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Abstract: Photodynamic therapy (PDT) has had mixed reception in the clinic, with most success stories being
based on the ablative capacity of PDT. In these applications, maximal combinations of light and an exogenous
photosensitiser are used to generate high levels of reactive oxygen species (ROS) that induce cell death either
directly via necrosis or indirectly via vascular damage. However, recent advances in understanding the complex
role of ROS in cell signalling have revealed potential new applications for PDT. For example, the proliferative
effects of low level ROS could be applied to wound healing or immunomodulation. These effects should also
be considered in the ablative applications. With the decades of chemical advances for ablative PDT at hand –
including targeting mechanisms to diseased cells and subcellular locations, optimisation of light absorption, and
carrier mechanisms that modulate the therapeutic response – the application of PDT to other types of treatment
could be relatively rapid. This review serves to summarise some of these developments and suggest future
directions.
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1. Introduction

Photodynamic therapy (PDT) involves
activating a photosensitiser (PS) with light.
The activated PS interacts with molecular
oxygen to produce radicals and activated
oxygen species, collectively termed reac-
tive oxygen species (ROS). The consensus
during development of the technique in
the 1980s and 1990s was to optimise ROS
production, particularly singlet oxygen
species, to trigger apoptosis in diseased
cells. Knowing that necrosis was triggered
at slightly higher doses allowed the design
of strategies that employed the maximal
light and drug doses to produce high ROS
levels, with a rapidly photobleaching PS to
regulate the effect such that apoptosis was
favoured. However, improved understand-
ing of the mechanism of ROS signalling
has led to a new approach that considers
cell death via necrosis and immunologi-
cally induced cell death carrying some ad-
vantages, particularly when there may be
diseased cells outside the treatment zone.
Furthermore, PS that do not produce sin-
glet oxygen have successfully completed
phase III clinical trials. The improved un-
derstanding of signalling has also opened

the development of PDT to new therapies,
including those where cell proliferation –
and for the future recolonisation of dis-
eased tissues via the release of endothelial
progenitor cells from the bone marrow –
can be beneficial.

The PS-induced ROS response is both
quantitative and qualitative. The amount of
ROS produced triggers different responses
ranging from necrosis through apoptosis,
macroautophagy, and chaperone-mediated
autophagy to cell signalling events. Some
responses lead to cell death, others are cy-
tostatic, but the responses to lower levels

of ROS are often proliferative and this type
of signalling is known to be involved in
angiogenesis and metastasis. On a quali-
tative level, ROS includes a combination
of species: including singlet oxygen, hy-
droxyl radicals, and superoxide ions. Some
PS favour the production of one of these
species over another and each has a subtly
different effect on the surrounding tissues.
Although it is widely believed singlet ox-
ygen – usually the first ROS formed on
PS excitation – is the marker of PDT,[1] in
aqueous solution the bacteriopheophorbide
WST11 (soluble TOOKAD; Fig. 1), which

Fig.1. Chemical Structures of some of the most well-known photosensitisers. A. Photofrin®;
B. Foscan®; C. methylene blue; D. ALA and Protoporphyrin IX; E. soluble TOOKAD®; F. Visudyne®.
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and maintain an extracellular location for
the PS. MB-colloids have been developed
with such a goal. Although these systems
display a decreased singlet oxygen quan-
tum yield,[6] the overall therapeutic out-
come is improved.

In the development of the third gen-
eration PSs, macromolecular carriers,
from nanoparticles to fullerenes, have
been investigated as a means to selec-
tively deliver the PS to the diseased tis-
sue. Micelle-encapsulated PSs seem to
prevent cell uptake, affording a vascular
mode of action,[16] whereas liposomes can
deliver encapsulated drugs into the cell.
Photoactivated release mechanisms have
been reported where light can be used to
trigger controlled spatial and temporal
release.[17] Another selective release strat-
egy uses localised enzymes to mediate
unloading. Mesoporous silica nanoparti-
cles sealed with oligosaccharides to afford
site-specific rhodamine B release have
been shown to remain intact until bacterial
secreted β-mannanase degrades the sealant
to release the PS.[18]

Although there is much controversy
about the use of nanoparticles in medicine
due to possible associated health problems
and challenging optimisation of biophysi-
cal properties, they have been investigat-
ed for targeted PS delivery. For example,
polymeric nanoparticles have been used
to encapsulate curcumin with an associat-
ed increase in fluorescence intensity and
lifetime.[19] In addition to offering tumour
selection via the enhanced permeability
effect and retention effect, molecular tags,
such as folic acid, targeting peptides or
antibodies, can be attached to the NPs, of-
fering tissue-, cell-, or subcellular-specific
delivery.[20] The use of such carriers also
opens the door to the fourth generation
PSs, where effect-modulatory technolo-
gies, such as up-conversion and spatial
confinement of energy, are being used to
fine-tune PDT.

As with the colloidal systems, size op-
timisation of the carrier can be designed
to prevent cellular uptake. As an example,
micrometre-sized porous honeycomb-pat-
terned thin films formed by the electrostat-
ic interaction of Mn(iii) meso-tetra(4-sul-
fonatophenyl) porphine chloride and
dimethyldioctadecylammonium bromide
exhibit more efficient antibacterial activity
compared to equivalent nanoparticles.[21]
Whilst this film is more targeted toward
the development of in vitro photoactivated
disinfection systems, certain PDT applica-
tions may benefit from fabric-style PS sys-
tems that allow contact treatment.

Various protein constructs have been
investigated as delivery vehicles for PS.
Where the intact haem in myoglobin was
substituted by a Zn-protoporphyrin IX[22]

or hypericin[23] fluorescence and singlet

has recently completed phase III clinical
trials for prostate cancer, only generates
superoxide and hydroxyl radicals.[1,2] It is
now accepted that singlet oxygen is critical
for PDT and superoxide anion radicals, hy-
drogen peroxide, and hydroxyl radicals are
important contributors to efficacy.[3]

2. From Bench to Bedside
and Back Again

The first PDT effects reported were
cytostatic and ablative. Back in the early
1900s PDT was pioneered as a treatment
modality formicrobial infection and, short-
ly after, cancer. The results were based on
the clinical outcome of treatment and al-
though it was understood that the mecha-
nism involves a PS, light and oxygen, little
else was known.

The technique was not extensive-
ly investigated until the late 1970s when
technology was improving and characteri-
sation of molecular pathways was becom-
ing possible. The first generation PS was
hemoporfrin, commercialised under the
name Photofrin® (Fig. 1) and the first for-
mulation contained over 60 different spe-
cies. In the years that followed the PS was
refined and treatments approved in some
countries for several indications including
the palliation of obstructing esophageal
cancer, microinvasive endobronchial non-
small-cell lung cancer and the ablation
of high-grade dysplasia in Barrett’s eso-
phagus. Still, therapy was not without its
problems, most notably the long duration
of photosensitivity after the treatment and
the fact that the wavelength of light used
to excite Photofrin® is absorbed by natu-
rally occurring chromophores, resulting in
a limited treatment depth.

Despite approval of Photofrin®-PDT,
the further development of the PS re-
mained a priority research effort. Amongst
the second generation PSs were chlorins
and phthalocyanines offering improved
properties with respect to activation as the
absorption of light was at wavelengths in
the biological absorption window. This
window exists in the infrared region of the
light spectrum, where the collective contri-
bution of biological chromophores is low-
est allowing for further propagation from
the site of illumination through the tissue.
In some applications, such as bacterial
disinfection, surficial treatment is prefer-
ential, however with treatments for cancer
under the spotlight, deeper propagation
was sought to ensure all diseased tissue
was ablated. Chlorins, such as Foscan®

(Fig. 1), are approved for indications such
as head and neck cancer in some countries.
However, these species still exhibit long
clearance times and therefore extended
phototoxicity.

3. More Bench Work

The third generation PSs are those with
integrated targeting mechanisms. The PS
for ablative techniques must also be effec-
tive at generating ROS.[4–8] PDT selectivi-
ty initially focused on the location of light
irradiation, drug uptake and the fact that
normal cells often have a higher tolerance
to additional ROS and therefore survive
the treatment.[9,10]However, there are some
widely acknowledged limitations, particu-
larly general photosensitivity after treat-
ment and the heterogeneity in the light and
PS dose resulting in an uneven ROS pro-
duction across the treatment site, with the
latter becoming more of a concern as the
full spectrum of ROS response is unveiled.

Cells exhibiting rapid metabolism and
growth have an accordingly accelerated
uptake of metabolic precursors, which in-
cludes some types of PSs. Therefore, these
complexes have the tendency to accumu-
late in microbially infected and cancer
cells. The environment around the tumour
cell also promotes selectivity, with altered
vascularisation preferentially retaining
PSs within the diseased tissues and the hy-
poxic environment selecting for species,
such as methylene blue (MB; Fig. 1), that
require reduction before uptake.[11] In the
case of aminolevulinic acid (ALA; Fig. 1)
and its derivatives, which are assembled
into porphyrin species (PpIX; Fig. 1) in the
cell to afford metabolic targeting, different
species with subtly different photochem-
ical properties are produced according to
the profile of the cell. For example, syno-
vial tissue assembles a species that is more
hydrophobic than cartilage. However, al-
though ALA uptake is selective enough
to allow fluorescence of the assembled
PpIX to guide surgical intervention, rap-
id photobleaching during PDT limits ROS
generation and the degree of ablation.
Furthermore, ALA enters neurons where
the generation of ROS results in chronic
pain during PDT. The pain can be man-
aged, but prevention would be better.

In other areas of drug development,
solubility has been found to be a key fea-
ture in delivery, ensuring optimal localisa-
tion of the drug at the treatment site and
has therefore been, and continues to be,
a key feature considered in the develop-
ment of third generation PSs. Strategies
developed for other applications can be
applied to PSs to optimise distribution
through the diseased tissue and design-
ing systems that target the PS to specific
cells.[12,13] Already improvements in the
uptake of topologically applied ALA have
been made using emulsions, liposomes
or nanoparticles, for example, as potential
carrier vehicles.[4,6,7,14,15] In other cases,
where surficial treatments are required, in-
ert carrier molecules can prevent diffusion
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magnetic metal ions into the PS shortens
the triplet lifetimes and introduces varia-
tions in the triplet quantum yield[14,33–35] to
such an extent that the photochemical re-
actions are prevented.[14] Iron, copper and
nickel species[33,35] are generally reported
to block photodynamic activity, where-
as some other metals favourably alter the
absorption properties or the quantum
yield. There are exceptions to the gener-
alisation, including copper octaethylben-
zochlorin.[36] Other metals are reported to
improve the photoactivity by enhancing
intersystem crossing,[14] including diamag-
netic transition metals and lanthanide ions.
As a result, a number of metal chelated PS
systems are showing positive results, par-
ticularly zinc(ii),[37] aluminium(iii),[38] and
tin(iv)[5,15,39] complexes and a Pd(ii) com-
pound has completed phase III clinical
trials.[40]

6. The ROS Response

Most current treatment modalities for
cancer – chemotherapeutic and radiother-
apeutic agents – mediate their effect via
ROS stress. Similarly, PDT mediates its
anticancer effect by generating endoge-
nous ROS,[9] but unlike the other treat-
ments, PDT is non-mutagenic so can be
used repeatedly and in conjunction with
chemotherapy and radiotherapy without
the concern of increasing genotoxicity.

Both the duration and extent of the ROS
signal is required for the therapeutic effect
with sustained high ROS leading to bio-
molecular damage, activation of cell-cycle
inhibitors[6,41] and induction of cell death
(Fig. 2). Resistance to these treatments
often centres on the increased production
of antioxidants, including glutathione, and
deactivating enzymes, such as super oxide
dismutase, and the up regulation of pumps,
such as the ABC pump, to reduce the ROS
levels and damage pushing the effect back
towards homeostasis.

oxygen photosensitising properties were
preserved. The protein scaffold appears
to protect the PS such that dark toxicity is
reduced.

Immuno-targeting of PSs has also been
explored.[24] Monoclonal antibodies raised
against tumour surface molecules were
covalently tagged to PSs. Although there
were early complications of confirming
covalent tagging rather than absorption,
the studies demonstrated selective accu-
mulation of the PS at the target site and
thereby an improved treatment outcome.
For example a porphycene–anti-ICAM-1
conjugate shows specificity for diseased
cells, inducing phototoxicity in inflamed,
but not in healthy, microvascular endothe-
lial cells.[25]

4. The Fourth Generation

With the fourth generation of PSs
come the possibility of tailoring light
absorption and the ROS yield for particular
applications. Constructs, such as fluoro-
phore-spacer-receptor switching systems
have been engineered to enable pH in-
duced activation exploiting the hypoxic
environment of the tumour cells to local-
ise the PDT effect rather than the drug it-
self.[26]

‘Click’ chemistry has been used to
produce selective sensitisers,[27] includ-
ing a selectively activated photochrome–
fluorophore dyad combining a fluorescent
dye and a photochromic diarylethene. The
open form exhibits photochroism and flu-
orescence, whereas the closed form does
not. The dyad form may be switched using
alternate UV/visible irradiation.[28] Such
strategies have also been used to devel-
op probes for singlet oxygen species. For
example, in dyads composed of a singlet
oxygen trap coupled to a naphthoxazole
fluorescence is quenched in the native
state. However, singlet oxygen leads to an
oxidation reaction that liberates a fluores-
cent complex.[29]

PDT also offers the possibility of
combining diagnosis and therapy within
a single species. Real-time feedback on
the pharmacokinetics and specific localisa-
tion based on the intrinsic fluorescence of
some, but not all, PSs allows personalised
medicine that overcomes some of the PDT
variability due to the different drug uptake
and light absorption and propagation prop-
erties.[30]

The current focus in the development
of fourth generation PSs includes integrat-
ed systems offering the clinical imaging
of tumour tissue, targeted delivery and
the potential of multimodal biomedical
theranostic nanoplatforms.[31] For clinical
applications though, simple and stable
formulations are preferred. In the case

of PDT there are several variables: light,
oxygen and PS concentration. One of these
factors is limiting. When light determines
themaximum effect, treatment is limited to
the propagation of light through tissue (see
below). However, excess light can lead to
heating and changes in the collagen struc-
ture of the tissue leading to instabilities.
Oxygen can be made limiting by vascular
modes of activity that systematically shut
down the vascular system. On the oth-
er hand, rapid exhaustion of oxygen can
lead to an incomplete treatment, such that
slower therapies maintaining vascularisa-
tion can be preferential. Alternatively, the
PS can limit the therapeutic effect. In the
case ofALA the PDT activity is capped by
PS photobleaching, allowing dermatologi-
cal applications where accuracy in light is
not required, allowing low cost lamps to be
used. Similar systems could be envisaged
for treating other indications, but where
the PS is not self-limiting, inaccurate light
dosimetry can produce inconsistent results
and risk of harm or injury to the patient.

5. Metal Chelation

Many new developments of PSs are
based on metal chelated species. These
species have altered spectral and biological
properties compared to the naked equiva-
lents and, importantly, particularly in the
case of porphryins and chlorins, that have
a higher probability of homogeneity at the
treatment site. Intuitively, the naked por-
phyrin will collate metal ions in biological
tissues. Intravenously administered PSs,
with the exception of precursor complex-
es such as ALA, are likely to react in the
blood. Although iron is tightly sequestered
by proteins, due to its toxicity, a range of
metal ions exist in biological systems with
different effects on the photodynamic ac-
tivity of PSs[32–34] and therefore nutritional
status is a major player in controlling the
PDTresponse. Ingeneral, chelationofpara-

Fig. 2. Different levels of ROS elicit different cellular responses. Low levels of ROS are used in
homeostasis. When levels increase beyond a threshold or the time, duration or location of ROS
production exceeds the homeostasis threshold, different responses are triggered. The first
response is proliferation and differentiation. Whilst these processes are involved in homeostasis,
they can also be involved in disease progression. Subsequently, adaptive responses are initiated
including micro and macro autophagy. When the level of ROS triggers irreversible damage, the
cell responds through apoptosis or transformation. Finally, high levels of ROS, particularly that
lead to DNA damage, lead to malignant transformation, where the cells survive, or necrosis.
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Glutathione also contributes to the
regulation of the redox potential of the
cell. Healthy cells balance the two phases
of respiration – glycolysis and oxidative
phosphorylation (OXPHOS) – such that
there is a characteristic metabolic state.
Cancer cells have a metabolic shift, known
as theWarburg effect, where glycolysis oc-
curs more rapidly than OXPHOS leading
to a build-up of NADH and reduced ROS
production via the mitochondrial respira-
tory chain. In turn, this change leads to
signalling events that encompass all stages
of tumour formation, i.e. initiation, promo-
tion and progression.

ROS can also trigger autophagy
(Fig. 2), specifically chaperone-mediated
autophagy where ROS-damaged proteins
are shunted to the lysosome and macro-
autophagy characterised by the formation
of a double membrane autophagosome
that surrounds damaged protein complex-
es or organelles. Although autophagy can
sometimes lead to cell death,[2,42] blocking
this response has been demonstrated to
enhance PDT. Chaperone-mediated auto-
phagy is known as a survival response that
promotes oncogenesis.[43] Similarly, mac-
roautophagy could be a survival adaptation
isolating and degrading ROS-damaged or-
ganelles before pro-apoptotic signals are
released. The damaged organelle signals
for apoptosis or adaptive programs to al-
low survival depending on the nature and
extent of damage. Pro-survival signals
result in morphologically and biochem-
ically distinct features from healthy cells
that may offer a means of selecting already
stressed cells and, therefore, although au-
tophagy can trigger cell death this response
is not always the best treatment outcome.
Interestingly, the PS verteporfin inhibits
autophagy in the dark[44] offering the pos-
sibility of complementary combinatorial
therapies in a single species.

7. Subcellular ROS Response

The significance of subcellular local-
isation of the PS and consequently ROS
generation beyond the PDT effect has on-
ly recently become evident. When ROS
is generated outside the cell it can lead to
vascular damage including clotting and en-
dothelial damage. This vascular mode of
action has been used in phase III clinical
trials for the treatment of prostate cancer.
It can also be used in combination thera-
pies where mild ROS production may alter
the vascular system to promote localisa-
tion and infiltration of the tumour tissue
by known chemotherapeutics.

In the extracellular matrix, ROS can
be used to alter the stroma to facilitate
chemotherapeutic infiltration or the cellu-
lar membrane to promote uptake. Certain

types of PSs interact directly with the plas-
ma membrane. These species are proposed
to induce an effect by either modulating
the embedded proteins[45] or the phospho-
lipid bilayer itself,[18,46] resulting in depo-
larisation of the membrane and elevated
cytoplasmiccalciumlevels[47]andultimate-
ly cell death by necrosis.[48] Subcellular
localisation of the PS also results in orga-
nelle membrane disruption.

When the PS is located in the lysosome,
cytotoxicity is enhanced. Chlorin NPe6
and palladium WST11 are examples of
agents that induce lysosomal photo-dam-
age. Lysosomal PSs induce both promo-
tion of autophagic stress and suppression
of autophagic prosurvival functions, but
ultimately cell death via apoptosis. The
production of ceramide[49] and signalling
viaBid to themitochondria initiate the pro-
cess. Lysosomes have also been shown to
be a potential site of localisation for aggre-
gated and/or hydrophilic sensitisers.[50,51]

When the PS is localised in the mito-
chondria, apoptosis is signalled via release
of cytochrome c,[52] disrupting the respira-
tory chain and involving caspase driven ap-
optosis.[53,54] Targeting the mitochondria,
as with lysosomal targeting, results in cell
death, but also protective autophagy. This
protection alters the efficacy of treatment
such that a lysosomal sensitiser is effective
at a much lower dose than a similar mito-
chondrial sensitiser.[55]

The endoplasmic reticulum (ER) is
considered as the organelle of choice for
PDT-induced cell death. The ER and the
Golgi apparatus are in close proximity in
the perinuclear area of the cytoplasm –
their functions are also linked. The ER
is involved in the release of intracellular
stores of calcium,[54] but its high volume
function is in the production of new bio-
molecules in the cell. The Golgi apparatus
receives newly synthesised proteins from
the ER and modifies,[56] sorts, and pack-
ages macromolecules for cell secretion or
use within the cell. It is thereby involved in
metabolic control, cell communicationand,
inevitably, affected by oxidative stress to
replace ROS damaged macromolecules.[57]
However, these closely related organelles
are also targets for PDT induced damage
themselves[58–60] and this phenomenon has
been proposed to explain the high pho-
totoxicity of tolyporphin[58] and zinc(ii)
phthalocyanine.[61] The ER and Golgi ap-
paratus are suggested to be the subcellular
localisation site for Foscan®.[62]

ROS production in the ER boosts pro-
tein aggregation and calcium release into
the cytoplasm, signalling for apoptosis
eventually via the mitochondria. In addi-
tion, direct signalling is mediated to mi-
tochondria in contact with the ER. Singlet
oxygen production in the ER leads to
calureticulin and ecto-CRT release, which

in turn can activate dendritic cells, stimu-
lating the innate immune system to attack
the cancer cells both localised in the treat-
ment site and those that have migrated be-
yond its boundaries.

Altered function of the Golgi appara-
tus can signal for apoptosis. In signalling
pathways involving the oligomerisation of
tumour necrosis factor-related apoptosis
inducing ligand receptors (TRAIL-Rs),
caspase 8 can be activated signalling via
the mitochondria for programmed cell
death. This pro-apoptotic pathway involves
signal presentation on the cell surface and
therefore the Golgi as a target affects inter-
cellular communication.

In the nucleus, PDT-mediated ROS
generation leads toDNAdamage.Although
this damage can lead to apoptosis or in se-
vere cases necrosis, the effect can also be
mutagenic, which negates one of the clear
advantages of PDT over radiotherapy and
DNA-targeting chemotherapy modali-
ties. Where PSs are known to cause DNA
damage, for example methylene blue,[61,63]
clinical use involves surficial disinfection
where treatment time is too short for nu-
clear localisation.

Whereas complete apoptosis of dis-
eased cells was once the treatment ob-
jective in ablative PDT-treatments, heter-
ogeneous treatments are beginning to be
considered as preferential. Apoptosis is
an immunologically benign method of
cell death, whereas necrosis can stimulate
dendritic cells to induce immunological
cell death of untreated cells, including
cells located distally to the treatment site.
Necrosis is controlled by RIP kinases.
The RIP protein forms aggregates that,
when phosphorylated via caspase 8 and
caspase 9 signalling, translocate to the
plasma membrane to form pores and be-
gin the necrotic process. Necrosis induc-
es inflammation attracting neutrophils to
the site (Fig. 3). Cytokine release allows
the neutrophils to adhere to the endothe-
lial walls of the vascular system such that
they can invade the tumour. The outcome
of this invasion depends on the tumour
environment, with CD8+ cells causing tu-
mour regression whilst other responses can
lead to tumour tolerance. Finally, complete
regression may be mediated by dendritic
cell recognition allowing T-cell activation.
As PDT elicits a dose dependant response
from ROS-mediated proliferation through
to necrosis, careful optimisation of the
treatment parameters can either induce a
complete ablative effect, ideal to treat ear-
ly stage tumours, through to activation of
immunological cell death for the treatment
of metastasis.
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8. Novel PDT Applications

With the ability to target photosensitive
agents to a particular subcellular localisa-
tion and tailoring the photosensibility to
control ROS release, the potential to ex-
pand PDT to new ablative applications and
non-ablative techniques is becoming a real
possibility (Fig. 2). Recent reports demon-
strated how careful control of the level of
ROS production could afford localised
lymphatic ablation, sparing the vascular
system from damage and offering a treat-
ment modality for controlling inflamma-
tion, cancer metastasis, autoimmunity and
transplant rejection.[64] Tight control of
vascular damage may also be used to con-
trol bleeding, for example, in gastrointes-
tinal mucosal vascular lesions.[65]

With increasing dose, ROS signals for
proliferation, chaperone-autophagy, mac-
roautophagy, apoptosis and then necrosis.
This range of dose-dependent responses
introduces an important consideration in
treatment design as low level PDT could
promote certain disease states, such as
cancer, but on the other hand opens PDT
to new applications, including regenera-
tive, proliferative[66] and autophagy-cen-
tred therapies, for example, in reversing
incomplete autophagy associated with mi-
tochondrial disease and aging. The prolif-
erative effects could be applied to wound
healing.[67] Such treatments could be com-
bined antimicrobial and disinfectant PDT
applications that are currently used and
under development[68] to provide a multi-
modal treatment. Similarly, ablative anti-
cancer and antimicrobial therapies may be
combined into a single treatment.[69]

In eukaryotic cells, ROS levels increase
during cell differentiation and activate var-
ious transcription factors identified as im-
portant for the progression and regulation
of many disease states, including cancer.
For example, p53, retinoblastoma gene,
and phosphatase and tensin homolog are
regulated by ROS.[25] Furthermore, ROS

signals via NF-κB, activator protein-1,
hypoxia-inducible factor-1α and signal
transducer and activator of transcription 3
to regulate inflammation, cell survival and
growth. In the case of cancer cells, this sig-
nalling is involved in disease progression
including invasion, angiogenesis and me-
tastasis. This realisation requires critical
consideration of the current ablative ap-
plications of PDT to ensure the treatment
zone is sufficiently large to encompass the
entirety of the diseased tissue. Certainly,
decades of success in the clinic suggest
this is currently the case for approved tech-
niques.

Much less is known about ROS-
mediated regulation of cellular processes
in prokaryotes. Data show that ROS is a
powerful mode of communication between
cells; both same species communication
within biofilms and interspecies commu-
nication in both symbiotic and pathogenic
relationships. Thus, ROS could be an im-
portant therapeutic target formicrobial reg-
ulation, especially given that biofilm for-
mation is strongly associated with patho-
gen resistance to chemotherapeutic agents.
Low level PDT has been demonstrated to
improve chemotherapeutic infiltration of
eukaryotic tumours via stroma modulation
and the same may be true for the biofilm
capsule. Furthermore, modulation of ROS
could help the host stimulate pathogen
control as enteric commensal bacteria are
known to affect diverse homeostatic func-
tions of their host via ROS, including cell
growth regulation, maintenance of barrier
function and immunomodulation.[70]

It is speculated that the development of
resistance to PS therapies should be lim-
ited by the intrinsic nature of ROS. Some
cells and microbes are better equipped at
processing ROS and thereby limiting ROS-
induced damage, whereas certain diseased
cell types are highly sensitive to these spe-
cies offering another means of selectivity.

The realisation that at the treatment
boundaries low levels of ROS can induce

cell proliferation has caused some con-
cerns as ablative PDT treatments must
either be singularly exhaustive or part of
a combination therapy, either with other
treatment modalities or via stimulation of
an immunological response. Combination
therapies of PDT with clinically approved
treatments, such as angiostatic tyrosine
kinase inhibitors sunitinib, sorafenib and
axitinib,[71] are being investigated. Some
strategies use PDT to induce a cytostatic
effect, whereas in other cases it is used to
modulate the permeability of cells to in-
crease the potency of other drugs.[72]

9. A New World Opened Through
Accurate Light Dosimetry

In all PDT applications, light is re-
quired to induce the therapeutic effect
with the ideal PS having little or no dark
toxicity. Where the drug is evenly dis-
tributed through the treatment site, light
dosimetry is responsible for inducing the
appropriate level of ROS for the therapeu-
tic effect. As with the drug, the response is
linked to the light dosimetry, with a great-
er amount of ROS and therefore cell death
where there is more light through to small
amounts of ROS and potentially stimula-
tion of cell growth where the light source
is at the weakest photoactive level. Any
light-mediated excitation of the PS will
lead to ROS production, but the therapeu-
tic response depends on specific thresholds
for the different ROS responses, which in
turn depend on the cell type and status. As
tumours have heterogeneous cell popula-
tions several responses will be initiated.
Similarly, in other indications, different re-
sponses may be elicited in diseased versus
healthy cells. Optimisation of light dosim-
etry can be used to achieve the most bene-
ficial treatment outcome. For example by
selecting the appropriate light wavelength,
the depth of treatment can be optimised
with wavelengths within the biological
window maximising penetration when
treating solid tumours, whereas surficial
treatments, including microbial sterilisa-
tion, may benefit from using a wavelength
of light that is absorbed by the naturally oc-
curring photodynamically inactive species
to limit the treatment depth.[7,40,66,73]

Although providing an even light dose
over a flat and homogeneous surface is
readily achievable, light dosimetry through
tissues is complex, but well understood:[74]
as chemical advances have explored and
characterised different features of the PS,
technological advances have led to a deep
understanding of light dosimetry that has
been translated into modelling systems
able to project light propagation through
tissue and a range of medical devices de-
signed to deliver a particular dosimetry to a

Fig. 3. Schematic representation of vascular mediated PDT. ROS in the vascular system leads to
shut down and subsequent hypoxia in the treatment site. Cell death is primarily by necrosis which
may lead to immune system activation, including both the maturation of dendritic cells to search
for similarly diseased cells and the invasion of the treatment site by neutrophils.
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particular tissue type despite the complex-
ity and variability. Indeed, light dosimetry
is not an absolute value. In some cases,
significant differences in light penetration
of the same tissue can arise between dif-
ferent individuals. Skin tone is an obvious
example. As melanin absorbs a large part
of the visible spectrum, PDT using visible
light in dermatological applications can
have a significantly different response,
in both the amount of ROS produced and
the treatment depth. Internal organs also
exhibit absorption variability. Studies on
the bladder show 20% variation in light re-
flectivity between patients.[75] Such studies
reinforce the importance of in situ light do-
simetry measurement and using this type
of measurement allows an even dosimetry
to be achieved in irregular cavities[76] and
within solid tumours.[77] In the latter case,
choice of a vascular-targeting PS means
light penetration increases during treat-
ment as blood flow reduces.

The importance of technology to en-
sure accurate light dosimetry can be best
illustrated with an example. Initially in the
development of Photofrin®-PDT for high
grade dysplasia of the oesophagus, a cy-
lindrical light diffuser was positioned in
the centre of the oesophageal lumen. As
the oesophagus is convoluted and folded,
some areas receive a higher light dose than
others and, because of the threshold of
the ROS response, there will be response
zones with defined boundaries: in shielded
folds little or no illumination leads to no
response; a proliferative ROS dose may be
observed in distant sites; the possibility of
overdose leading to fistula where the tis-
sue was closest to the light source; and a
beneficial treatment outcome where there
are appropriate PS and light doses. It was
soon realised that the technique was only
viable with oesophageal dilation. Inflation
of the oesophagus with gas affords partial
dilation, but the current state of the art is
to use silicone balloon technology to di-
late the oesophagus without undue pres-
sure on the surface such that oxygenation
is maintained. The balloon evenly distrib-
utes the light across its surface so there is
no dosimetry variation due to distance.
Such technology has been developed to
allow even dosimetry in a number of nat-
ural body cavities and sites where surgery
to remove diseased tissue has produced
a cavity. Combined, the PS and the tech-
nology led to a successful treatment. The
same is likely to be true for applying PDT
to new applications; the development may
not initially lie in developing new PS can-
didates, but in modulating light dosimetry
to move the treatment outcome from abla-
tive to proliferative.

10. Summary

The molecular mechanism of PDT
involving ROS is now well established.
Drug design has led to a series of approved
PSs that have different modes of action.
Currently, the focus is on tissue ablation,
with ROS production maximised over the
treatment area. Unsurprisingly, there have
been some clear success stories heralding
the notion PDT has come of age, most
notably the wide use of ablative PDT in
ophthalmology and dermatology. On the
other hand, there are a number of approved
treatments, particularly those for cholan-
giocarcinoma and high grade dysplasia in
Barrett’s oesophagus, that are rarely used
in the clinic. Whilst there are many rea-
sons behind the under-representation of
certain ablative clinical applications, the
comparative lack of research into other
ROS-modulating treatments is harder to
explain and is certainly a missed oppor-
tunity. Applications of the currently ap-
proved drugs to challenging health issues
may not require further drug design; rather
it may be achievable by modulating the
light dosimetry alone. Such applications
may include promoting cell regeneration
and proliferation in wound healing; stim-
ulating the dendritic immune response
against diffusely located diseased cells; or
promotion of autophagy to treat mitochon-
drial disease. These therapies could be
achievable based on existing PS with opti-
mised control of light dosimetry, resulting
in rapid expansion of PDT into new clini-
cal domains. And whilst these applications
remain unexplored, PDT will not reach its
full clinical potential.
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