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PROVIDE A C O M P R E H E N S I V E 

LOOK AT P H O T O D Y N A M I C 

T H E R A P Y — A PROMISING 

T E C H N I Q U E T O TREAT C A N C E R , 

CORONARY ARTERY DISEASE, 

AND OTHER ILLNESSES. 

Photodynamic therapy can be defined as the administration 
of a drug known as a photosensitizer (PS) either topically, locally, or sys¬
temically to a patient bearing a lesion (generally, but not always cancer), 

followed after some time by the irradiation of the lesion with visible light (usually long 
wavelength red light), and leading to a desirable therapeutic outcome. A schematic 
representation is shown in Figure 1. 

History 
The concept of photodynamic therapy (PDT) dates from the early days of this century 
when workers used dyes such as acridine and eosin together with light to treat skin 
cancer. Hematoporphyrin (a derivative of the pigment found in red blood cells) was 
also first used at this time and sporadic reports of both selective localization of por
phyrins in tumors and regression after exposure to visible light appeared until the 
1960s. The modern explosion of interest in PDT dates from the discovery of hemato
porphyrin derivative (HpD) by Lipson and Baldes in 1960, and was fueled by pioneer
ing studies in both basic science and clinical application by Dougherty (notable among 
many groups). After experience of treating tumors with H p D - P D T was accumulated, 
it was realized that this compound had disadvantages, including prolonged skin sensi
tivity necessitating avoidance of sunlight for many weeks, sub-optimal tumor selectivi
ty, poor tumor penetration due to the relatively short wavelength used (630 nm), and 
the fact that it was a complex mixture of uncertain structure. In recent times much 
work has been done on developing new PS, novel targeting strategies for delivering PS 
to tumors, and new light sources including lasers. 

P D T has an inherent dual selectivity. Not only does the PS selectively accumulate in 
the lesion, but the effect is confined by spatial control of the irradiating light. This mini
mizes collateral damage to surrounding normal tissues. Side effects are minimal, gener
ally confined to skin photosensitivity obliging the patient to avoid sunlight or strong 
artificial light for varying times depending on the PS used. In general, the development 
of tumor resistance, as is frequently found with both radiation therapy and chemother-
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apy is not a problem. The healing of the damage pro
duced is remarkably good considering its extent. 

By far the most common compound in clinical use is a 
hematoporphyrin derivative in its semi-puri f ied form 
known as photofrin (PF). This is almost always adminis
tered systemically, and treatment is usually 24-72 hours 
later. However, the light used to excite PF is 630 n m and 
this does not penetrate far into tissue due to absorbance 
by h e m o g l o b i n and other t issue ch romopho res . 
Penetration distance increases with wavelength up to 900 
nm, and newer PS generally have absorption maxima in 
the 650-800 nm range. These PS (in clinical use, although 
not wi th ful l F D A approval) include benzoporphyr in 
der ivat ive ( B P D ) , m- te t rahyd roxypheny l ch lo r i n 
(mTHPC) , monoaspartylchlorin e6 (Npe6), tin etiopur¬
purin (SnEt2), and zinc phthalocyanine. Recently endoge¬
nously produced protoporphyrin IX (PPIX) obtained by 
topical or systemic administration of its biochemical pre
decessor 5-aminolevulanic acid (ALA) has been intro
duced. Although selectivity of the PS for tumors was the 
original driving force behind PDT, in reality, the tumor to 
normal tissue ratios can be highly variable. Most PS accu
mulate in the liver, spleen, and kidney, but for most P D T 
applications this is not a problem since these organs are 
not exposed to light. The crucial ratio of PS concentration 
is that of tumor to surrounding normal tissue which is 
likely to be in the field of irradiation. There is a phenome
non known as photobleaching when the PS, in addition to 
producing cytotoxic species, itself reacts with light and 
oxygen and becomes no longer phototoxic. For PS that are 
susceptible to photobleaching this is thought 
to allow more selective tumor destruc
t i on because o f the th resho ld 
effect whereby lower PS con
cent ra t ions i n the pe r i¬
tumoral tissue are photo-
bleached before sufficient 
cy to tox ic species have 
accumulated to cause seri
ous tissue destruction. 

Light source and delivery 
The light required for P D T is gen
eral ly i n the 600-800 n m range 
although on occasion green, blue, 
and white light have been used. Longer wavelengths are 
desired because they provide the "therapeutic window" 
or the region of the spectrum between the reduction in 
absorpt ion due to hemog lob in , and the increase in 
absorption due to water, to gain deeper penetration of 
light into the tissue. There is no absolute requirement 
for coherent laser light, but in recent years the develop
ment of reliable red lasers, and flexible fiberoptics has 
led to lasers being the predominant light source. Lasers 
in use for P D T can be either cont inuous or pulsed. 
Historically, the most common PS has been PF, which is 
usually excited at 630 n m and most laser output has 
been directed to this wavelength. The usual continuous 
laser is the argon-ion pumped dye laser which is tunable 
between 600 and 700 nm and can generate up to 4 W. 
The 514 n m line of the argon laser has been used for 

Intraoperative PDT in an orthotopic 
rat prostate cancer model 

P D T requiring shallow light penetration. There is evi
dence that the light penetration f rom pulsed lasers is 
deeper than that f rom continuous lasers for the same 
average power. This may be due to transient photo
bleaching where a high energy short pulse saturates all 
the absorbing chromophores in the light path allowing 
deeper penetration. Pulsed lasers in use for P D T include 
the gold vapor laser (628 n m light, 50-100 nsec pulses at 
frequencies of 4-20 k H z and average power output of 
up to 9W), the frequency doubled N d : Y A G pumped dye 
laser (tunable, 470 nsec pulses at frequency of 25 kHz , 
average power 4 W ) , and the excimer pumped dye laser 
(tunable, 10-100 nsec pulses at frequency 20-80 H z , 
2-6 m j per pulse) which has gained great support in Japan. 

The introduction of far red absorbing photosensitiz¬
ers, has hastened the development of solid-state diode 
lasers. These are portable, need no bulky power supplies 
or water cooling, and can deliver up to 500 m W c m - 2 of 
light at selected wavelengths between 600 and 850 nm. 
Also becoming available are arrays of red emitting LEDs 
which can be coupled into optical fibers. A typical L E D 
array wi l l emit at 670 n m and comprise 40-60 diodes 
delivering 500 mW. 

Light delivery is by a focused spot using a lens or 
f iberoptic, or by an cyl indr ical or spherical diffusing 
fiber tip for interstitial application (where the fiber tip is 
physically inserted into the tissue). Similar cyl indrical 
diffusing fibers can be used for narrow tubular structures 
such as the bronchus, bowel, or arteries, or by a diffusing 
fiber encased in an inflatable balloon for body cavities 

such as the bladder or uterus (See Fig. 2). 

Applications 
Cancer 

Superficial bladder cancer 
is one application particu
larly suited to PDT. This 
is e i ther p r o p h y l a c t i c 
treatment after trans-ure¬

thral resection of papillary 
tumors or treatment of car

cinoma in situ. Both manifes
tations may be multi-focal. Whole 
b ladder i r rad ia t ion after i n t ra 
venous PF is performed wi th an 

intravesical balloon or other device to ensure uniformi
ty of the light dose to the entire bladder. 

Endobronchial lung cancer in its early or superficial 
stage is suitable for curative P D T and is part icularly 
suitable for patients with multiple pr imary tumors and 
those unfit for surgery. Again most studies have used 
intravenous PF and light delivered via a flexible fiberop
tic bronchoscope. Clean-up bronchoscopy is performed 
48 hours later to remove necrotic tissue and mucus 
p lugs. P D T has been used for pa l l i a t i on o f airway 
obstruction in advanced lung cancer. 

Somewhat similar to endobronchial cancer is the sit
uat ion found in esophageal cancer. Ear ly superf icial 
lesions can be cured and P D T is under investigation in 
the treatment of Barret's esophagus. This is a condition 
in which the esophageal epithelium becomes columnar 
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Figure 1. Schemat ic diagram illustrating PDT. P S is injected systemical¬
ly, spreads throughout the body, and then localizes in tumor. After a 

selected time the tumor is irradiated with correct wavelength light, which 
leads to the death of tumor cel ls . 

and is very likely to undergo neoplastic change. Again, 
P D T is used for pa l l ia t ion o f advanced esophageal 
lesions in patients who have been heavily pretreated 
with surgery, radiation, and chemotherapy and still are 
unable to swallow. 

Skin cancer (basal cell and squamous cell) have been 
treated with P D T using topical or systemic administration 
of PF or ALA . Topical administration is thought to work 
because the skin overlying the tumor becomes more per
meable, and when a penetrating agent such as dimethyl 
sulfoxide is used, sufficient PS accumulates in the tumor. 
Incomplete destruction of the thicker tumors, however, 
remains a problem. A similar situation is found in breast 
cancer, metastatic to the chest wall, which can resemble 
skin cancer. Cutaneous T-cell lymphoma (also known as 
mycosis fungoides) has 
been treated with PF and 
BPD-mediated PDT. 

O the r app l i ca t ions 
include, cancers of the oral 
epithelium such as AIDS-
related Kaposi's sarcoma, 
laryngeal and nasopha
ryngeal cancers, advanced 
inoperative colorectal can
cer, widespread metastatic 
cancer in the abdomen, 
and ocular cancers such as 
choroidal melanoma and 
retinoblastoma. 

Some tumors, despite 
apparent ly successful 
resect ion, are prone to 
local recurrence. This may 
be due either to undetect
ed spread be -yond the 
margins, or to the inadver
tent shedding of t umor 
cells during the resection. 
In either case, intraopera
tive PDT may act to "steril
ize" the tumor bed, and 
reduce the local recurrence 
rate. Th is approach has 
been carried out in brain 
tumors (par t i cu la r l y 
supratentor ia l g l iomas) 
and proposed as an adju
vant intraoperative treat
ment in resections of colorectal and head and neck cancer. 

It is becoming increasingly common for patients who 
must be treated with very high doses of chemotherapy 
for leukemia, lymphoma, or breast cancer, to have bone 
marrow removed before the chemotherapy, and rein-
fused afterwards in order to repopulate the immune sys
tem. In this case it is important to ensure that there are 
no tumor cells left in the bone marrow that could also 
introduce the cancer back into the patient along with the 
marrow. In the technique known as extra-corporeal bone 
marrow purging, the marrow which is a free flowing cell 
suspension, is treated with a PS and light, which results 

Figure 2. 1) Superf ic ial irradiation: incandescent lamp with filter and 
lens; 2) Superf ic ial irradiation: laser light delivered by fiber optic; 3) 

Interstitial irradiation: cylindrical dif fusing t ipped fiber; 4) Interstitial irra
diation: spherical di f fusing t ipped fiber; 5) Intraluminal irradiation: hemi¬
cylindrical dif fusing t ipped fiber; and 6) Intraluminal irradiation: spherical 

dif fusing t ipped fiber encased in a balloon filled with scattering liquid. 

in the kil l ing of four to eight logs in tumor cells under 
conditions where viability of the bone marrow stem cells 
is reduced by half. 

Non-cancer 
Coronary artery disease causes extensive morbidity and 
mortality comparable to that caused by cancer, and P D T 
has been explored for two reasons. PF and other PS local
ize in atherosclerotic plaque, and since laser fiberoptic 
methods are already in use for thermal angioplasty, it is 
possible to carry out photodynamic angioplasty. In anoth
er case, after the common procedure of balloon angioplas
ty, the main cause of failure is intimal hyperplasia which is 
a massive proliferation of smooth muscle cells causing an 
equal or greater arterial obstruction than the original 

plaque. In experimental 
an ima l mode ls , P D T 
destroys these hyperpro¬
l i ferat ive cells w i thou t 
affecting the ability of the 
endothelium to regrow. 

Patients w i th diffuse 
laryngeal papil lomatosis 
due to human papilloma 
vi rus have been treated 
with PF P D T with a 95% 
complete response rate 
las t ing four years. 
Appl icat ions of P D T in 
dermatology include pso
riasis (similar to the well 
k n o w n psora len U V A 
therapy but us ing B P D 
and red l ight), and pro
posals to use P D T to 
reduce the reject ion of 
sk in grafts f r o m n o n -
related donors, to treat 
acne vu lga r i s , and to 
remove port-wine stains. 

One treatment used 
i n the t h e r a p y o f 
rheumatoid arthrit is, is 
synovectomy ( removal 
of the in f lamed hyper¬
proliferative synovium) 
i n the a f fec ted j o i n t . 
T h i s may be a c c o m 
pl ished wi th a systemi¬

cally administered PS and percutaneous intra-art icu
lar fiberoptic irradiat ion. 

Choroidal and retinal neovascularization is a major 
contributory factor in loss of sight caused by diabetic 
ret inopathy and age-related macular degenerat ion. 
There is a clinical trial of P D T using B P D to selectively 
ablate these new vessels. 

E n d o m e t r i a l ab la t i on is a usefu l techn ique for 
women who suffer excessively heavy menstrual periods 
but who do not w ish to have a hysterectomy. Loca l 
administration of a PS (PF or A L A ) is followed by irra
diation of the endometrium via an intra-uterine balloon 
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fiberoptic diffuser. This results in a decrease in bleeding 
which last for many months. 

There is great interest in using photodynamic meth
ods to sterilize b lood and b lood products f rom v i ra l 
contamination especially from H I V and hepatitis. This 
is similar to the situation in the purging of bone-mar
row, where the PS and light are applied in vitro and 
must k i l l high percentages of viruses while leaving nor
mal blood cells unharmed. 

Recent advances in cellular mechanisms 
The mechanism by which i l luminat ion of the PS can 
lead to cytotoxic species is schematically illustrated in 
Figure 3. Light of the correct wavelength to be absorbed 
by the ground state PS excites the molecule to the excited 
singlet state, which, i f it does not lose energy by fluores
cence or as heat by internal conversion, may undergo 
intersystem crossing to the 
somewhat lower energy 
triplet state. This triplet may 
absorb more energy wh ich 
can lead to f o r m a t i o n o f 
react ive rad ica ls , or can 
transfer energy to the ground 
state of oxygen (which is the 
triplet) and transform it to 
the excited singlet state. Both 
reactive radicals and singlet 
oxygen have been implicated 
in damaging important bio-
mo lecu les such as l i p i d s 
(unsaturated fatty acids) and 
proteins (hist idine, t rypto
phan, and cysteine residues). 

D i rec t D N A damage by 
react ive species does no t 
seem to be an important factor in PDT. The efficiency of 
this photodamage to biomolecules in k i l l ing cells wi l l 
vary depending on the intracellular location. Many PS 
localize in membranes including the plasma membrane, 
mitochondrial membrane, and membranes of the endo
plasmic reticulum, while others seem to be dissolved in 
the cytoplasm, and others local ize in lysosomes. In 
recent times, a distinction has been drawn between two 
different pathways of cell death: necrosis and apoptosis 
(or programmed cell death). The latter mechanism is 
mediated by a complicated pathway of intracellular sig
naling sometimes initiated by l igand receptor interac
tion at the plasma membrane, and results in fragmenta
t ion of the D N A into a typical ladder which has been 
observed after P D T in vitro. It is thought that approxi
mately 10 8 active species (each one produced by the 
interaction of a molecule of PS with a photon and a 
molecule of oxygen) are needed to ki l l each cell. 

In vivo transport and localization 
The mechanisms by which PS localize in tumors has 
also been the subject of much investigation. It is not 
thought that malignant cells themselves take up more 
of the compounds than normal cells, so the preferen
tial accumulat ion must be attr ibuted to some gross 

feature of tumor anatomy or physiology. A l l tumor 
localizing PS are extensively bound to serum proteins 
and it is thought that this binding plays a role in the 
preferential accumulat ion in tumors by virtue of the 
increased permeability of tumor b lood vessels and the 
inc reased exp ress ion o f l i p o p r o t e i n receptors i n 
tumors. Other theories propose that tumor associated 
macrophages attract P S , or that the decreased p H 
f o u n d i n t u m o r s , or the increased m i t o c h o n d r i a l 
potential is responsible. 

In vivo mechanisms of tumor destruction 
The theory that the tumoricidal effect was due to simple 
destruction of tumor cells by cytotoxic species has been 
replaced by the realization that two other important 
effects are also at work. The first additional mechanism is 
the vascular effect in which tumor blood vessels undergo 

shutdown or stasis due to a 
combination of vasoconstric
t ion and thrombosis, proba
bly caused by the effect o f 
P D T on the e n d o t h e l i u m . 
This starves the tumor of oxy
gen and nutrients. The second 
additional effect is that of the 
host i m m u n e system. The 
gross result of P D T is similar 
to an acute i n f l a m m a t o r y 
response, when initial edema 
and erythema are followed by 
an i n f l ux o f host i m m u n e 
cel ls . T u m o r associated 
macrophages (present before 
i r r ad ia t i on ) may become 
either photodynamically acti
vated, or able to recognize 

and destroy t umor cells wh i ch have suffered smal l 
amounts of P D T damage. 

Second generation PS 
M a n y attempts have been made to f ind compounds 
which improve on PF in three respects. First, the ideal 
PS should have a sizable peak in its absorption spectrum 
at a wavelength which allows penetration of the irradi
ating light deeper into tissue than that achieved with 
630 n m light used for PF. If the absorption coefficient 
was also considerably larger it would allow an equiva
lent P D T effect to be obtained wi th less l ight, or less 
drug. Second, the PS should show increased selectivity 
for the tumor or other lesion compared to that achiev
able wi th PF. It is also technically advantageous i f the 
time of maximum tumor selectivity is shorter than the 
48-72 hours usual for PF ; a time of a few hours would 
allow one day treatments in a single clinic visit. Thi rd, 
the skin photosensitivity should be min imal (only PF 
among the c l in ical ly used PS presents a serious and 
long-lasting skin photosensitivity problem). 

Targeting strategies 
To increase the selectivity of PS for the target tissue, 
attempts have been made to administer the PS either 

Figure 3. Schemat ic energy diagram illustrating absorption of 
light by groundstate P S . Energy which is not lost by fluores

cence or internal conversion may undergo intersystem cross
ing to triplet state. This triplet P S may absorb more energy to 
give cytotoxic radicals, or may transfer its energy to ground 

state oxygen to give excited state triplet oxygen which is a lso 
cytotoxic. 
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covalently bound to, or associated with, other mole
cules. Because many PS are hydrophobic and insoluble 
in aqueous solvents, it is necessary to inject these com
pounds into the bloodstream in a delivery vehicle. These 
may comprise liposomes, emulsifying agents, or deter
gents, and each has been shown to have different effects 
on the efficacy of PDT. 

With the discovery that complex formation in the 
bloodstream with low density lipoprotein sometimes 
correlated with tumor selectivity, some workers have 
administered PS either pre-complexed or covalently 
bound to low density lipoprotein. 

One exciting development is the use of conjugates 
between PS and monoclonal antibodies (immunoglob
ulin molecules designed to recognize a single antigen) to 
increase tumor targeting. There is a worldwide drive to 
produce better monoclonal antibodies (often by genetic 
engineering) to target tumor-associated antigens usually 
for the purpose of delivering radioisotopes, protein tox
ins, and cytotoxic drugs. However PS, in contrast to the 
molecules mentioned above, have the added benefit of 
being only toxic when irradiated with light thus decreas
ing "collateral damage." One application of antibody-PS 
conjugates is likely to be the intraperitoneal administra
tion to target widespread abdominal metastases arising 
from advanced ovarian cancer, colorectal cancer, or 
retroperitoneal sarcoma. 

Fluorescence detection of cancer 
Since all PS are to a greater or lesser extent fluorescent, 
these compounds have the potential for visualizing 
tumors. The first work with HpD was using a Woods 
lamp, a hand-held +UVA light source. Early clinical work
ers attempted to correlate the therapeutic effect of PDT 
with the amount of tumor fluorescence observed before 
irradiation. With the development of sophisticated 
endoscopes, and laparascopes, together with fiberoptic 
technology for exciting and detecting fluorescence, this 
field is becoming increasingly important. It can be used 
to detect occult lesions in high risk patients, to delineate 
tumor margins, and as a follow up strategy to detect 
early recurrence. The most successful application is in 
bladder cancer via cytoscopy, but other regions include 
early lesions in the bronchi, colon, esophagus, and the 
possibility of detecting dysplastic lesions in the mouth 
which are at high risk of becoming malignant. 

Biggest obstacles 
Since the basic mechanism by which PS localize in 
tumors is not yet understood, it is not surprising that 
lack of selectivity of the PS for the tumor remains the 
major problem in PDT. 

Choosing the correct dosage of both drug and light, 
together with the optimum interval between injection 
and irradiation, presents a problem which has not nec
essarily been completely addressed. Although in theory 
the light dose can be increased indefinitely, in practice 
there is a limit on the time the procedure should take, 
especially if the patient is under general anesthetic. 

It has recently become apparent that one of the limi
tations of PDT can be the availability of oxygen in the 

tissue being treated. It has been shown that irradiating 
in "on/off" bursts gives more response than the same 
energy delivered continuously. This is thought to be due 
to the period when the light is off allowing reoxygena¬
tion of the tissue. Advances in oxygen monitoring 
before and during PDT wil l allow improvements in 
tumor response to be achieved. 

Most successful cancer therapy is likely to involve a 
combination of two or more modalities. PDT has been 
found to combine well with hyperthermia, but the pre
cise way that PDT interacts with systemic chemotherapy 
or radiation therapy is uncertain. Research is necessary 
to determine which combinations can be favorable, and 
in which order they should be administered. 

Outlook 
The outlook for PDT as a part of the cancer treatment 
armamentarium appears promising. Provided that it is 
used in its most suitable role, i.e., to treat early superfi
cial lesions, to palliate advanced obstructive lesions, and 
as an adjuvant intraoperative treatment, it is likely to 
perform well in comparison with other available modal
ities. When fundamental research has elucidated the 
factors that enable one patient to perform well while 
another performs badly, the treatment can be tailored to 
the individual's disease. Research into new PS is gather
ing momentum and will allow the particular optimum 
compound to be chosen for particular applications. It is 
hoped that PDT can play a role in those cancers where 
the prognosis is very bleak: pancreatic cancer, liver 
metastases of colorectal cancer, malignant melanoma, 
and malignant glioma. For non-cancer applications, the 
progress to the clinic is somewhat behind that of the 
cancer treatment, but when the role of the immune sys
tem is understood in the PDT response, there may be 
many applications to autoimmune diseases and other 
hyperproliferative disorders. 
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