the energy to
nearby molecular photosensitisers by means of Forster
Resonance Energy Transfer. Fig. 3 shows a simplified
scheme of luminescence down-conversion. The expected
advantage is based on the large absorption cross-
section, broad absorption characteristics (QDs absorb
light of wavelength smaller than their band gap) and
large particle surface, which allows to attach many
photosensitiser molecules. Burda et al. have published
the first example, where molecular photosensitisers
were coupled onto QDs [13, 42]. These authors did not
publish quantum yields for the generation of 'O, with
their system, but established the principal feasibility.

In the following years, a whole series of articles has
been published, were different photosensitisers were
coupled onto (mostly cadmium based) QDs. Selke et al.
reported an overall quantum yield of 43% at 355 nm for
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Fig. 3 Principle of luminescence down-conversion using a QD and a
chlorin e6 based photosensitiser.

the generation of singlet oxygen with a meso-tetra(4-
sulfonatophenyl)porphine dihydrochloride (TSPP)/QD
system [43]. Several variations of this theme have been
published, using chlorin e6 [44], toluidine blue O (TBO)
[45], phthalocyanines [21, 46], methylene blue [47]
and protophorphyrin IX [48]. Most of these authors did
not publish any quantum yields for the singlet oxygen
production, however, Nyokong et al.'s results indicate that
these quantum yields are in the same order of magnitude
like those of the photosensitisers, which were increased in
the presence of QDs [46].

The use of cadmium based QDs for PDT is not
acceptable, due to the toxicity of cadmium. Although,
cadmium chalcogenide QDs may be replaced by less
toxic alternatives (for example indium phosphide [16,
17]), it is questionable whether a small increase in singlet
oxygen quantum yield compensates for the potential risks
of QDs in general (for example nanotoxicity).

Up-converting nanoparticle/photosensitiser systems

Up-converting phosphors emit light of a wavelength
shorter than their excitation. Infra-red (IR) to visible up-
converters are the most common systems. The potential
advantages of up-converting nanoparticles for PDT are
obvious: infra-red light penetrates deeper into tissue than
visible light. This would enable PDT in “deep” tissue. A
side-effect would be that no natural dyes were excited and
therefore less radiation damage was expected. The main
disadvantage of up-converting nanoparticles is that their
luminescence quantum yield is usually well below 1%
[49] (to best of our knowledge, there are no measured
figures published for nanoparticles yet). That means that
if the same principles apply as observed with down-
converters, the overall quantum yields for singlet oxygen
production are expected to be very low.

The first article where up-converting nanoparticles were
combined with a photosensitising molecule (merocyanine
540 in this case), was published in 2007 by Zhang et al.
[50]. The authors were able to demonstrate that a ROS
was produced on irradiation of the nanoparticles with IR
light, which was toxic to cells. To date, there are only two
other publications on up-converting nanoparticle based
PDT therapeutics: the first one published by Chatterjee
et al. in 2008 [51], and the second one by Zhang et al. in
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2009 [52]. Both groups used zinc phthalocyanine (ZnPc)
as photosensitiser and showed that their systems did
produce a ROS and were capable of causing cell death on
irradiation. Quantitative measurements of singlet oxygen
production or individual quantum yields have not been
measured yet.

Other nanoparticles systems

By far the the two most studied nanoparticle-
based PDT systems are photosensitiser-“doped”
silica nanoparticles and QD-based down-converting
approaches. However, some more “exotic” experiments
have been undertaken, such as the direct generation of
a ROS by ZnO nanocrystals (which was successful in
principal, however the use of ultraviolet (UV) irradiation
limits the applicability of the method intrinsically as
mentioned above) [23]. Another interesting, but rather
adventurous approach tries to combine radiation cancer
therapy with PDT by using nanoparticles that are capable
of scintillation luminescence [53]. The authors claim to
have shown the principal feasibility of their idea.

Several authors coupled molecular photosensitisers
onto gold nanoparticles, as pioneered by Russell et al. in
2002 [54]. A definite increase in singlet oxygen quantum
yield was observed, which can probably be attributed to
an effect similar to metal enhanced fluorescence [55].
Again, different photosensitisers such as TBO [56],
porphyrins [57], chlorins [58] and others have been
tested. An attractive feature of this approach is that gold
nanoparticles are non-toxic and already used in therapy.
Therefore, it can be expected that clinical approval and
eventually application of these therapeutics are much
easier to be achieved as with more unconventional
systems.

Table 1 shows an overview of the nanoparticle based
PDT systems which were discussed in this review (the list
is not comprehensive, but highlights the most important
contributions).

Summary and perspective

At the end of this review article, we have to ask
whether nanoparticles in PDT live up to their promises.
From what was discussed above it is clear that there is no
general answer to this question. It has been shown that
Quantum Dots (including wide band-gap QDs like ZnO,
TiO, and similar types of nanoparticles) are capable of
producing singlet oxygen and ROS, however, the overall
quantum yields were poor and there is no prospect that
they can be increased in the foreseeable future. Similarly,
up-converter/photosensitiser nanosystems work in
principal, but their very low quantum yield of singlet
oxygen production makes them unlikely candidates
for clinical applications. Quantum Dot/photosensitiser
conjugates showed very promising results. The main
drawback here is the intrinsic toxicity of the cadmium-
based QDs. This problem might be solved in the future
by using less toxic base materials such as InP or CulnS,.
Finally, the two most promising approaches were
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Table 1. Nanoparticles for PDT. WARNING: This table is not

comprehensive!
Type Herctonodiis Photosensitiser | Reference(s)
m-THPC [26]
Pc4 [28]
Passive carrier
HPPH [29]
C60 + various [39]
Silica Cari 1
artier anc HPPH [40]
oxygen sensing
Carrier and
targeting Porphyrin [30]
molecule
Carrier and HP [38]
luminescent
ZnPc [32]
Carrier and
magnetic PHPP [33]
Silica + Fe,0,
Ir complex [34]
Carrier,
magnetic, MB [35]
luminescent
St Ry L i PHPP [36]
magnetic
Fe,0, Magnetic carrier Chlorin e6 [37]
Photosensitiser QDs [13,42]
Generates ROS QDs [22]
phthalocyanines [21,46]
TSPP [43]
Quantum Dots
Chlorin e6 [44]
FRET donor for orn e
photosensitiser
TBO [45]
MB [47]
PpIX [48]
FRET donor for M-340 [50]
Up-converters hotosensitiser
P ZnPe [51,52]
ZnO Photosensitiser ZnO [23]
Scintillators, | FRET donor for
QDs photosensitiser TOAP (331
ZnHMPc [54]
TBO [56]
Au Metal enhanced
fluorescence? porphyrins [57]
Sn chlorin e6 [58]
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photosensitiser-doped silica nanoparticles and gold
nanoparticle/photosensitiser conjugates. Both systems
showed very promising results and the underlying
nanoparticles have already clinical approval for other
applications. A secondary conclusion of the published
work is that molecular photosensitisers cannot be replaced
by nanoparticular systems. All “successful” approaches
relied on successful photosensitisers and the nanoparticles
were primarily means to increase their efficiency.

One of the promises of nanoparticle-based PDT
systems that can be found mentioned in almost any
publication in the area is the potential to equip the
nanoparticles with additional targeting moieties. However,
this option was only studied very rarely. Similarly, an
approach that combines the proven concept of ALA
therapy with a nanoparticle system has not been studied
yet. We anticipate that the future direction in this research
area will concentrate on the most promising nano-systems
and improve them by adding multi-functionality (e.g.
targeted drug delivery).

Abbreviations
ALA 5-aminolevulinic acid

FRET Forster resonance energy transfer

HP Hematoporphyrin

HPPH 2-devinyl-2-(1-hexyloxyethyl)
pyropheophorbide

IR infra-red

M-540 Merocyanine 540

m-THPC Meta-tetra(hydroxyphenyl)-chlorin

MB Methylene blue

102 Singlet oxygen

Pc Phthalocyanine

Pc4 Silicon phthalocyanine 4

PDT Photodynamic therapy

PHPP 2,7,12,18-Tetramethyl-3,8-di-(- 1 propoxyethy
1)(-13,17-bis-(3-hydroxypropyl)porphyrin

PLGA Poly (lactic-co-glycolic acid)

PpIX protoporphyrin IX

QDs Quantum Dots

ROS Reactive oxygen species

TBO toluidine blue O

TOAP tetrakis (o-aminophenyl)
porphyrin

TSPP meso-tetra (4-sulfonatophenyl) porphine
dihydrochloride

ZnHMPc 1,4,8,11,15,18-Hexahexyl-22-methyl-25-
(11-mercaptoundecyl) phthalocyaninato zinc
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