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Abstract
Aims/Background-Neovascularisation
occurs in many major ocular diseases
such as diabetes, age-related macular
degeneration, and sickle cell disease.
Laser photocoagulation is typically used
to obliterate the vessels but it also causes
severe damage to adjacent normal tissues.
This is a very significant limitation
especially in the treatment of choroidal
neovascularisation which often covers
large areas of the posterior pole and the
fovea. A method, laser targeted delivery,
has been developed capable of releasing
drugs locally and non-invasively in the
choroidal or retinal vasculature. This
method could be used to target a photo-
sensitiser to neovascular membranes and
cause their selective occlusion by irradiat-
ing them. The targeting properties of the
method promise to yield a treatment for
neovascularisation that does not damage
adjacent tissues and thus preserves vision.
The purpose of the present study was to
test the feasibility of occluding ocular
vessels with this method.
Method-The iris vessels of the albino rat
were chosen because the treatment could
be assessed unequivocally and followed
with time. Aluminium phthalocyanine
tetrasulphonate was encapsulated in heat
sensitive liposomes and administered sys-
temically. The iris vessels were irradiated
with a yellow laser to raise their tempera-
ture to 41°C, cause a phase transition in
the liposomes and thereby locally release
the photosensitiser. The laser was also
used to excite the released photosensitiser
and cause occlusion. The effect was moni-
tored immediately and for 8 months
thereafter. Controls for the effect of the
laser and the unencapsulated drug were
conducted.
Results-The results demonstrated that
occlusion can be achieved and sustained

,kins for the period of follow up. The controls
Lool of showed that the effect was not due to heat
Wilmer or to the activation of the low dose of free
more, drug.

Conclusion-These preliminary findings
indicate that laser targeted photo-occlu-
sion is a promising new method for the

D: treatment ofneovascularisation.
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Age-related macular degeneration (ARMD) is
one of the leading causes of severe vision loss in
people over the age of 50.1-3 As the population
ages, a greater number of elderly persons

will become blind from ARMD than from
glaucoma and diabetic retinopathy com-
bined.4 Choroidal neovascularisation (CNV),
common in ARMD, is usually treated by
intense laser photocoagulation. However, the
thermal damage and the scarring of large
macular areas cause a dramatic loss of vision
(typically to 20/200 or worse) when the fovea is
treated.5 The treatment is performed, none the
less, in cases in which it has been shown to
prevent progressive visual loss. These eligible
cases, only 25% of the eyes with CNV, have a
well defined ('classic') CNV of limited size.5
The remaining 75% of the eyes are left
untreated because no useful vision would be
spared. Additionally, in a majority of the
patients (54%) treated by laser photocoagula-
tion, the new blood vessels recur thereby
requiring further treatment.6 The recurrence
has been attributed to incomplete identifica-
tion of the CNV and also to damage to normal
tissues, scar formation, and breaks in Bruch's
membrane, all of which are believed to elicit
growth of new vessels.
A more efficient treatment could consist of

occluding the new vessels by pharmacologically
damaging the cells lining their lumen. Such
damage would cause aggregation of blood pro-
ducts and long lasting occlusions. Photo-
dynamic therapy has raised interest as such a
potential method. It consists of injecting a
photosensitive agent that, when exposed to the
appropriate wavelength of light, generates free
radicals and singlet oxygen. These agents then
attack the blood vessel wall and cause occlusion.
The success of photodynamic therapy in
causing regression of tumours has been attri-
buted mostly to vessel occlusion.7 Thus, it is not
surprising that photodynamic therapy, follow-
ing systemic injection of the agent, has been
applied to the eye in an attempt to occlude
vessels.8'0 These studies showed that occlusion
can be achieved by chemical means without
causing any thermal damage. However, besides
being present in the CNV the photosensitiser
also fills the retinal and choroidal vasculatures
and leaks into the retinal tissue. Consequently,
upon irradiation, damage to the retinal photo-
receptors, the outer retinal layers and, poten-
tially, to the retinal capillaries is anticipated.
Such damage was observed in the work of
Kliman et al.9 10 There is thus a need for a
method of occluding neovascularisation which
does not cause a scar and promises to spare the
overlying retina and the adjacent choriocapil-
laris. Such a treatment would save sight in a
large portion of the population and would lead
to significant savings to society.
We have developed a method of selective

drug delivery that can be applied to occlude
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new blood vessels. The method, laser targeted
delivery (LTD), consists of encapsulating a
drug in heat sensitive liposomes, injecting
them intravenously, and releasing their content
at the site of choice by non-invasively warming
up the targeted tissue (retina or choroid)
momentarily with a laser pulse directed
through the pupil of the eye." The tempera-
ture needed for the phase transition and drug
release is 41°C and thus within a safe range.
LTD has been successfully applied to deliver
locally a dye specifically in the retinal'2-'4 and
choroidal vasculature.15 This has yielded
angiograms of retinal and choroidal vascula-
tures with a quality that cannot be obtained by
conventional angiography.'3 15 The results
have illustrated that, by exploiting the optical
and haemodynamic properties at the posterior
pole, one can deliver a substance in the sub-
retinal vasculature without releasing it from the
liposomes that circulate in the retinal vessels;
and, conversely, one can target the retinal
vasculature while minimising the release in the
choroid. This indicates that the targeting is not
only local but that it can also be selective in
superimposed tissues. Moreover, the dose can
be controlled by repeating the procedure as
long as the liposomes circulate in the blood.
In our experience, this time period is at least
1 hour.16
Laser targeted photo-occlusion, which is the

combination of laser targeted delivery and
photodynamic therapy, has the potential of
solving many of the limitations of systemic
photodynamic therapy as well as those of laser
photocoagulation. The method is based on
encapsulating a photosensitiser in the heat
sensitive liposomes, releasing it in the CNV,
and immediately activating it to cause local
damage.

Photodynamic therapy for malignant
tumours is usually done at 24 hours after the
administration of the agent.'7 The shortest
time interval between agent injection and sub-
sequent irradiation reported so far has been 2
minutes.18 The combination of LTD and
photodynamic therapy would require that the
photosensitiser cause its effects during its
presence in the lumen for a duration of a few
seconds or less. The present study was thus
aimed at evaluating the feasibility of laser
targeted photo-occlusion by testing whether
release of the photosensitiser with simul-
taneous irradiation with light produces occlu-
sion.

Materials and method
Aluminium phthalocyanine tetrasulphonate
(AlPcS4) was considered to be an optimal
photosensitiser because its peak absorption,
around 675 nm, assures penetration through
blood (only 11% absorption by a 100 ,um
layer); it is water soluble and can be encap-
sulated efficiently; it has one of the highest
absorption coefficients (30 times higher than
that of haematoporphyrin derivative'9) ensur-
ing high sensitisation with minimal amount of
light on the retina; it is a well defined com-
pound which can be synthesised with high

purity; and it is removed within 24 hours from
the blood20 thereby reducing the period of light
sensitivity which has been a limitation of other
photosensitisers.2' This photosensitiser has
been demonstrated to be non-toxic in a num-
ber of species20 and no side effects have been
reported when it was used intraperitoneally in
few patients.22
AlPcS4 (Porphyrin Products, Logan, UT,

USA) was stored at - 20°C in the dark in
powder form. It was dissolved in sterile water
for injection and filtered through a 0-2 ,im
syringe filter.

Dipalmitoylphosphatidylcholine and dipal-
mitoylphosphatidylglycerol were obtained from
Avanti Polar Lipids (Pelham, AL, USA) and
used without further purification. Liposomes
were prepared by reverse phase evaporation
following a method described in detail previ-
ously."I 12 AlPcS4 dissolved in sterile water was
encapsulated in the liposomes to yield a concen-
tration of 5 mg/ml of formulation.

Quality control tests were developed to
ensure safety of the animals and the success of
the experiments. The raw materials were tested
to ensure their sterility and the glassware was
autoclaved. Liposomes were prepared using
aseptic techniques and tested for sterility by
incubating them at 37°C on blood agar plates
and in thioglycollate media for 72 hours. The
limulus amoebocyte lysate (LAL) test was used
to ensure that the liposomes and water were
free from pyrogens, especially endotoxins.
Since the size distribution of the liposomes
affects their half life in the blood stream and
liposomes larger than 0 45 ,im could cause
side effects, the liposome preparation was
filtered through a 0 4 ,um polycarbonate filter.
To test whether laser targeted photo-occlusion
can cause occlusion of vessels, it was impera-
tive to create a model that could yield an
unequivocal answer as to its efficacy. The iris
vessels of the albino rat were considered the
model of choice, because they are readily
visible and untreated portions could serve as
well defined and stable controls. The protocol
was designed in accordance with the ARVO
Resolution on the Use of Animals in Research
and approval was obtained from the Insti-
tutional Review Board. The experiments were
conducted on six albino male Sprague Dawley
rats weighing 250-300 g. They were anaes-
thetised with ketamine (50 mg/kg) and
xylazine (10 mg/kg) intramuscularly.

Ideally, the irradiation of the photosensitiser
should be performed at the maximal absorp-
tion of 675 nm to cause optimal photo-
sensitisation and the release from the
liposomes should be achieved by a laser at a
wavelength strongly absorbed by blood (the
only pigment in the iris of the albino rat). But,
since we did not have access to two lasers
operating simultaneously, the same laser was
used for both purposes. A dye laser (Coherent,
Palo Alto, CA, USA), set at 577 nm, was
chosen to match the high absorption of blood
at this wavelength23 thereby raising the
temperature of the iris vessels efficiently. On
the other hand, at this wavelength, the absorp-
tion ofAlPcS4 is 14 times less than at the peak.
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Figure 1 Iris of an albino rat before laser targeted Figure 2 Iris 25 days after laser targeted photo-occlusion.
photo-occlusion. Red-free video image of the iris before Note the complete occlusion within the area treated
treatment. The arrows delineate the area designatedfor (marked by the arrows). The vessel at the centre of the
treatment. treated area remained open immediately after the procedure

and was apparently undertreated. 'Ghost vessels' are visible
and indicate that the lack of visible patent vessels is not the

The laser was coupled to a slit-lamp biomicro-
scope and was part of a clinical laser delivery
system.
The power of the laser was set according

to the calculations of Bebie and coworkers for
the power necessary to warm blood vessels
embedded in a transparent medium by 4°C.24
This temperature rise is sufficient to release the
contents of the heat sensitive liposomes. The
power of the laser spot was set to 50 mW and
400 ,um diameter.

Before the injection, the irides of both eyes
were imaged to obtain a baseline. The lipo-
some preparation was injected intravenously
to yield a dose of AlPcS4 of 7-5 mg/kg. A
portion of the iris, sustaining an angle of
approximately 600, was treated. The number
of pulses necessary to obtain an effect was
determined in pilot experiments. The remain-
ing animals were then treated with these
variables. To control for the effect of the laser
by itself, a similar portion of the left iris was
exposed to the laser before the injection of
the photosensitiser-liposome preparation.
The preparation was then injected and the
right iris was treated within 5 minutes of
injection.
The heat sensitive liposomes may release

some of their content (10 to 15%) at body
temperature."1 To assess the effect of this
unencapsulated portion of the dose a second
control was performed. The same liposome
preparation was lysed by heating it beyond the
phase transition and 20% of the dose of the
lysed preparation was administered to another
rat. The iris was then treated within 5 minutes
of the injection with the same laser variables as
above. The iris was visualised continuously for
15 minutes to detect any change in the vessels.
To control for potential individual variability
the treatment was followed 20 minutes later by
an injection, to the same animal, of intact lipo-
somes and a different quadrant was treated
with the same laser delivery protocol.
The eyes were followed up by obtaining red-

free video images with a video camera (Texas
Instruments, Dallas, TX, USA) coupled to one
of the viewing arms of the slit-lamp biomicro-
scope. The video output was recorded on mag-
netic tape with a high frequency videorecorder

result of tissue opacity.

(Sony, Tokyo, Japan) and later digitised with a
frame grabber (Epix, Northbrook, IL, USA).

Results
Pilot trial in four animals established that 40
pulses of 0 5 second yielded visible results.
These variables were adopted for the rest of the
study.
When the right eye was treated after lipo-

somes injections, vessel engorgement followed
by vessel spasms, haemorrhages, and local
iris tissue expansion were observed upon the
delivery of 20 pulses. Local iris tissue constric-
tion occurred at the end of 40 pulses. In
contrast, in the left control eye (treated before
liposome injection), no effect was noticed in
the blood vessels or the iris tissue during the
delivery.
The follow up examinations with red-

free imaging revealed, in the treated eye,
haemorrhages which cleared within a week,
leaving the iris tissue with non-perfused
vessels. The results at 25 days are illustrated
in Figure 2 and compared with the iris before
treatment shown in Figure 1. All the vessels in
the treated area were occluded and most of
them could be seen as non-perfused vessels
(ghost vessels). The remaining vessel at the
centre was patent. It had, however, been
patent immediately after the treatment and
throughout the follow up. During the follow
up period, which was done monthly for 8
months, no reperfusion of occluded vessels
was observed. In contrast, the follow up of the
control eye did not reveal any ophthal-
moscopically visible pathology at any time
point.

In the second experiment, after the injec-
tion of the free photosensitiser at 20% of the
encapsulated dose, no response was observed
in the blood vessels or the pupil up to 15
minutes after completion of 40 deliveries.
When the intact liposome preparation was
injected in the same animal and another
quadrant was treated, the occlusive events
mentioned were observed after the first 20
pulses.
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Discussion
The results demonstrate the feasibility of laser
targeted photo-occlusion. The control experi-
ments did not yield the effects which were
observed when the photosensitiser was
released at high concentration for the lipo-
somes and simultaneously irradiated. This
assures that the occlusion was not due to the
direct effect of the laser on the tissue or to the
activation of the low dose of free photo-
sensitiser. In contrast, the treatment caused
occlusion which lasted for the long term follow
up. The fact that ghost vessels were visible
from the seventh day onwards provides conclu-
sive evidence that the observation of lack of
perfused vessels was the result of occlusion and
not artefacts such as overlying oedematous
fluid or exudate. The single vessel that is seen

patent in the figure was apparently not covered
adequately by the raster of spots during
treatment.

These results reveal, for the first time, that
photosensitisers can yield occlusive effects when
activated during their presence inside the blood
stream. It is unlikely that, owing to the short
passage of the bolus, the activated photosensi-
tiser had sufficient time to exit the lumen. This
sheds some light on one of the mechanisms of
photodynamic therapy as it indicates that the
penetration of the photosensitiser into the tissue
or the cells is not a prerequisite for its effect.

But, most importantly, this study illustrates
the feasibility of causing occlusion with our
method of laser targeted delivery. The success

in occluding vessels in the iris is encouraging
because these are normal and subjected to a

high pressure head. Abnormal new vessels
such as those encountered in age-related
macular degeneration are likely to be more
prone to damage owing to their defective
endothelial lining. On the other hand, since
some of the photosensitiser (presently approxi-
mately 15%) exits the liposomes at body
temperature, it will be necessary to elucidate if
the leakage of some of this non-encapsulated
dye into the retina will be sufficient to cause
tissue damage when exposed to irradiation.
The lack of visible histological damage after

laser exposure necessary for the release of lipo-
somes in the choroid has been demonstrated.'5
This is not surprising as the exposure meets the
American National Standard for the Safe Use
of Lasers.25 The safety of the exposure needed
for the excitation of the photosensitiser can be
extrapolated from this study. With a laser at
675 nm, AlPcS4 can be excited with 14 times
less light than with the present laser operating
at 577 nm.19 Thus an energy of 40 pulses at
50 mW for 0 5 s/14=72 mJ will be sufficient.
According to the recent American National
Standard for the Safe Use of Lasers,25
which includes an additional safety factor for
pharmacologically dilated pupils and immo-
bilised globes, a power of 22 mW on a 400 ,um
spot is safe for 0 7 s. For repetitive pulses, the
standards mandate that the power be reduced
further by n'14. Thus, if eight pulses are

delivered, the power needs to be reduced to
13 mW. But eight such pulses of 0 7 s duration
suffice to yield the necessary energy of 72 mJ

while remaining within the permissible range
for safe exposure.
No significant toxicity can be anticipated

from the systemic administration of liposomes.
The lipids used in the preparation, namely
dipalmitoylphosphatidyl choline (DPPC) and
dipalmitoylphosphatidyl glycerol (DPPG) are
among the least toxic lipids26 used for the
preparation of liposomes. Both DPPC and
DPPG as well as preparations of large unila-
mellar liposomes have been used successfully
in human clinical trials.27-30 A recent overview
of the toxicology of liposomes in humans con-
cluded that the observed adverse effects were
mostly characteristic of the encapsulated
drug.3' Nevertheless, a thorough toxicology
study of our specific preparation will be neces-
sary before application in humans.
LTD shares the basic advantages of other

systemic liposomal delivery systems which
protect most organs from exposure to the agent
thereby reducing the toxicity. Phthalocyanines
have been administered safely at high doses in
more than one animal species20 and were
found to have minimal skin phototoxicity.21

Laser targeted photo-occlusion has thus
the potential ofproviding a therapy that can sur-
pass laser photocoagulation and conventional
photodynamic therapy for the following reasons:

(1) Our results of the specific visualisation
of the choroidal vasculature'5 indicate that the
photosensitiser can be released in the sub-
retinal vasculature while avoiding release in the
retinal capillaries. Thus these vessels will not
be damaged during the irradiation.

(2) By irradiating immediately after the
release, the damage can be limited to the
vessels perfused by the short bolus.
Accumulation of photosensitiser in the inter-
stitial tissues and subsequent damage upon
irradiation can be avoided.

(3) There are clear indications that CNVs
are perfused by a slower flow than the normal
choriocapillaris.32 The photosensitiser could
be released and the tissue irradiated only after
enough time has elapsed to ensure clearance
from the normal choriocapillaris. This would
ensure preservation of the choriocapillaris
which is crucial to the maintenance of the
retinal pigment epithelium.

(4) The non-thermal occlusion may avoid
extensive scarring and breaks in Bruch's
membrane both believed to increase the risk of
neovascularisation recurrence.

Laser targeted photo-occlusion thus holds
promise to benefit a large portion of the popula-
tion with macular degeneration by providing
selective occlusion with better preservation of
vision. The absence of iatrogenic damage could
provide treatment of large lesions and occult
CNV by covering suspected areas as well.
Supported in part by research grant EY 07768 from the
National Institutes of Health, Bethesda, Maryland, USA.
Dr Zeimer holds a patent on the technology.
Xiao Yun Zhang, MD, prepared the liposomes.
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