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Abstract: Photodynamic therapy (PDT) is an alternative cancer treatment to conventional surgery, radio
and chemotherapy. It is basedawtivating a drug with light that triggetise generation ofytotoxic species that

promote tumour cell killing. At present, PDT is mainly used in the treatment of wetredged macular

degeneration, for precancerous conditions of the skin (e.g. actinic keratosis) and in the palliativedvarecetia

cancers, for instance of the bladder or the oesophagus. Due to a lack of phase Il clinical trials and limitations of

light penetration to deeper lying tumours (in excess of 1 cm), PDT is still not used as a first line cancer treatment,
whichissWUSULVLQJ JLYHQ WKH ILUVW FOLQLFDO WULDCOHOwWENer R3eaisiH UW\TV JURXS
continues to demonstrate the poteniahefits ofPDT and the need to stimuldiending and uptake of clinical

studies usingiext generation photosstizersoffering advanced targeted delivery, improved photodynamic dose

combined with modern light delivery technologies. This review surveys the available PDT treatments and

emerging novel developments in the field with a particular focus omphwton echniques that are anticipated to

improve the effectiveness of PDT in tissues at dapthonnext generation drugs that work without theed of

the presence of oxygen for photosensitizati@king them effective where hypoxia has taken hold

Keywords: Photodynamic therapy (PDT), photosensitizer,qwmton, combretastatimnticancer, Type IV

1.INTRODUCTION TO PDT triplet energy transfer (see sectidnl Photochemistry of

photosensitize)s The highly reactive oxygen species (ROS)

diffg/lrg{]? I':ahvaerrszg‘oscta)\l/%?ﬁ O;ncﬁgc\?;fieatreolf('g?gpaé?egg&eSW'thnave the ability to locally destroy cancerous tissue in a
. Y y ¢ patient[4, 5, 712]. In the clinicPDT treatment commonly
2]. This creates aeed for novel and advanced treatment consists of two stageFigure 1B)

modalities beyond the classical approaches of surgery,
chemotherapy and radiotherapy. PDT is such an alternative Following PDT treatment photosensitivity of the skin can
treatment modality, which on its own or in combination with occur, lasting from a few days up to a few weeks because of
the classical treatmen@ms to provide impoved clinical VORZ HI[FUHWLRQ RI 36 PROHFXOHYV 11U
outcomes and long term remission for cancer patients. Th@rolonged sensitity to light usually forces the patient to
main advantages of clinically approved PDT include its avoid direct exposure to sunlight until the drug is discharged.
minimal invasiveness (minimized scarring) compared with Accurately specifying the dosimetry of PS administered and
surgical tumour removal, reduced likelihood to develop light dose can help to reduce this unwanted -siifiect [3,
multidrug resistace (MDR) and selectivity towards 10, 1315]. Another major lintation of PDT is the deptthe
malignant cells restricting unwanted sieffects towards activating light can penetrateto tissue at the excitation
collateral healthy tissue compared with chemothefags). wavelength[4, 16], as well as the inactivity of many
photosensitizers in hypoxic environmentshich restricts
formation of ROSsuch as commonly found in tumocores.

The therapeutic outcome of PDT depends on a wide range of
reatment parameters includirgtlight source, light fluence
(W/cn?), the method used to illuminate the tissue, tissue
type, tissue oxygenation, specificity of the drug to a certain
cancettype, and the PR7].

Traditionally the term PDT means the use of light of a
specific wavelength (commonly provided by a rathp or a
laser) and a photoactivatable drug (referred to as th
photosensitizer (PS)) that upabsorption of light undergoes
electronic excitation and generates either directly or
indirectly cytotoxic agents (sdeigure 1A) that include for
example reactie oxygen species, sensitized usuallg a

XXX -XXX/14 $58.00+.00 © 2014 Bentham Science Publishers
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A DIRECT

No tissue oxygen required

INDIRECT

Oxygen essential

Type IV

Irradiation induces a structural change
within the PS allowing it to bind to
its subcellular target.

Example:
Photoisomerization
of combretastatins

Type lll

Triplet-doublet
interaction between
the activated PS and
native free radicals
leading to cytotoxicity.

Type |

Electron transfer to oxygen from an
excited PS leads to the formation of
radical species (e.g. OH", O," and
others), which oxidise
biomolecules leading
to cell death.

Examples:
Porphyrin-based
PSs, hypericin,
furocoumarins

Singlet oxygen is
formed by energy
transfer from the
excited triplet PS to
30, causing cell death,
e.g. by oxidising lipids.

Example: Target cell
Antioxidant Carrier Sensitizers (ACS), such as or tissue Examples:
substituted porphyrins See Type |
B Tumour &
neovasculature
Light source A5 1 V=5
(e.g. laser) ‘ ‘
Photosensitizer /J\ . - /}\ g
2 i "\ Indirect oxidative . B
di\ Drug-light 1 stress ‘ \
N interval . Typel&ll }\ i
\ ;; [ | ;; [ -
| n \ \ |
\ JJ | L /‘ :\ @ y( ‘\\
‘ [ ]|
\\\ Direct activation| / } R 2 \ "‘
“) \) \ Type lll & IV = “\ \ \

Photosensitizer administration
and accumulation at the
tumour site

Localized activation

Cell killing and tumour
targeting cancer

shrinkage

Figure 1 Different types ofphotodynamic therapyPOT) based on the reaction mechanism ofthetosensitier PS used and key steps of PDT il
the clinic. A There exist direct (oxygeimdependent) and indirect (requiring oxygen) mechanisms of photosensitization in PDT depending on
being used. Most PSs used in the clinic demonstrate the Type || meohanisother PSs have been proposed that use the direct Type Ill at
mechanism and are also effective in hypoxic tissues, where Type | and Il photosensitization is Birliitede clinic PDT treatment commonly
consists of two stages. First the patisnadministered a suitable dose of a lightivatable photosensitizer (PS) (usually by intravenous injectiol
topical as a cream), which is allowed to accumulate in the body with selectivity to the tumour site. The accumulatie roanutedk to days
depending on the PS used and location at the target site. Secondly, PS accumulation is followed by irradiation dedothatadrttof the diseasec
tissue site (e.g. tumour) with an intense light source (usually a laser) of a defined wavelengtigrttz@cRES absorption spectrum thus leading to
formation of an excited staté.dominant form of écayof the excitedstate PS is to transfer energy (sensitine)ecular oxygersothat it comes into
contact withor reacs with cellular constituents genating reactive oxygen species (ROS) such as singlet oxygen and oxygen radicals (Type
Singlet oxygen is highly reactive and cytotoxic, and hence causes damage to the irradiated cells eventually leading tpsel@sis or necrosis ir
the treated tissue and tumour shrinkdde5, 7, 15, 182].

PDT was originally developed for the localized treatment effectiveness of PDT towards other cancers e.g. of the head
of solid tumours, but presently it is more commonly used inand neck, bile duct, pancreas, prostate, and brain is being
the clinical treatment of early cancers of the lung, investigated in clinicaktudies. PDT is primarily applied to
RHVRSKDJIJXV %DUUHWWITV RHVRSK Diliextatgeted NdatnenDofF sMe@ididt canters DeWy. RMhe\skin)
squamous and basal cell carcinoma, but not melanoma)and cancers that are easy to reach by endoscopic fibres, as
bladder, breast, cervix, mouth, intestines and lungs. Thdight penetration in tissue, particularly in the visible
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wavelength range is limited. Otheprditions that have been
successfully treated wusing PDT include macular 2100
degeneration, particularly using twpdoton PS activation,
and bacterial infection8-5, 20, 2328].

Although PDT is successfully applied to treat a range of
cancers it can also haggnificant drawbacks depending on
the PS and light source used, location of the malignant lesiol
or tissue oxygenation level. PDT PSs often lack selectivity
towards neoplastic tissues, which may lead to the generatio 300
of reactive oxygen species and ckliludamage (burns, o
swelling, pain) in surrounding healthy tissues upon 1860 1870 1880 1990 2000 2010
excitation[14, 17, 28, 29] The highly localized nature of Year

PDT makes it mostly unsuitable for the treatment of
metastase&], Figure 2 Development of publicain numbers per year on photodynamic
therapy since 1960 as found on Web of Science (WoS, filter to include:
In the UK the National Institute for Health and Clidica articles, reviews and patents) and NCBI PubMed (Search: photodynamic

Excellence (NICE) has approved PDT for use in certaintherapy).
types of sk_in cancer and internal'c'ancers that can be reached 1 sTORY OF PDT
by laser light within a few millimetres of the tumour
particularly when located near the lining of internal organs 7KH XVH RI VXQOLJKW 3KHQiarlR8ushH U D ¢
and for superficial lésns. In the clinic, PDT is mainly used as vitiligo, rickets, psoriasis, psychosis, and even skin cancer
in palliative care or to cure early cancers and some prewas recognized by ancient civilisations including the
cancerous conditions. In the treatment of more advancedgyptians, Indians, Chinese and Gr§ék31]. Nonetheless
cancers PDT is often used in combination with otherit took until the late 18 century before an early form of
treatment modalities with the aim of tumour sizduegtion phototlerapy for the treatment of smallpox and cutaneous
and symptom relief. It is still very much at a developmentaltuberculosis using an artificial red light source was
stage for the treatment of many conditions and is hence oftefGHYHORSHG E\ 1LHOV )LQVHQ )RU KL
given to patients as part of a clinical trial. Unfortunately lamp the Danish scientist was awarded the Nobel Prize in
there is only a small number of advanced (phase ll) trials1903 [31]. Around the same time in 1800scar Raab, a
becaise of funding cuts. PDT can be offered in an outpatientstudent of Professor Herman von Tappeiner, observed cell
service, which is costffective and saves the patient a death in paramecia cultures when treating them with a
hospital stay5, 20, 27] A recent review focusespecifically combination of acridine red and light irradiation. In the same
on the use of PDT for the treatment of malignant brain ODERUDWRU\ WKH WHUP 3SKRWRG\QDPF
tumours and provides @etailed and upo-date summary of it was ecognized that oxygen was essential to induce the
clinical investigations undertaken by numerous groupsobserved cell killing. This discovery triggered a substantial
around the World30]. It also highlights the difficulty in  amount of research into various aspects of PDT including the
fully assessing the clinical impact of PDT because of themechanisms of photodynamic processes, new PSs and
lack of control studies. Even though PDT is retiegd by  clinical studies. The first PDTlinical trials were reported in
the NHS (National Health ServicdJK) as an effective, 1905 using eosin and Magdala red as PSs. The PS
licensed cancer treatment according to the informationhematoporphyrin, a precursor of porphyrin which is still
published on their official UK website concern is expressedcommonly used in photodynamic treatments to date, was
about unproven and unlicensed versions of PDT that ardirst used in preclinical experiments on mice by Hausmann
being marketed by saenprivate clinics in the UK and in 1911 Two years later the German scientist, Friedrich
RYHUVHDYV OH[LFR DQG &KLQD 7 K H MeyerReR Gudnisteved Anms&fONIG 260@ Mg Wwf the PS
JHQHUDWLRQ 3'7 1*3'7 ° DQG 3VR QR@&GQUSIP LI¢ test Kitd Uebestiveness in humans. He
6'7° DSSO\LQJ XOWUDVR®.QG WR D rweremed swelliggeand soreness in body parts that were
exposed to sunlight.

WoS PDT publications 1960 - 2014
1800 Pubmed PDT publications 1960 - 2014

1500
1200
900
600

Number of publications

Nevertheless there is still a significant amount of
research ongng in the development of novel PSs and their ~ The first detaild studies of the effects of oxygen
targeted delivery to tumours as can be seen by the number gfesence and the role of reactive singlet oxygeg) (n PDT
publications in the field that have been continuously of cancer cells using hematoporphyrin derivative (HpD) as
LOQFUHDVLQJ VLREdute 2V KH qv PS were reported by Moagt al. LQ WKH ODWH 9

. . ) . reported that lower ©concentrations reseltl in a reduced

It is only through the continued and indeed sustiine ppT effect and that hypoxic tumour cells demonstrated
fundamental development of novel PSs and treatmentegistance to the PDT. They hence suggested to enrich
protocols that PDT will become a viable technique to treathypoxic tissues with oxygen during the treatment. Another
cancer. This reviewurveys the use &DT in the clinic and  group reported on patients with oesophageal cancer who
covers the current developments in the field. We emphasizghowed improved oabmes when the treatment was carried
and put imo contextnew approaches using twphoton, as  out under increased pressure (2 absolute atmospheres)
opposed to single photon, methods and identify newcompared with conventional PDT under atmospheric
potential sensitizers that introduce a novel Type IV PDT pressurd32].
mechanismthat have greater potential to target cancer in

hypoxic environments The discovery that porphyrins preferentially localize and

fluoresce in tumour tissue, the purificaii of HpD from
crude hematoporphyrif83-37] and the fact that it could be
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activated by red light led to the first trials using HpD as a PSunsaurated lipids eventually leading to cell death. In type I
E\ 7KRPDV 'RXJKHUW\V JURXS LQ W fféthanisi¥s, §ihgletVbkygeh Id Ho¥me® W) \Venergy transfer
were obtained in the treatment of cutaneous andiom the excited state PS (e.g. porphyrins) to molecular
subcutaneus mgllgnant tumours with - tumour regression oyygen. On a photochemical basis Type Il photosensitization
being 'observed in 111 cases. prever,.p'hotos.enSItlzatlon 95 initiated by the absption of a photon of light by the PS
the skin for up to 6 weeks following administration of the Psthereby lifting it from its ground (S2 paired electrons With,

was found to be a major siddfect of this treatmenid, 7, ; ) . ;
31, 32, 38, 39] Despite thepromising resultsachieved by opposite spin) to an excited electronic state ¢8e electron

Dougherty and his cworkers, the first controlled clinical transferred to higher energyolecularorbital). Relaxation
trials using HpD as PDT PS were only started in the-mid from the § state back to thground state can progresi

1 \Emid- fV E\ 4XDGUD /RJLF 7HFKdJdfR®M patiways4 /such as the emission of a photon
Photo Therapeutics (Canada) and American Cyanamid.(NY)(fluorescence), heatnonradiative decay)or alternatively
These clinical studies led to the approval of the PSintersystem crossing (ISC) to the more stable triplet state
Photofrin® (purified derivative of HpD) for the palliative (inverted electron spin), which has a comparativielyg
treatment of bladder cancer in 1993 and later OGSQDhaQGQifetime (~ 100 naneto several microseconds). If oxygen
cervical and lung cancer in a few countrf@s 10]. Since ((,) is present the triplet state PS may transfer the excess
then PDT has also beeppoved for the clinical treatment energy to the ground state molecular oxygen (triplet oxygen,

of conditions other than cancer such as wet-ratmed 5 . ) . .
macular degeneration (AMD) using Visudyne® (2001). By O2) Ieadt::g o thle for:natlr?n of singlet ox;&gé{DQ. Szmglet
2009 a range of other PSs had been approved by the FDRXY9EN f&s a relatively short nanosecond (~ 320 ns)

including Foscan®, Levulan®, Metvix® and Hexvi{@). Iife'gime in biological systems .and.hence has a short radius of
action (10 £55 nm)through diffusion thus the intracellular

3. MECHANISMS OF PDT PS localization is important in achieving efficient PDT. Type

3.1. Photochemistry of photosensitizers Il reactions are thaght to be the most common pathway in

photodynamic reactionsln Type Il reactions a triplet

. d_Therethex[{st two dd;.St'.nCt tﬁpprgachesl FO PIDT’ dlrtec; té;]nddoublet interaction between the PS and free radicals takes
Indirect the terms defining the chemical involvement o eplace exerting a cytotoxic effect towards intracellular

PS_and cellular gntityThe most established clinically are the structures without the need for oxygen. Thischanism is

indirect _meghanms, Type I and Il. Many of these PSs S_hOW thought to compete with Type | and Il photosensitization.
a combination of Types | and |l oxygeiep_endent r_eac_t|on Type Il PSs are usually Antioxidant Carrier Sensitizers
pathways. Types lll and IV rely on the direct activation of ACS), also called Modified Type | (MTO) PSs, which

the photosensitizer that once activated requires no seconda ; ; : . ;
. ) i 'ombine properties leading to the efficient generation of
oxygendependent reactions to inckicell deathKigure 3). prop g g

Figure 3 Simplified Jablonski diagrarehowing the electronic energy levels atite underlying photochemical mechanisms of PDT indicating indit
processes that require the presence of tissue oXyygee | & 1), as well as direct mechanisms in which no oxygen is required (Type Il and 1V) an
PS interacts directly with its subcellular target to induce cell killing. Type | and Il mechanisms frequently occurraéttimsavith Type 1l usuallyding /e

the dominating process (ISC = intersystem crossing). sized

In Type | photodynamF SURFHVVHV UD G L F DOromvhs mélecular bagkbgne of originally active PSs used in
0:U@ DQG RWKHUV DUH IRUPHG E\ KlhiggF RDJ RsOchvas) suigstituted) parpRyrir pedivatiiss
from an excited PS (e.g. furocoumarins). The resulting10, 15, 17, 19, 2426, 28, 29, 4&14]. Currently novel types
reactive oxygen species (ROS) ozali intracellular of pro-drugs such as combretastatirgiscussed fully in
biomolecules such as nucleic acids, amino acids orsection 4.4,are emerging which can be directly photo
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activated by multiphoton excitation without the need for theat a specific waveingth and its depth distribution are
presence of oxygen within the target tisgsee the section Ccharacteristic for each tissue type and depend on
on Alternative Strategy for Twphoton Phototherapy (2P ~ pigmentation leveld43, 4549]. Wavelengths in the near
PDT) without ROS below). We suggest here a ndwgie g‘;g’g:gm(glgzﬂggg‘ ti(;)s/:zlgglI¥h?508via1\/lez?gn3m)r§r$;§gge
D e o e e oo WLVVXHV DU PRVW WUDQUSBUHQW 1
e . . ) (seeFigure 4C). At shorter wavelengths (e.g. UV region)
Farget ad only upon' excitation Wlth I|ght. undergoes endogenous chromophores, such as haemoglobin,
intramolecular remodelling (by photoisomerization) that than myoglobin, cytochromes, nicotinamides, flavins and
facilitates blndlng of the activated PS to its cellular targetme|anin'as well assome pigmentswh as bilirubin m|ght
site. absorb the excitation light before it reaches the PS at which
it is targeted. Hence light penetration into tissues at ~630 nm
is limited to ~ 2 3 mm. At longer wavelengths (> 1000 nm)
Over the years there hagdn a wide range of studies the absorptiorby water will prohibit the delivey of light

investigating theinteraction anddistribution of light in deep inside tissues. At high PS concentrations the so called
tissuesthis being fundamental tihe successfuctivationof SVHOHLHOGLQJ” WKH DEVRUSWLRQ RI
PSsin vivo. The Patterson group started studying the light may also impaipenetration deep into tissues. Unfortunately
SURSDJDWLRQ ZLWKLQ W LtayXxddlzed Q th¥ lokber thefWwav@éhbtiQof the excitation light the lower i
that an understanding of liglissue interactions is critical to its energy(photon energy)which restricts its potential to
ensure that sufficient light reaches the treatment site as wekxcite a onghoton process due to molecular systems
as to obtain precise dosimetry for PDT. Their early modelslacking optical absorption on going from the red to near
(using Monte Carlo simulations) were based on the afs  infrared wavelengths. A way around this is the use of two
630 nm light on tissues in combination with the PS HpD. photon (or multiphoton)>eitation (2PE), achieved by using
Absorption and scattering are considered the two maima femtosecond pulsed Titanium:sapphire laser with high
processes leading to light attenuation in tissues, which ar@eak powers Kigure 4) [4, 5, 16, 28, 43, 50, 51{see
highly heterogeneous turbid media. The fluence rate of lightsections 5.2 and 5.3 for more details)

3.2. Action of PDT at the tissue and cellular level

A multiphoton photochemistry
High power

Free radical generation /

C B D

\“\»,,,, ////
/ oxidative stress
femtolitre volume at . ,  Drug activation /

focus of laser beam

photodynamic therapy

o — Live cell multiphoton
) imaging
o Low power

Absorption coefficient (cm-1)

1P 2P 3P oo

400 450 500 550 700 750 B00 850 900

600 650
Wavelength (nm)

Figure 4 Multiphoton excitation of tissues in the neafrared reduces scattering and hence improves light penetration and localised light déliv
Nonlinear processes in the focal volume ehaltiphoton microscope depemndj on theenergy delivered by a high peak power femtosecond pulsed |
[52]. B Excitation of a PS to the first excited singlet state (S1) by eithepba®n (1P), twephoton (2P) or threphoton (3P) absorption. Virtualetes
are indicated by dashed lines. For example, in principle an excited state formed by absorption at 300 nm may also tebgesieralimneous
absorption of two photons at 600 nm or three photons at 900 nm, although the effipleston @bsorptionross section) for excitation falls dramaticall
from 1P to 3P excitatiorC $EVRUSWLRQ VSHFWUXP RI WLVVXH VKRZL Q P00/ mHC isradaptéXitom’WepsSddet an
Ntziachristos (2003)63]).
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Following PDT treatmenbe it single or more photon higher tendency to aggregate and are hence seen to induce
inducedcell killing is thought to be brought about by three cell killing following irradiation with a significantly lower
connected mechanisms, including direct cytotoxicity of efficiency than agnts that are found in other organelles.
reactive species towards tumour cells, shutdown of theTargeted PSs that are conjugated to receptor ligands are
tumour vasculature which may lead to hypoxia in the tumourcommonly seen to trigger the endoso#lyabsomal pathway
and an inflammatory immune response. Sirthere are  following internalization[43]. In 2000 Dahleet al. showed
several processes involved in causing PDT induced celby in vitro experiments that not only deldirectly affected
killing it is not surprising that any of the three commonly by PDT undergo cell death, but also cells that are adjacent to
known cell death mechanisms, namely apoptosis, necrosis oW KHP FDQ VXIIHU OHWKDO FHQ®].GDPCLC
autophagy can be triggerd8, 10, 23, 26, 8]. Confocal ORUH UHFHQWO\ DQ RSSRVLWH 3E\VWI
microscopy and-6rster Resonance Energy Transfer (FRET) increase in cell proliferation in HelLa cells at thiagle cell
imaging on cultured cells demonstrated that common PDTevel under a low dose of protoporphyrin IX (PplX)
PSs are found to localize in different subcellular structuressensitized ROS was reported by the Ogilby gri&®).
such as the plasma membrane (Photofrin®), mitochondria
(phthalocyanine Pc4), lysosomes, nucleusidoplasmic gEVEIEI%wAI\IIEﬂ}(éCIBII\ICéII_DT CHALLENGES AND
reticulum or the Golgi apparatifs, 23, 26, 43, 5].

The extent to which each cell death pathway is triggered4'l' Progress in photosensitizer (PS) development
depends on the PS type, dose and intracellular localization, The most common clinically used P8s PDT to date
as well as the tissue type, tissue oxygenation levels and thgre molecules with a tetrapyrrole backbone such as
light doseused. Therefore the accurate prediction of theporphyrins (irradiation at ~ 630 nm) and its analogues
treatment outcome is very challengid®, 23, 26] including benzoporphyrins, chlorins, diariochlorins,
d SKHRSKRUELGH . SKWKDORF\DQLQHYV

The effect that PDT has on the formation of bloo uch research activity has been devoted to demonstrating

vessels was first described in 1989 when it was shown that i Ss based th lecular struct for botiglirieal
many cases endothelial cells of the tumweasculature may S based on other mojecuiar structures 1or bottipnea
be the primary target of PDih vivo. There have also been and clinical studies, e.g. fullerengs, 43, 5961},
indications that hypoxia, nutrient depletion and oxidative  To date a range of PSs has been approved for the
stress in tumours is caused by a PDT induced shutdown ofeatment of cancer and other conditions in the clinic.
the tumour vasculature. This may not only induce secondaryhotofrin® (trade name for the watsoluble
necrais, but also lead to the overexpression of vasculathematoporphyrin derivative HpD or porfimer sodium) was
endothelial growth factor (VEGF) to make up for the loss of the first PS agent to be approved by the U.S. Food & Drug
blood vessels. Hence the combination of PDT with Administration (FDA) for clinical use in the treatment of
antiangiogenic agents has been suggested to improve PDVXSHU¢(FLDO EODGGHU FDQFHU LQ Wk
treatment outcomds, 23, 26, 4]. most commonly used PS for the clinical treatment of
Furthermore several groups report that PDT triggers anneoplasnc lesions such as oesophaggal, head a_nd neck, skin
inflammatory immune response at the tumour site. Efforts to"’md some lung cancers to date, despitefdist that it causes

improve tumour control using a combination of PDT in long lasting  photosensitivity in  patients.  Other

conjunction with immunotherapy to enhance the therapeutic.{'em""toporphyrln derivatives that were clinically evaluated
or the treatment of various cancers and other conditions

response may prove to be bepif [10, 51, B, 56]. It is e . X
generally believed that apoptosis is the main cell deatrﬁ;]%?ozse:gféi”%ls'}nfecnons include Photos46® 63] and

pathway following PDT and can be triggered by treatnoént
low light doses. Apoptosis is also thought to cause lower This was followed by the approval of the chlorine based
inflammation levels than PDihduced necrosis and may PS Foscan® (temoporfin, excitation at 652 nm), which
lead to antitumor immunity. Necrosis is often observed whenproved successful in the treatment of skin, lung, bile duct
using higher light doses in PDT, which inactivates enzymesand head and neck cancer, as well as other cHiased
such as caspasfs 23] photosenstitizer including HPPH, SnEt2 (Puryltin),
W];alaporfin (L511, MACE, NPe6) and chlorin €6

PSs localized in the plasma membrane have been sho olyvinylpyrrolidone (Photolon®) and derivatives for the
to preferentially induce necrotic cell death pathwasctvis ?regtvmeyn?tl)f a variety of neoplasiis 51,66, 67]. The non

not surprising due to membrane disintegration and the X o !
resulting depletion of intracellular ATP. Photosensitizers that{luc()jrescent FL)S ;I)re%Jrsorr-]aBnmoletxuh_nl;:_ a‘.:'d (SSLA{. f
are primarily localized in mitochondria (e.g. benzoporphyrin ra te namhe ; eVLlean pzpe& ances 'te ;]n rlgs_lc proh_U(r:] lon o
derivatives) frequently induce apoptosis by activation of protoporphyrin ( ) in mitochondria, which is

caspases ahoytochrome §26, 43} Overall the consensus s 2200 B (00 BT oo B0 M CIGETR,
that apoptosis and necrosis have the same initial triggers, b 9

the presence of caspases determines which cell deatgeneration of reactive oxygen spexiwithin treated cells

: and triggering cell deatfil7, 68, 69] The clinical use of
pathway the treated cells will under{@3]. In some cases . 4 e ;
autophagy was also found tohibit or enhance cell death topically applied BALA for PDT was first introduced in

after PDT[26]. Lipophilic PSs generally accumulate in a 1990[70] and followed by a wide range of clinical and pre

; : linical studies for the PDT treatment of bladder caféér
range of intracellular membranes. Pyropheophorhié¢hyl c ) L ; ;
est(gr (a synthetic derivative of C%Iorr)ophf/)ll a) ha)s( for 73], chronic palyarthritig74], malignant gliomg75], nory

. : melanoma skin cancers such as actinic keratosis (in
instance been reported to accumulate in the endoplasmig a1oM: ) ;
reticulum, Golgi gpparatus, lysosomes and mitoch(F))ndria.comb'natIon with fluorescence dosimet{gp, 76] %DUUHW

Photosensitizers that selectively localize in lysosomes have gesophagus and even multidrug resistant leukemia, the latter
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without much succedg7]. In 2013 Badeet al.reported a  with PDT by preventing the formation of tumour
clinical trial using hexaminolevulinate (HAL), a-ALA neovasculatee [5, 23]

derivative, for the PDT of bladder cancer in humans. HAL
activation was achieved using incoherent whigat (380 +
700 nm) delivered through a 1.5 mm diameteartg fibre
(2-6 W transmission) integrated in a flexible irradiation

From a biological point of view appropriate PSs should
display low darktoxicity, no or low photosensitization of the
skin or other unwanted siddfects, rapid and selective
catheter. HAL PDT showed good efficiency and minor UPtake into target tissues (tumours), as well as reproducible
reversible bladder irritabilitj78]. applicaion as part of a PDT protocol. Blpphysmally an |d¢gl
PS should firstly strongly absorb light at a specific

Other PSs and precursors that are availablelprizally wavelength in the red or NIR region (658850 nm) of the
or in the clinic include Metvix (métylaminolevulinic acid)  spectrum, where light penetrates deeper into tissues,
for the treatment of the skin conditions actinic keratosis andsecondly display the efficient gemadion of cytotoxic
basal cell carcinoma, LS11 (talaporfin sodium), which is species, such aseactive oxygen species (ROS) upon
undergoing trials for the treatment of colorectal cancer,irradiationor assome newer PSsuch as combretastatins
glioma and hepatocellular cancer and Tookad (Padopa@fi lead to adirectly acting drugwithout the generation of ROS,
Pd-bacteriopheophorbide, 763 nm) for the deep vascularand lastly exhibit high photostability and demonstrate
targeted PDT of prostate cangBr 51, 66. There has been a fluoresence to allow monitoring of their uptake into
considerable effort to develop PSs with further red shiftedtumours. From a pharmaceutical viewpoint other
absorption spectra to improve their activation at depth withinadvantageous features are simple large scale synthesis, good
tissues. Oe of the most successful examples for these effortsamphiphilicity (watersolubility for delivery and lipophilicity
are phthalocyaninkased systemsf which some derivatives for targeting), chemical stability, niited aggregation, and
show selective accumulation in tumours. They aretoait rapid breakdown into nortoxic metabolic products and
in their ground state and efficiently generate long lived H{fFUHWLRQ IURP WKH SDWLHQW[BY ERC
triplet states and ROS ldad to cell kiling. The 5, 15,19, 25,28, 42,43,59]. As yet there exists no optimal
phthalocyanine Pc4 (silicon phthalocyanine, 675 amgred  PDT PS that matches all of the desired requiremends an
the clinic where it is used for the treatment of cutanecus T therefore the development of useful new and clinically
cell lymphoma. Several watspoluble phthalocyanines relevant PSs is essential.
showed promising PDT efficiency, as well as
naphthocyanies which absorb at longer wavelengths (740
780 nm). It is hoped that the longer excitation wavelengt
would allow treatment at greater depth in tiss[s9, 59].
The texaphyrin Antrin® (Motexafin lutetium, 732 nm) is
another long wavelength PS that eéeed clinical approval . e .
for the treatment of breast and prostate caf§ei79-81]. overcome the undesired photosensitization caused by first

The natural product hypericin has been suggested as PS forggneration PSs and shit the PS activation to longer

less invasive PDT treatment of recurrent head and necﬁ;&zlﬁggkt\?:rinssgﬁ?jndhthgﬁ)nce?r?iﬁgs) \F/)vgfe.gd(eevggoggslrhir d
squamous cell carcinomas, because of its ROS generatio P y ped.

efficiency, tumour selectivity, fluorescence imaging Jeneration PSs were designed to improve selective tumour
capabilities and low dark toxicity. The PDT efficiency of 'A/9eting and drug accumulation by conjugating common
hypericin excited at 593 nm (150 mW, up to 60 Jjcusing PSs to carriers such as cholesterol, antibodies, and_llposomes
a Nd:YAG laser was tested vitro andin vivo delivering ~ and theefore reduce unwanted damage to healthy tisfies
evidence that it might be elinically useful PS[82, 83] 42, 69, 78] The section on targeted PDT bel¢7) will

Erythrosine is another potentially useful PS for PDT that COVE these developments in more detail.
accumulates in mitochondria as was shown on premalignang 2. Light sources for PDT

and malignant oral cell lineB4]. PDT is currently most .
successfully used in the palliative treatment of-ggjated The light source chosen for PDT treatment has a

macular degeneration (AMD) using the PS Visudyne® significant effect on the re#ts that can be achieved. The
(verteporfin, 690 nm), a derivative of benzoporphyrin, for choice of light source depends on its cost, reliability, size,

which it was approved by the FDA in 20p8 5, 10, 20, 24 available fluence ratélight dose) the PS used, the location

28, 59, 85] The combination of conventional PDT PSs with Of the disease site, as well as on the treatment depth inside
different synergisti drugs has been found to be beneficial to ISSU€ that needs to be achieygd32, 69] Ideally excitation
treatment outcomes. Experiments on human breast canc DYHOHQJWKV LQ WKH UHG RU 1,5 °W
cells demonstrated that cell kiling and therefore PDT tN€ penetration depth in tissues is improved compared to the
efficacy can be significantly increased by synergistic UV or visible range. The main types of Ilgh_t sources that can
treatment with the glycolysis antagonistsl@x-glucose or ~ D€ used for PDT are lasers, LEDs and filietemps (e.g.
3-bromopyruvate, but the underlying mechanism for this fluorescent tubes, metal halide, xenon arc, high pressure and
remains uncleaf86]. The administration of calcitrol, an !ncand_escent f'lamem lamps]10, 28, 69. Since the
activated derivative of Vitamin D3, prior to/LA delivery ~ Invention of the Finsen lamp there has been much
on squamous skin cancer in mouse models increased tHgchnological development leading to improved light

accumulation ofprotoporphin IX in the tumours and hence SouUrces. Early light soues that are mainly used for
the efficiency of GALA-PDT [18]. Combining the dermatological applications were often conventional white

conventional PDT treatment with the administration of lIght lampsusedin combination with filters to obtain PS

VEGF has been shown to improve the treatment outcomeﬁ;;]i;’ai%?”iga Eiret;gini\;1vaVPe||3e‘|r'1gtgfeoﬁgsa(.;l-lrsthewrr?i(();?\t ng?ir\?grn

monochromatic, coherent light and hence facilitate light

Photosensitizers can be broadly divided into three
hca’[egories, namely first, second and third generation PSs.
First generation PSs such as Photofrin® and HpD were
found tolead to extended skin photosensitivity and are often
given as part of a palliative care pathwfly, 42]. To
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dosimetry. Dye laserpumped by a tuneable arg@m laser  4.3. Two-Photon PDT (2P-PDT)
(~ 5 -10 W), that can be matched to the excitation o .
The use of twephoton excitation (2PE) of PSs in the
wavelength of the PS (e.g. 630 nm for HpD) were commonly . .
used clinically from the late 191V XQWLO WKH H D'\UJFbD et""eera £o0 & QP *WLVVXHiglteQGR Z°
the 1980s @witched soligstate frequencgoubled has een su gested as an Innovative approagh compared with
neodymiumdoped yttrium aluminium garn&td:YAG (KTP conventional PDT. The main advantage of using 2PE in PDT
(Potassium titanyl phosphatéor the second harmonic is the significantly impoved penetration depth of the

frequency conversioh lasers became the standard light exqitatipn light in tissues compared with UV or visible light,
source for BT, since they can provide high energy pulseswhlch is strongly absorbed by endogenous chromophores

and are more reliable than the previously used dye Iaserf#Ch as haemoglobin or melailv, 28, 29, 51, 85, 87, 89]

- ; the life sciences twphoton and multiphotorxcitation
Zﬁ& ';\lljvr?ep;g‘taor:ni%r;)ll)lgﬁggn(s~h7oort$gguﬁa;afsgzt?[ggnrerg?g)ed with NIR light has been successfully used for the imaging of
femtosecond pulsed (~15€200 f§ Titaniumsapphire lasers ~ icK biological specimens with reduced phoamage and
that provide high peak powers (tens of kWs) are usually thémproved 3D sectioning compared to conventional scanning

light source of choice. The disadvantages of some of thesgonf?cal Tlcr.oscopYNd, 87, 90]|EXp°S]f”EICIg "’}. Prﬁ to"ultra
advanced lasers is that they are rather expensive, bulky a ort ( pcosecond, §) pulses o ight _allows

5 ,
may rely on external water cooling arad nordomestic (3 IHILFLHQW VLPXOWDQHRXV" DEVRUSY
phasepower supply. Furthermore tieavelengtituning can chromophore in the ground state leading to the same excited
be complicated and may make these lasers less user friendjiee reas4Bcor2;no|2Ir¥ Z%hlter:/eedo ?r/allqjelmn t?n r;*ggzm;

and suited to the clinical environmenMore recently 'gu ), g as the ov groprovi !
semiconductor diode lasers have become commercialyFduivalent. Hence PS activation is also followed by the same
available which generigi come at a considerably lower cost Plotodynamic processes normally induced by-pineton

than pumped dye lasers, as well as with automated dosimetr citation, but with improved treatment depth and selectivity

and power calibration features. Furthermore their relatively the treatment aregs, 17, 25, 28’. 51’.87] Other
small size makes them more mobile. They do not rely Cmadvan'tages fo2PE are the highly localized light delivery

external watecooling, are very reliableral can be powered <0 B8 BEe OF2 = B SESL (ERTON) FOER
from the domesticmains and are hence easier to maintain. g

The major limitation of diode lasers is that they are restricted®_collateral healthy tissue or potential to target individual
to one wavelength (e.g. 630 nm) and need to be carefulljumour blood vessels. @pared with onephoton excitation
chosen depending on the PS being used. The development r PS activation lasenduced hyperthermia and therefore

: : - . phototoxicity is reduced when using 2PE, as NIR light
?geééjl%gez];/vnh multiple wavelengths is highly desira scattering and absorption in tissues is lower compared with

the absorption of UV or visible light by biologitmolecules

In some cases light emitting diodes (LEDs) may be used5, 17, 25, 28, 29, 50, 51, 85, 87, 89,].9Eurthermore
as alternative low cost light sources that provide narrowpreviously unsuitable PSs with excitation in the UV may
spectral bandwidths and high fluence rates for PS excitatiomow be explored by the 2P or multiphoton process using
in superficial cancers, such as skin lesions. LED arrays canisible and NIR femtosecond light.
be configured easily allowing to accurately define irradiation

areas of different geometries, e.g. linear arrays can be useIgDT), type one being simultaneous (resonant) and the other

endoscopically10, 28, 69] two-photon/two colouf28]. Here we will focus on the more

When lasers are used the light is oftesliviered to the  common type of twephoton absorption for PS activation.
tissue of interest through optical fibres coupled to the laserThe gimultaneougabsorption of two photons (within 10
Optical fibres also benefit from being readily incorporated s) was irst theoretically predicted by Maria Goppéfayer
into an endoscopic device making the light source easilyin 1931, but it was not demonstrated experimentally until the
inserted into areas such as the lungs, oesophagus, digestxGHYHORSPHQW RI WKH ILUVW ODVHUV
tract and the bladder for PDT. Additionally inflatable light intensities needed to trigger this low probability
catheters that are coated with a scattering material on thphotophysical and phothemical proces$92]. The twe
inside are available for improved light delivery, e.g. in photon absorption crossction of a molecule is a measure
bladder cancer. Implanting light sources in solid tumour forof the efficiency with which it will undergo a twphoton
deep tissue treatmehas also been proposiyq 21, 28, 32] absorption process, and the higher it is the higher will be the
. . . chance of a twghoton process taking plac&he twe
aamomes oo O ore et Seran s mauepolon bSorpion crosy i F W) 8 @eadured n Coppert
begn working towards the development 019 miF;\imaII Mayer units (1 GM = 18 cnt' s photori molecule’) [28,

9 P y 85, 87, 89, 93]For example the widely studied PS Photofrin

invasive endoscopic probes. One such minimally siwea has a twephoton absorption crosction of only 3 GM at

and simple contact endos_co_pic probe With an outer diameteéoo nm[94], whereas molecules engineered for 2PA have
< 1.5 mm that is inserted inside a conventional biopsy needl%rosssection’ values in theegon of 10 =10* GM (see
has been presented Goletlal. (2012). Their probe delivers below) 9 -

a field of view of up to several hundred microns with a pixel
resoluton of ~ 4 um determined by the distance of fibres 7KH 3VLPXOWDQHRXV" DEVRUSWLRQ
within the fibre bundle. Using aim vivo animal model they light (longer wavelength, less energy) by the ground state PS
were able to simultaneously detect and image theis a nonlinear twophoton proess leading to the generation
fluorescence of deep seated brain tumour tissue and itef a singlet excited statga a shortlived virtual intermediate
vasculaturg88]. state (18°V 8V XDOO\ 3VLPXOWDQHRXV"™ =

There exist two potential types of twatoton PDT (2P
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VKRUW OLJKW SXOVHV RI ” IV Z L Yékhe{riclinicalSadliddtich RSoenvledulaRdesign features
mostly tunable femtosecond melteked Titanium:sapphire are considered to enhance tploton absorption properties
laser, but more recently also pulsed diode and fibre lasers) aif organic molecules including the insertion of long electron
approximately twice the walength required to achieve ene rich @onjugated chains, substitution with electron donating
photon excitation. Twghoton photoactivation at depth in and accepting groups to increase intramolecular charge
tissues using ffasers for excitation may still be limited transfer properties and maintaining a planar molecular
when using conventional PSs (e.g. porphyrins) due to theistructure [50, 85, 101] Some approaches towards the
usually small twephoton absorption crosgectons (3 +16 implementation of 2PPDT and prepation of optimized

GM depending on derivativgd5]) and the oxygen depth two-photon PSs are discussed in the following.

profile in tissues. As mentioned earlier photosensitization
with clinically used PSs relies on Typeriechanismwhich f I Ay d timized for t A
requires the presence of oxygen, but tumour cores are most a novel promising dye optimized for tvmhoton

: . <o sabsorption called 4N -(2-hydroxyethyl}N-
hypoxic (educed oxygen) once they outgrow a certain size . , .
a%lrc)i the(rtumour ngc?vagculature gannogt supply Sufﬁciem(methyl)amlnophenyl]4—(6—hydroxyhexy| stfonyl)stilbene

: (APSS). The molecule was shown to have a highphaton
oxygen to their centre anymof, 17, 28, 50, 85, 87] absorption efficiency at 800 nm excitatigtwo-photon

Over the last two decades the idea of using two photongbsorption coefficient = 1.45 cm/GVY and to transfer its
of light instead of one to activate PBsPDT at improved energy to a PS in solution leading to singlet oxygen
GHSWKV LQ WLVVXHVY VWDUWHG WR demrafibhDdy \Wditbet \AttiatioR KnHpvegehe® v \WwidleQuidi R
led to the development of novel PSs and light sourcesoxygen[102]. Four years later another group demonstrated
optimized for 2PE. A Kkey issue regarding the that singlet oxygen was efficiently generated kgitation of
implementation of twegphoton methods is the need to 4-(diphenylaminostilbenedubstituted porphyribased PSs
improve the understaing of the depths at which PDT drugs molecularly designed for enhanced tpiooton absorption at
can be photoactivated and the photodynamic dose. In terms QP ZLWKLQ WKH 3WLVVXH ZLQG
of single photon activation the attenuation length is a keyfemtosecond pulsed lagé0]. The development of other 2P
parameter describing the distance into the tissue or medi®DT agents such afpophilic quadrupolar chromophores
where the applied light is reduced to eppmately 37%.  carrying anthracenyl and dibromobenzene resifiL@3] and
This parameter depends on numerous factors, includindiydrophilic conjugated porphyrin dimefd04, 105] with
drug, ranging from 6.5 mm to ~ 1 mm for excised tumour realistic and practical 2PA crosgctions having at least
and brain respectively using 6000 nm light[30]. The >100 GM (e.g. 8,000+ 17,000 GM for the porphin
ability to use further reghifted wavelengths has potential dimers), good photostability and high light absorptivity
benefits. To ar knowledge the first studies investigatingthe ZLWKLQ WKH 3WLVVXH ZLQGRZ" KDYH
XVH RI 3( IRU 36 H[FLWDWLRQ ZHU porphi#isibate IPS Wit tWpikdton ab§drption cross
Andreoni et al. (1982) described the use of two nésv sections of ~2000 GM bearing targeting peptide chains were
photons (10 ns pulsed nitrogen laser, 337 nm, ~250 kW peallescribed by Starkest al [51] (Figure 5A).
power, 30 Hz repetition rate, 20Wicn? peak irradiation
intensity) to excite HpD and achieve the PDT effect on rat
thyroid epithelial cell§96]. They did not fully exploit the

potential of 2PE because the advantage of increased depth

PS activation is better suited when using red & Nght as VO AMD models [103-105] Dahlstedt et al. (2009)
discussed aboyés absorbed significantly less by intrinsic 'nvestigated the edtts of 2PPDT using a range of
chromophores and also benefits from being scattered Ies‘éon]l"g"".ted porphyrin dimers ~ with - high  tyhoton
within tissue. Shortly after Bodaness and-voorkers absorption cross sections up to .17’000. GM. They found. that
reported the 2PE of the PS HpD using &\@tched Nd:YG P.C>-NMel was the most efficient dimer demonstrating

laser at 1064 nni@7] or an alexandrite laser at 750 nm in effe_ctive _twephoton adenocarcinoma cell killing when
solution[93] in 1985 The first demonstration of 2PE @m excited 1$ing a pulsed femtosecond laser at 920 nm (8.6

: 6.8 mW, 300 fs, 90 MHz). Unfortunately the irradiation time
vitro cultured oesophagus cancer cells by swtched . ; et X
Nd:YAG laser emittli)ng gat 1064 nm for de)éper activation required to achieve 50% cell killing using®-NMel (180 s)

; ~ 4 x as long as needed for the commonly used PS
depth in PDT of HpD dates back to 19888] and was was S X
followed by investigations using the even more efficient Visudyne® (44 s), when irradiagncell monolayers using a

: 657 nm continuousvave laser at 9.4 mw/chafter 18 h
two-photon PS pheophorbide[89]. Almost a decade later
the use of 2PDT in the treatment of bacterial infections (;Q FX EE‘LNIB T(Q a LtV\(/jfh 2PEO F[S?QIBKI]QOIEU XJ
(Salmonella typhimuriujn using psoralen derivatives -92Wa and Kobuke reported the 2FE ol watsuble se
activated by irradiatio with a pulsed modkcked assembled ethynyleritked ~ conjugated bismidazoyt

Ti:sapphire laserin vitro was successfully demonstrated POPhYins showing improved twphoton absorption cross
[87]. sections compared with monomeric porphyrins as well as

efficient singlet oxygen generation. Experiments on Hela

It was soon recognized that commonly used PSs such asells demonstrated twphoton excited photodynamic
Photofrin® have too low tw@hoton absorption cross activities comparable to hematoporphyrin whieradiating
sections (~% 100 GM), require extended illumination wigh ~ for 5 min at 780 nm (2 mW average powgr)0].
tightly focused laser beam, and are therefore unsuited for the
development of clinical DT [5, 7, 28, 50, 87, 89, 100]
Hence there has been much activity by way to develop nov
PSs with improved twghoton absorption properties whilst
at the sameirne retaining good pharmacological properties

In 1997 Bhawalker and his group reported the synthesis

The quadrupolar chromophores demonstrated effective
cell killing upon 2PE at 820 nm and the conjugated
Bprphyrin dimers were shown to be suitable fofPIPT inin

Not all approaches towards -HDT to date have been
eti)ased on the design of novel PSs, and the clinically well
characterized PS precursofARA (5-aminolevulinic acid)
has also attracted sigitént attention as a potential agent
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suitable for 2PE. Madseet al. used 2PE and fluorescence PDT compared with conventional cpéoton PDT[108,
microscopy of human glioma spheroids to show conversionl09]. In a followon study using chicken embryos and mice
of 5-ALA to protoporphin IX throughout entire spheroid with implanted tissue windows the sameogp found that
volumes using an argeon pumped dye laser at 63%n verteporfin 2PPDT for AMD might provide longdasting
with a fluence rate of 10 mW/d&nThey found that the 2P complete blood vessel closure with high selectivity, but pre
PDT induced cell killing strongly depends on the light clinical and clinical studies are still requird®1]. An
fluence rate usefll07]. Becket al. (2007) reported studies example of the success of tphoton activation using
on C6 rat glioma cells incubated with A for 4-5 h verteporfin asPS is shown inFigure 6. Another study
before excitation at 80@m using a fgulsed Ti:sapphire reported the localized single blood vessel closure using 2P
laser. Their experiments revealed the successfulPDT in a mouse window chamber model using newly
photodynamic cell killing on cell monolayers when using a designed conjugated porphyrin dimers as PSs with high
mean irradiance of 6.1 x 30N/cn? [17]. efficiency. These PSs are suggested to be particularly
powerful if administered in combination with aMEGF
drugs that prevent the formation of novel abnormal blood
vesselg85].

In recent years several research groups proposed the use
of nanoparticlePS systems to improve the targeted drug
delivery and tk depth of PS activation by upconversion.
Gaoet al. used so called photodynamic nanoplatforms that
combine the ability of tumour detection by MRI (magnetic
resonance imaging) and activation by 2PE. The-togit
nanoplatforms consist of a dye (TMPyP) gmaated in a
neutral, hydrophilic polymer matrix and selectively target
cancer cells (C6 rat glioma cell& vitro [25]. Another
approach was proposed using mesoporous silica
nanoparticles functionalized with a mannose derivative and
containing 6850 urst of a covalently encapsulated PS
(MSN1-mannose, 118 nm diameter) for -PBT. The
MSN1-mannose nanoparticles were investigated in human
breast and colon cancer cell lines, as well as xenograft
tumour mice and shown to bind to lectins overexpressed in
cance cells. They have large twphoton absorption cross
sections up to 8 MGM (~ 1200 GM per individual PS
molecule) and therefore might be a promising tool for 2P
PDT cancer therapi1].

Figure 5 Examples of PSs designed to have high-plioon absorption
crosssections.A Targeted porphyribased PS described by Starlegyal.
containing the central singlet oxygen generating chromophore (black) to
which are attachedhé conjugated groups (blue) that enhance the two
SKRWRQ FURY Y & vakigv/df R Q,000 GM at 820 nm enabling
effective application at depths up to 2 cm in tissues. Also attached are two
peptide units (R, red) that target the PS to the tumddi. B A
nanoparticlebased PS in which a chromophore with high 2PA cross section
(PFVCN) transfers excitation energy to the tetraphenylporphyrin (TPP)
sensitizer within the particle. In this fashion the efficiency of singlet oxygen
generation is increased 000x fold[106].

Approaches towards the development ofPIPT for the
clinical treatment of ageelated macular degeneration
(AMD), one of the most common causes for partial blindness
of the elderly in the developed world, were reported by
different resarch groupg17, 29, 85, 108]Onephoton PDT
using Photofrin as PS for the treatment of wet AMD is well
established in the clinic. The use of-BPT is believed to
enhance the selectivity of the AMD treatment at the

abnormal vasculature in the eyes ofigais. Twoephoton Figure 6 Demonstration of blood vessel closure by {@mton PDT in the

excitation in vitro on vascular endothelial cells using in’oyqchicken chorioallantoic membrane as a model for AMD treatrent.
Photofrin® (GM < 10) as PS (excited at 850 nm) showed 50Before treatment the blood flow in the direction of the thin arrows is

% cell killing at high laser peak energies of 6300 3/[21]. observedB After irradiation at 780 nm combined with Verteporfin in the

In vivo experiments on highly vascularized chicken area indicated by theircle, blood flow continues in the nerradiated

chorioallarnioic membranes treated with Visudyne® (689 nm vessels, but ceases in the occluded vessel indicated by the thick arrows.
L . . . - Adapted from Samkoe et al (20q3p9].

excitation) confirmed improved localised selectivity of-2P
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A means proposed to achieve more efficikgiht delivery chromophore for NIR imaging of the triad localization and a
and improved photosensitizationrfowo-photon PDT was small peptide that targets EGF receptors on the cell
based on polymer nanoparticles (~50 nm diameter)membrane that are overexpressed in some cancers. It was
conjugated with the PS tetraphenylporphyrin. The -two found that PO-triad activation using a 150 fs pulsed laser in
photon absorption crossection and singlet oxygen the NIR for 15+45 min (900 mW) led to tumour regression
generation efficiency of the PS upon 2PE were found to beand some complete cures in the mice after 28 days as
increased due to effiae energy transfer from the well as excellent wond healing[115]. Two years later the
conjugated polymer nanoparticle shfEllLO]. In 2012 Idris  same group published the resulif an advanced piinical

and coworkers reported the use of mesoporsilisaxoated  study on EGFR overexpressing HNSCC mouse tumours. The
upconversion fluorescent nanoparticles (UCNs) that convertumours were targeted with two separate dyads, both of
NIR light penetrating deep into tissues to Vvisible which have an EGFR targeting moiety and an imaging agent
wavelengths thereby activating two PSs (MC540 and ZnPcfor imageguided tumour resection or PS molecule
carried within the nanoparticles. Tumour growth inhibition respective}. Following the selective dyad uptake the beam
in in vivo mouse models using these targeted UCNs wadrom a Ti:sapphire lasewas focused to 1 mm in diameter
demonstrated upon 980 nm excitation with an inexpensivenear the tumour surface (800 nm, 100 fs pulsekHz
continuous wave laser diod#11]. Quantum dots have also repetition rate, 806t900 mW) and scanned over the tumour
been suggested as-PT agents that act as energy donors for 20 +25 min leading to twgphoton PS activation and

for the PSs (acceptors). An example is the use of lipid coatedomplete regression after 20 dajisl6]. Additionally in
QD-chlorin e6 (Ce6) complexes (QD:Ce6 1:5) that can be2015 Zouet al. demonstrated the selective bleoessel
excited by oneor two-photons (1030 nm, free quanudot closure and tumour growth inhibition in murine models upon

= 3325 GM, Ce6 = 13 GM) with an energy transfer 2PE at 800 nm. They studied a series of watduble
efficiency of 80 % in solution[112, 113] These quantum bis(aryidenH F\FORDONDQRQH 36V PRGL¢H
dot complexes have not been evaluatsithgin vivo systens glycol (PEG). A PS candidate carrying two asymmetric
so far. In another nanoparticle system a dye with high 2PEetraethylene glycol chains performed best and resulted in
crosssecton transfers mergy by Forster Bsonanceéenergy prolonged survival of the mice, hence indicating the
Transfer within the particle to embedded feasibility of using simple molecules to constr novel 2PE
tetraphenylporphyrinKigure 5B) resulting in a very large PDT PS candidatg417].

increase in singlet oxygen generation by the PS on excitatio
at 810 nn{106].

The targeted delivery of PSs is also ofthimportance
when using 2PE. Cellet al. pointed out the potential of
using multiphoton imaging for PDD (Photodynamic
Diagnosis or Detection) in combination with PDT making
use of the improved light penetration depth and localized
fluorescence excitationn tissues in the NIR. This has
recently been demonstrated in a nanoparticle construct i
which a chromophore with a high twahoton absorption
crosssection activates a conjugat&b via energy transfer
(FRET) [7]. Starkeyet al. (2013) compared the usef
octreotate to target SST2 receptors expressed on tumo
vessels and EGF receptor (EGFR) targeted peptide
conjugated with porphyribased PSs for deep tissue-2P
PDT treatment on xenograft mouse tumours. It was foun
that targeting of the SST2 receptevas more effective than Combretastatins are natural products that like stilbenes
that of EGFR as reduction of the tumour vasculature aloneexist in two conformations dependent on the geometry of the
inhibited further tumour growth and also that short pulsesubstituents relative to the central carmambon double
lengths (~120 fs) provide the best depth efficieficd]. bond. This different geometry lda to different photo

In 2008 significant regression of mouse breast and |undfjhy5|cal behaviour, which can be controlled and optimized

: or PDT. For example, thg&-(cis-) form is nonfluorescent
cancer xenograft tumours using a tetrapyrmsed PS . N
; : whilst the E-(trans)isomer is fluorescent~{gure 7A). The
desgned f_or 2PE was reported. Approx_|mat_ely 4h aftertwo isomers(also f)1ave differehtochemicafgbehavio)ur. Th
E;gqmilr\};ts;ri':lofgr::gsré%\cl)enlePlal'geZS_sri\./;:re lr:irraedllaatggr a('{18(|)(|0_|zz-isomer binds effectively to tubulirfF{gure 7B), therefore
repetition rate, 600:800 m\F/)V aveage.laspepr power, 1820 inhibiting polymerization to microtubules at nanomolar
. ; : PR oncentrations and halting cell division which eventuall
\(;V/crﬂ a\;erage |rrgd|ance2:k|alad|_ng tohtumour regression ?]t ‘?eads to cell death part?cularly in the rapidly dividingy
epth of up to cm. Following these experiments the : ;
researchers proposed studies in larger animals, in which the ned(())ttkl']]ilrlal'l];riljls dgfe?r:lj)rtngmrdvggceuflfigir\?éITE:ZOan;e;uocnh was
SXpeﬁt ';osbe?able[sti]efcg%;geSPSs elffect||v((ejly atd d found to be considerably less cytotoxig-320rders of
epth of 57 cm .In pangleet al, demonstrate . . .
the synthesis of so called PDT triads for the treatment Oimagnltude). The anuascular effects ofZ-combretastatins

led to phase -lll clinical trials in which a sodium di
FaDu Head and Neck SCC (HNSCC) xenograft mouse L .
tumours at depths from 25 <(:m. The) PDT '?riads are phosphate derivative af-combretastatin A4Z-CA4) was

: : T : tested as potential ardihgiogenic anticancer agent.
comprised of a synthetic porplyrwith a high twephoton . )
absorption crossection (2000 GM at 840 nm), a Unfortunately the combretastatin phosphate salt displayed

) 4. Alternative Strategy for Two-Photon Phototherapy
(2P-PDT) without ROS

We proposed an innovative approach, Type IV PDT,
towards the development of a novel type of {ulmton
phototherapy (2HPDT) using E-combretatatins as virtually
norttoxic prodrugs that can be converted to the highly
cytotoxic anticancer  drug Z-combretastatin by
Iphotoisomerization Kigure 7). This direct action of the
photoactivated drug enables it to bind to its cellular target
and induce dédeath.Photoisomerisation of combretastatins
represents a different PDT mechanism which unlike Types |

d Il does not require the presence of oxygen or as for Type
'ﬂ’ln does not involve interaction of the drugs electronic
excited triplet state with angther molecule to produce a
Ocytotoxic species.
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severe side effects such as cardiovascular toxicity thaCHO, HeLa and HUVEC (human umbilical vein endothelial
prevented the compad from making its way to the clinic cells) cells and particularly in lipidic environments such as
[118, 119] The E-combretastatin prdrug uptake and lipid droplets at concentrations up to two orders of
distribution in live cells can be monitored by multiphoton magnitude higher than that of the giug in the
FLIM imaging at 625 nm[120]. It was shown that- surrounding medium[120, 121] Mechanistically upon
combretastatins accumulate rapidly in the cytoplasnivef |  excitation of E-combretastatin the molecule is promoted to

Figure 7 Type IV direct combrstatin activation by twphoton excitation. A Mechanism of oneand twephoton excited reversibl& <Z-
combretastatin photoisomerization (RBMe, -CN, -N(CHs),, 51 -OH, -F, -NH,). The fact that the lowinding E-isomers are fluorescent permit
monitoring of their uptake and localization within target cells prior to photivation using fluorescencinaging at low laser power
Photoisomerization oE- to Z-combretastatin allows binding to its target site in tubulin leading to inhibition of microtubule polymerisation.
following this causes a halt in cell division and eventually cell d€atA-Combretastatin A4 induced apoptosis in CHO cell monolayers follow
photaactivation ofE-combretastatin A4E-CA4) assessed by staining with annexin V AlexaFluor488 conjugate (green) and propidium iodide
respectively.E-CA4 (0 DQG xx 0 ZDV DGGHG WR WKH OLYH FHOOV K EHIRUH LUUD
increasing average laser powers at the sample (1.6, 3.1, 4.7, 6.3, and 9.4 mW). Cell killing with micrometre precisimeveds®@ptimized pre
drug concentrations and laser powers (e.g. 2 & 3c or 2d) Figure 7C is adapted from Sclig@015)[122].
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its singlet electronic state by oner two-photon absorption implementation of 2FPDT in the clinic will depend on the
from which it decays by geometric conversion development of inexpensive and reliable pulsed NIR lasers,
(isomerization) on a subanosecond timescale to % two-photon endoscopic devices, the design of novel PSs with
isomer.lt is a direct predrug activation without the need of high twophoton absorption cross sections and good
the formation of a londived energy transferring triplet state pharmacological properties, waystarget the drug delivery,
and furthermore an oxygeéndependent processThe as well as making the systems easy to use for the clinicians
photoisomerization process is reversible and depends on thegy providing stable treatment protoc¢®2, 28] It has also
wavelength used for excitatiors at is commonly seen for been proposed that further depth of treatment may be
stilbened123, 124]. achieved using threghoton excitation of PSs. ThéPB of
hematoporphyrin IX (HpBIX) was demonstrated in DMSO
solution with an OP@&aser pumping at 1200 nm (25-ps
pulse length) by Cohanoschkt al. (2006) showinguseful

Thetrans: cis photoisomerization of combretastatins by
onephoton excitation (with UV light) was first described by

Petit antd Sb'?g.h h'n h1987" I(\j/vhobtused th'g hphr?ltOChf.m'Calthreephoton absorption cross sections. The results indicate
girs(-)g(;ﬁ?/agv%[l?g] igher yields oktpure and highly active that imaging and PDT atdéneased depth in tissues may be

' SRVVLEOH PDNLQJ XVH RI 3( RI 36V ZI

Two decades later Hadfield and-sorkers patented the ZLQGRZ™ EHWZHHQ [1291.QG QP

trans: cis photoisomerization of combretastatins by 4
excitation of the compound in a degassed benzene solution
using a 400 W medium pressure mercury langas Now that a wide range of potential PSs has been
chromatographic analysis demonstrated a rapidpb¢on developed, and advanced and affordable light sources are
excited isomerization process of CA#26]. In taking this avdlable, the demand for precise dosimetry in PDT is
concept forward Bisbyet al have characterised the increasing, to ensure safe, controlled and reproducible
photoisomerization of combretastatins in solution throughtreatment conditions. The fact that the light needs to pass
both one and 2PE at 34@nd 625 nm, respectively. A key through a range of media including complex optics, water
result was the ability to perform highly selective and tissues is a major challenigedosimetry[15]. A range
combretastatin prdrug activation using a femtosecond of other factors contribute to precise dosimetry including the
pulsed Tisapphire laser at 625 nm within live mammalian total light dose, the light exposure time, the fluence rate, the
cells that induced cell death within 24 h after irradiatidn  irradiation wavelength, drutp-light interval and the light
major benefit of the twhoton activation of E- delivery mode (single, fractionated oretronomic at a low
combretastatins is the high spatial resolution that can belose over an extended period of time). Also important are
achieved with micrometre precision and the potential tothe type of PS used, its concentration and localization, as
activate the prodrug deep within tissue due to highwell as the availability of @in the tumour which is key to
penetration of red excitation lighigure 7C). Furthermore,  efficient ROS formation (only Type | and I, 15, 28,69].
since the isomerization process is oxygeaependent it is  Several of these parameters such as the light penetration,
predicted that combretastatins might also have hightissue oxygen and PSs concentration can fluctuate during the
efficiency in hypoxic tumour centres where traditional PSstreatmen{28]. Ideally clinical dosimetry protocols should be
are completely inefficier[tL27]. combined with computational modelling (e.g. Monte Carlo
modelling) b predict the efficacy of PDT and optimise the
treatment parameters based on PS fluorescence and singlet
oxygen generation detectiof130]. The development of

5. Dosimetry

The development of novetombretastatin derivatives
with improved twephoton absorption properties whilst

maintaining its pharmacological characteristics are underwa)breCise PDT dosimetry is a major challenge because of the
including the synthesis of new molecules containing cyano variety of parameters involved, but hase potential to

substituents to improve intramolecular charge transferbecome a useful tool in the development of patient

properties[128]. Steps towards clinical trials are also a ; LI L
priority with the requirement to identify how effective 2PE ;lrfttgglzsed treatments and the optimization of existing

drug activation in tissue can be. Preliminary studies in 3D
tissue models has shown promising results achievingd.6. Photodynamic diagnosis/detection (PDD)
combretastatin photoisomieation at up to 1.7 mm depth in
agarose gelgl27]. Moving even further into the NIR region
to photeactivate the prarug may also be beneficial in
developing an optimised treatment regime and to this en
threephoton excitation (3PE) ofE-combretastatis at

The term photodynamic diagnosis or detection (PDD)
describes the detectioma monitoring of PS localization, as
ell as the location, depth and size of tumours and their
responses during PDT by using the fluorescence emitted by

wavelengths >850 nm have also been demonstrated as a W%Bé ftafessgul-fir::?é?:cofrgrt?neqapiIS ég;dlgiztﬁtr!?vr\l] Ia(s)svrerr)gwers
to improve the depth limitations of PS activation in tissues ging P gn p

[127, 128] Thesestudies are KH ¢ UVW WR G HP K& 9F/GHIVFE OLFR Activation. The relatve powers used
photoisomerization of stilbene derivatives for the or Imaging or activation are directy reated to the used.

; PDD might potentially be beneficial in the diagnosis of early
development of a novel type of #HDT processing the : L ; X
ability to function in a range of cellular environments, stage cancers and rdithe optimization of light délery

: ; : ; parameters could help to improve treatment outcdBie43,
including hypoxic regions, such as tumour cores. 69]. For it to be clinically useful in detecting cancers,

Currently 2PPDT is a new and exciting treatment adjustment of the irradiation area is necessary and post
modality for cancerandstill in its infancy. Agostiniset al. treatment PSs need to display sufficient fluorescence which
suggested that twphoton PDT may become especially can be difficul because of PS photobleaching caused by the
advantageous in the treatment of highly pigmentedhigh light dose irradiation during PDL5, 43] PDD has
melanoma or deeper lying tumoufS]. The successful been gaining attentioby virtue of thenumber of clinical
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trials showing its usefulness in the detection of bladderfolic acid, carbohydrates, somatostatin and liposomes have
FDUFLQRPD 6LQFH VeHKale®eekiktreasingV aldokoekd considered as delivery vehicles for [BS8, 61]
efforts by numerous research groups to develop Some groups suggest that an ideal drug delivery system
fluorescencébased cancer detection using the fluorescenceshould ensure the PS delivery into the cell nucleus from
from protoporphyrin IX (PpIX) which accumulates in where it would havea more detrimental effect compared
tumours following the application of-BLA. Fluorescence  with PSs that accumulate in the plasma memb(aneh as
detection using amcoherent light source was found to be a porphyring, Golgi or mitochondria. One way to achieve the
promising tool for the noinvasive endoscopic diagnosis of selective nuclear delivery of the PS was reported by Ogfura
bladder cancer with high sensitivity and might potentially al. who chemically tethered the PS chlotm poly-L-lysine
reduce the need for biopsi§g2]. Under operating theatre [61, 140]

conditions PDD also provides a ramhe surgical indicator
on potential cancer zones which aid and guide recognition o
areas in need of treatment and may even lead to a
automated selfargeting detection and treatment singlet
device. Furthermore the use of photodynamic detection
(PDD) following 5-ALA, hexyl-ALA or hypericin
administration by transurethral resection of bladder tumour
is hoped to lower cancer recurren§®31]. Others suggested
to further improve the efficiency of PDD by timmesolved
endoscopic detection using the maasnent of fluorescence
lifetimes on the subcellular lev§$8]. 5-ALA PDD was not
only investigated in bladder cancer, but also proved
promising for the intraoperative identification and resection
of malignant glioma[132, 133] The development of
intersitial PDT (iPDT) using implanted light sources (e.g.
cylindrical light diffusors) for PS excitation in malignant
glioma patients is also well underway showing that strong
fluorescence intensitieseporting high concentrations of
PpIX in the tumour before reatment and complete
photobleaching following PDT indicate favourable treatment
results[134, 13%. In Europe the fluorescence diagnosis of
bladder cancer after injection of hexaminolevulinate solution
is clinically approved136].

argeted delivery of PSs that consist of a NIR activatable PS
such as benzoporphyrin derivative monoacid A or
phthalocyanines) and cancer cell targeting antibodies (e.g.
cetimab) which bind to overexpressed enzymes or
Sreceptors in the neoplastic tissue or tumour vasculdiyre
141, 142] Photoimmunotherapy using a NIRbsorbing
phthalocyanine (IR700) conjugated to monoclonal EGFR
binding antibodies triggeredn vivo xenogrdt tumour
shrinkage after irradiation with NIR light in EGFR
overexpressing cells. Furthermore PIC fluorescence can be
used to monitor the PS localization and accumulgt@3].
Benzoporphyrin derivative monoaefd conjugated to
cetuximab, an antGFR atibody, changes the PS
localization within EGFRpositive cells from mitochondria
to lysosomes. No phototoxicity was observed in EGFR
negative cells[142]. When the same conjugate was
additionally incorporated into Preformed Plain Liposomes to
form so calld photeimmunoconjugateassociating
liposomes (PICAL) PDT induced cell killing of ovarian
cancer cells was further enhanddd4]. The evaluation of
PICs in EGFR overexpressing mouse models of A431
squamous cell carcinoma cells in which irradiation leiads
The noninvasive fluosescence  monitoring of fluorescence and ROS generation causing lysosome
fluorescently labelled epidermal growth factor (EGF) in proteolysis showed cell killing of individual micrometastases
glioma cells has been suggested as a useful tool t§141]. Yano et al. 2011 proposed the addition of a sugar
differentiate between EGFPositive and EGFRegative moiety to PSs to improve their targeting towards tumour
tumours noninvasively prior to PDT137]. PDD was  cells which consume larger aunts of glucose than normal
recently evaluated irhuman malignant glioma biopsies cells (Warburg effect)[3]. The preparation of a nen
(from 33 patients) that receivedA. A PDT. Researchers conjugated tumour targeted NIR imaging agent and PDT PS
looked for changes in fluorescence (non, weak, strong) tdased on heptamethine dyes-888) which shows efficient
determine cell density and tissue type and were able tdight induced cytotoxicity towards cancer cells has alssmbee
differentiate areas of solid tumours and tissuedtiafed by reported145].
tumour cells, which may be useful during tumour resections
[138]. An alternative approach is the monitoring of singlet
oxygen luminescence (SOL). Comparison of S@Ased
dosimetry with PS (PplX) photobleaching and- re
accumulation following PDTn erythema showed that even
though SOL can be a useful parameter to predict the tumo

% Photoimmunoconjugates (PICs) are complexes for the

Hasanet al. and others have found that the cellular
expression levels of VEGF and EGFR in prostate, pancreatic
and ovarian cancer cells are affected by PDT. These findings
indicate that a synergistic treatment approach using PDT in
utl:orrbinlftionhwitz targe_ted agents milght beI more ef_fectivg
P .. than the photodynamic treatment alone. Investigations in
[igg?nse absolute fluorescence photobleaching is SUffICIentr?rostate cancer animal models showed that PDT leads to the

’ accumulation of VEGF, which is believed to have an
4.7. Targeted photosensitizer delivery enhancing effect on tumour growthdametastasis. Using a
synergistic approach administrating the VE@®Ribitor

devZﬁ)Cerrnwg)r/\t o?en;t?\rgtljs fgisrergfeheﬁgég\ljgsan dr‘ig?rgg d ngeoevacizumab (Avastin®) encapsulated with benzoporphyrin
P 9 (gerivative in animal models of pancreatic cancer showed a

delivery to specific molecular targets (receptors) expresseq.: .. ;
by tumour cells or tumour vasculature, e.g. by attachiR$ ignificant reduction of lung metastagek

to monoclonal antibodies or antibody fragments with In 2014 Huet al. presented an approach towards the dual
specificity to certain molecular targetor encapsulation in a targeting of both neoplastic cells and the tumour
lipoprotein shell. The latter also protects the drugs fromneovasculature at the same time using newly designed PS
enzymatic or macrophagic digestion before reaching itsfactor VIl conjugates that selectively bind to overexpressed
target site. Gold nanoparticles, peptides, proteins such aissue factof8]. An alternative approach forgHocalized PS
transferrin, EGF or insulin, low density lipoproteins (LD GHOLYHU\ LV WKH XVH RI D UHODWLY'}
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optic EDVHG VHQVLWL]JHU GHOLYHU\" @Bl 8D mbdeZsystenks t& iudy thel efféc@iveness of PDT
been successfully tested on ovarian cancer cells. The devide vitro

has a fluorosilane tip containing the PS ph8 KR U BI=G H . . .
669 nm) and a hollow fibre that delivers oxygarvitro to As mentioned previously a major hurdle for PDT when

using 2PE is to understand the depths of light penetration
generate ROEL46]. and distribution within biological tissue. 3D tumour models
The direct conjugation of PSs to oligonucleotides is such as multicellular spheroids that mimic real tissues more
another way to improve the targeted drug delivery intorealistically than cell mnolayers have been recognised as
tumours. The PS (here chlorin e6) and antisenseuseful tools tocharacterizelight penetration and drug
oligonucleotide (here Bet SSO) polyplexes should ideally responses. As suggested by several groups they can be
co-localize in endocytic vesicles. Irradiation should lead to particularly useful in studying the effectiveness of H32,
PS induced ROS generation. The ROS cause disruption df53]. For examplehigh-resolution fluorescence iging of
lysosomal or endosomal membranes and hencahe clinically approved PS benzoporphyderivative
oligonucleotide and PS release to thgosol of the target monoacid ringA (BPD) in 3D models of ovarian cancer
cells, a process called photochemical internalization. Thisusing illumination from a fibre optic micrendoscopehas
was shown to trigger cancer cell killing by a combination of been previously shown and suggested to Isech a
PDT effects and gene therapy by oligonucleotide mediategotentially useful diagnostic tofdr studyingin combination
oncogene modulation. The use of macromole@#e with PDT in 3D [152]. FurthermoreGlidden et al. (2012)
conjugaes is believed to be a novel cancer treatment strategjnvestigated the combination of fluorescence imaging to
and may be extended to the delivery of siRNA, antisensequantify the uptake, localization and photobleaching of BPD
single stranded origin (SSO) and miRNA antagoijiisy]. with PDT treatment using the same PS under different
. . treatment conditions in 3D pancreatic carcinomavitro
4.8. Nanoparticles in PDT

models[153] as illustrated irFigure 8.

An alternative, more recent approach towards improved
PS ddivery in PDT, and already mentioned above in the
context of metal and metabated complexess the use of
nanoparticles [148]. Other forms of nanoparticles are
spiropyranbasedsystems thashrink to less than half their
original size (103 to 49 nm) updrradiation at 365 nm and
therefore show improved penetration, retention in tissues and
controlled drug release. When encapsulating drugs such as
docetaxel in these nanoparticles they are delivered into
tumours and their vasculature more effectively dnmhce
lead to improved treatment efficiency upon irradiation
compared with the free drug as shown in mouse sarcoma
tumour model$149].

Not only may nanoparticles be employed to potentially

improve PS delivery to its target site, but also to improverigyre g Use of verteporfin (BPD) as PS in a AcRCumour nodule
acivDWLRQ ZLWKLQ WLVVXHV XWLO L Jho@N Tritde SdsuRsQiambhbirMddR @ect fidbreddehcd imaging of PS
class of nanomaterials that are relatively +taxic are uptake and loglization by confocal microscopy, b) photobleaching of PS as
anthanidedoped photon wpconverlng nanopartles that, 1L MRS G I, L) /e e fon
transform Iong\A(avelength low energy NIR light into shorter fluorescence} dead (propidium iodide/red fluorescence) as¢8gale bars
wavelength emission. These faanide systems demonstrate 3so ym). From these combined measurements, it is suggested that
deep tissue penetration and are readily imaged deep insidgrameters for PDT (dose, PS concentration) may be optimized. lllustration
tissues (up to ~ 3.2 cm in pork tissue) with low backgroundadapted from Gliddeat al.(2012)[153].
emission enabling the potential to visualise the fighuced
drug release and PDT actifb0, 151. On thedownside the
absorption cross sections of current upconverting
Cva?orp)ﬁrtlctli(re]s |sfflov;/ aq_ﬂieTQtﬁtlon datt 9;30 r\‘/mr carg Iet?d t; iability. A range of PS and light doses were tested
dael ea tg ef ec S.I NNSbES/Topet 'do eto erco et' y emonstrating the most significant effects (reduction in live

eve oprtneln ?h r][oveb 'tr dmt rgo%pan 5u1pC(\)(nver '?g volume and cell viability XVLQJ 0 EHQ]RSR
nanoparticies thatan be excited a ns1]. Yange derivative (BPD) irradiated with a 69tm fibrecoupled

al. (2014) reported the preparation of silicaated GLRGH ODVHU LU U D G)Is@Fdrtietmore P : »
NaYFs:Yb, Tm@NaGdE upconverting nanoparticles with 0" e atime imaging of the uptake d-combretastatins in

the. PS hyplocrelllin e_ncapsulated insidg Si”fa SheIISmulticellular spheroids (~ 408600 um diameter)sawell as
conjugated with folic acid for tumour targetingex = 980 o highly  selective spatial phetonversion of

nhm). The_y also_ Showed that uptak Of these upconverting , nretastatin derivatives in threemensional agarose gels
ngnopgrncles into Hela aT‘d HEN3 cell_s and Fhe at depths up to 1.7 mmas demonstrated 27]. A key issue
triggering of cell death following irradiation with NIR light is the ability to determine the level of cell death deep within
[150]. spheroids. Ithas been suggested to use computational
analysis of the fluorescence images obtained from 3D model
systems grown in a multiell format to acquire high
throughput quantitative information on growth inhibition and

In 2013 Anbil et al. proposed a 3D model system of
ovarian @ancer spheroids to study the PDT response based on
the correlation of live volume (fraction of live cells) and cell
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cytotoxicity. Celliet al.recently repoed the development of phase | and Il human trials in the near future and to bring
such a platform named qVISTA which is widely accessible two-photon PDT to the veterinary market using next
to research laboratories with an inverted fluorescencegeneration PDT agents.

microscope and modestly equipped [265] The multifacetd nature of cancer certainly requires a

variety of treatments to be made availabl®ngoing
technological, fundamental and clinical resear@hly
supports a viable routéowards establising PDT as a
mainstream cancer treatment modality or at the verst laa
freatment modality that can be used in combination to other
cancer therapies. For PDT to become widely accepted,
precise and reliable dosimetry of the light delivery, as well
as the PS and oxygen concentration at the tumour site, are
essential. The delopment of complete, inexpensive and
efficient treatment packages for clinicians that include the
n]ight source, PS and a simple treatment protocol is highly
desirable.

4.10. PDTusing PSs withantimicrobial effects

PDT has also been suggested asaHernative to treat
bacterial infections particularly under the light of rising
antibiotic resistances. Bacterial strains that show resistanc
to multiple antibiotics are effectively killed by PDT and are
less prone to develop resistandég, 156, 157] Hamblin
and ceworkers reported the first proof-principle study
using PDT to treat bacterially infected wound sites in mice
by topically applying a pohL-lysine and chlorin e6
conjugate to the target site, which was activated with 660 n
laser light. It was shown thatEscherichia coli bacteria

responsible for infecting the wounds were rapidly killed by

the treatment without harming healthy tissue in the miceCONFLICT OF INTEREST

[157]. This was followed by studies on other
microorganisms such &taphylococcus aurewndCandida
albicans and using additional PSs such as rose Bengal
toluidine blueO and methylene blue. The pbNysine
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