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Abstract

The aim of this study is to modify the chick chorioallantoic membrane (CAM) model into a whole-animal tumor model for photodynamic
therapy (PDT). By using intraperitoneal (IP) photosensitizer injection of the chick embryo, use of the CAM for PDT has been extended to
include systemic delivery as well as topical application of photosensitizers. The model has been tested for its capability to mimic an animal
tumor model and to serve for PDT studies by measuring drug fluorescence and PDT-induced effects. Three second-generation photosensitizers
have been tested for their ability to produce photodynamic response in the chick embryo/CAM system when delivered by IP injection: 3-
aminolevulinic acid (ALA), benzoporphyrin derivative monoacid ring A (BPD-MA), and Lutetium-texaphyrin (Lu-Tex). Exposure of the
CAM vasculature to the appropriate laser light results in light-dose-dependent vascular damage with all three compounds. Localization of
ALA following IP injections in embryos, whose CAMs have been implanted with rat ovarian cancer cells to produce nodules, is determined
in real time by fluorescence of the photoactive metabolite protoporphyrin IX (PpIX). Dose-dependent fluorescence in the normal CAM
vasculature and the tumor implants confirms the uptake of ALA from the peritoneum, systemic circulation of the drug, and its conversion to
PpIX. © 1999 Elsevier Science S.A. All rights reserved.

Keywords: Chick chorioallantoic membrane; Rat ovarian cancer; Second-generation photosensitizers; Photodynamic therapy; Laser-induced fluorescence

diagnostics

1. Introduction

Photodynamic therapy (PDT) depends on the differential
uptake and retention of light-sensitive compounds in tumor
tissue. Exposure to therapeutic light, at a wavelength selected
to coincide with an absorption peak of the photosensitizer,
results in oxidation-mediated destruction of the tumor mass
and its supporting vasculature with minimal damage to the
surrounding normal tissues [1-4]. Laser-induced fluores-
cence diagnostics (LIFD) uses photosensitizer-mediated flu-
orescence, allowing clinically relevant detection and
treatment of malignant and premalignant lesions [4-12].
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? Permanent address: Department of Chemistry, Technion-Israel Institute
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Animal models, such as rodents [13-35], rabbits [36],
dogs [37,38], and primates [39,40] have been used in PDT
and LIFD experiments. Specialized skinfold chambers even
make it possible to visualize directly small tumors and their
surrounding vasculature during experimentation [19,20].
However, most in vivo experiments are expensive, time con-
suming, and require long data-acquisition times. The chick
embryo chorioallantoic membrane (CAM) model uses the
well-vascularized chorioallantoic membrane of fertilized
chicken eggs and presents an attractive in vivo model. It is
inexpensive, allows direct visualization and video documen-
tation of blood vessels, is easy to handle, and statistically
useful numbers are attainable relatively quickly. The CAM
system has been used to study both the growth and neovas-
cularization of a wide variety of implanted tumor nodules or
tumor cell suspensions [41-45]. Despite the ease of visual-
ization of the tumors and their vascularization when grown
on the CAM, the model has been used mainly to study PDT-
induced injury of normal CAM vessels [46-497] and less for
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PDT-induced necrosis of tumors growing on the CAM
[49,50]. This is due, in part, to the difficulty of effectively
delivering the photosensitizer to the tumor. Intravenous (IV)
injection of the chick embryo CAM is possible [51-53], but
the time needed for injection of the large numbers of eggs
required per experiment is prohibitive and the success rate is
comparatively low. Yolk sac injection works for some but
not all compounds [49,54]. Topical application is simple but
of interest mainly for studies related to surface-accessible
lesions or dermatological conditions. The intraperitoneal
(IP) injection method of delivery used in our study more
closely approximates the IV delivery most commonly used
in mammalian models, since photosensitizers reach the CAM
vessels through the circulatory system of the embryo.

The aims of this study were two-fold: (1) to demonstrate
the feasibility and usefulness of systemic photosensitizer
administration to the CAM model for PDT studies by show-
ing that the CAM vasculature is a photodynamic target of the
circulating photosensitizer; (2) to demonstrate the feasibility
of using IP injected chick embryos and their CAM systems
for LIFD studies by measuring the localization of a fluores-
cent compound over time in an implanted tumor.

2. Materials and methods
2.1. CAM preparation

The CAM model has been described previously
[46,47,49,55] and was used here with minor modifications.
Briefly, fertilized chicken eggs were disinfected and trans-
ferred to a hatching incubator set at 38°C and 60% humidity,
and equipped with an automatic rotator (Profi I, Lyon Elec-
tric, Chula Vista, CA). On the fourth day of embryo devel-
opment (EDD 4), 4-5 ml of albumin was aspired with a
syringe connected to a 20 gauge needle, through a hole drilled
at the narrow apex, to create a false air sac. On EDD 7, a 20
mm diameter hole was cut into the shell and covered with a
sterile Petri dish. Egg incubation was continued in a static
incubator.

The CAM consists of a superficial two-dimensional struc-
ture composed of three layers: an external layer of epithelial
cells derived from the chorion ectoderm, an intermediate
layer of mesoderm derived from the fusion of the chorionic
and allantoic mesoderms, and an internal layer of epithelial
cells derived from the allantoic endoderm [55,56]. The
mesodermal layer contains the extraembryonic vascular net-
work, which is supplied by two primary arteries and drained
by a single vein from the embryo [56]. Precapillary (arteri-
ole) and postcapillary (venule) blood vessels are character-
ized by their size [55-57]. Order-I vessels describe the
smallest visible vessels (diameter ~50 pm); the conver-
gence of two order-I vessels is assigned as an order-II vessel
(diameter ~ 70 pm); similarly, two order-Il vessels form an
order-III vessel (diameter ~ 110 pwm).

2.2. Cell culture

The NuTu-19 cell line is a poorly differentiated epithelial
ovarian cancer cell line that spontaneously developed in the
Fischer 344 rat [58,59]. Tissue-culture-adapted NuTu-19
cells were grown in RPMI 1640 medium supplemented with
10% fetal bovine serum (Life Technologies, Grand Island,
NY), 25 IU/ml penicillin and 25 mg/ ml streptomycin. Flasks
were maintained in a 37°C incubator with 7.5% CO, and
100% humidity. Subculture was done weekly using enzyme
release and a 1:10 dilution in fresh medium.

2.3. Cell implantation

NuTu-19 cells were harvested by washing the flask with
Ca’*, Mg**-free PBS, followed by treatment with a mixture
of 0.125% trypsin, 0.625 g/ml Pancreatin (Life Technolo-
gies, Grand Island, NY) and 0.05% EDTA. The released
sheets of cells were pipetted to break the cells further apart
and the resulting suspension was centrifuged to remove the
enzyme. The cells were resuspended in fresh medium, passed
through an 18 gauge needle and the concentration of the
resulting suspension (cells/ml) was determined using a
hemocytometer. Additional medium was added as needed to
give a final concentration of 200 X 10° cells/ml.

On EDD 8, aliquots of cells were placed on CAMs which
had been prepared by a modified combination of the tech-
niques of Preminger et al. [43] and Petruzzelli et al. [44]. A
6 mm inner diameter Teflon ring was placed on the CAM
centered over a Y branch of an order-II vessel demarcating
an area of 28 mm?. The ectodermal epithelium of the demar-
cated area was then abraded using a 30 gauge hypodermic
needle. The debris and exudate were gently aspirated from
the newly exposed mesodermal layer. A 25 wl sample con-
taining 5 X 10° NuTu-19 cells was placed in the center of the
‘opened’ surface. The eggs were sealed with Parafilm®
( American National Can, Neewah, WI) and returned to the
incubator until the tumors were of sufficient size for experi-
mentation (EDD 12/13).

2.4. Histology

On EDD 12/13 representative tumors were selected for
histological evaluation to confirm vascularization. Specimens
were fixed in 10% formalin, dehydrated in a graded alcohol
series, and embedded in paraffin. Serial sections 6 pm thick
were cut on a rotary microtome and stained with Hematoxylin
and Eosin. The slides were examined at 250 X using an Olym-
pus BH-2 microscope (Olympus, Japan).

2.5. Photosensitizers

5-aminolevulinic acid (ALA, DUSA Pharmaceuticals,
Denville, NJ) solutions of 10, 25, 50, or 100 mg/ml in H,0
(adjusted to pH~6 with NaOH) were freshly prepared
before each experiment.
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The liposomal powder of benzoporphyrin derivative
monoacid ring A (BPD-MA, QLT, Vancouver) was recon-
suneed i SRR water acvaerding o dve aranefaotirer’s
@ITECHONS 1D Sive 2 fmzd tonteniranon of 2 mefmh.

Lutetinm texaphyrin (Lu-Tex, Compound PCI-0123,
Pharmacyclics, Sunnyvale, CA }, a powdered compound, was
dissolved in 5% mannitol to give a final concentration of
2 mg/mil.

Both ALA and Lu-Tex were filter sterilized before injec-
tion into the embryos. BPD-MA was prepared sterilely
according to the manufacturer’s directions.

2.6. Laser systems and irradiation parameters for PDT

Wavelengths for irradiation were 635 nm (for ALA), 690
nm (for BPD-MA), and 740 nm (for Lu-Tex), Continuous-
wave radiation at 635 nm was delivered by an argon laser
pumped dye laser (model CR599, Coherent, Palo Alto, CA)
and at 690 or 740 nm by microchannel cooled stacked diode
lasers (Lawrence Livermore Laboratories, Livermore, CA).
Light was transmitted through a 400 pm multimode fiber
terminated with a microlens (PDT Systems, Santa Barbara,
CA). The beam was expanded to a spot 8.8 mm in diameter
to cover the entire area demarcated by a Teflon ring with a
6 mm inner diameter and 1.4 mm wide annulus (60 mm?).
Laser output was measured using a Coherent model 210
power meter. Eggs without photosensitizer were irradiated at
each wavelength to determine the radiant exposure at which
light-induced damage occurred. All irradiation conditions
were well below these levels. The intensity was 100 mW/
cm?; irradiation times were 50, 100, or 200 s, yielding irra-
diances of 5, 10, and 20 J/cm?, respectively, corresponding
to energies incident within the open ring area (28 mm?) of
1.5,3,and 6 J.

2.7. Vascular PDT and damage assessment

Non-tumor-beating eggs at EDD 12 or EDD 13 were used
to determine the photodynamic damage induced in the normal
CAM vasculature after IP injection of photosensitizer. Based
on the mean weight estimates for embryos of these ages [60],
embryos were injected with either 30 pl (EDD 12, embryo
weight ~ 10 g) or 40 ul (EDD 13, embryo weight ~ 13 g)
of photosensitizer solution using a 2.5 cm 30 gauge needle
attached to a 250 pl Hamilton syringe. Approximate dosages
were ALA 75 mg/kg, BPD 6 mg/kg, and Lu-Tex 6 mg/kg.
After injection, a 6 mm inner diameter Teflon ring was placed
on the CAM surface. The eggs were covered with a blackened
Petri dish and returned to the incubator. After 90 min, indi-
vidual eggs were removed and the ring area exposed to 1.5,
3, or 6 ] laser light of the appropriate wavelength. Following
irradiation, the eggs were returned to the incubator for an
additional 60 min.

Damage was observed using a Wild stereomicroscope
(model M5, Wild Heerbrugg, Switzerland) at a final mag-
nification of 250 X . Movement of the blood through the ves-

sels was easily visualized at this magnification, Each egg was
graded in a double blind fashion according to the highest
Jdegroe af damage obsorved within the inadiated arez. The
Jarnage sealt wied was 2 modifioation of tat desedbed B~
viously [46,47,49,57]: 0, no observable damage; 0.5, capil-
lary hemorrtiage onty; 1, stasis m order-1 vessels ortermporary
occlusion of order-II vessels; 2, stasis in order-II vessels or
hemorrhage of order-1 vessels; 3, stasis in order-Il vessels
or hemorrhage of order-II vessels. Seven to ten eggs were
evaluated for each sensitizer-light-dosage combination.
Results are presented as the mean & standard error of the mean
(SEM).

2.8. Fluorescence data acquisition

Tumor-bearing eggs at EDD 12-14 (i.e., four to six days
after cell implantation) were used to determine the time
course of the appearance of fluorescence in the tumor nodule
and the surrounding vasculature. The eggs were placed in a
heating block filled with glass beads (Isotemp Dry Bath 147,
Fisher Scientific, Pittsburgh, PA) under the imaging CCD
camera. Tomor baseline fluorescence was determined three
times at 1 min intervals prior to photosensitization. Without
moving the egg, ALA was injected IP into the embryo. Imme-
diately after injection and for 2 h afterwards (at 5 min inter-
vals) ALA-mediated fluorescence was measured.

Low-light-level fluorescence imaging was performed with
a slow scan, thermoelectrically cooled CCD camera with 16
bit/pixel dynamic range (TECCD-576E/UV, Princeton
Instruments, Trenton, NJ) equipped with a Nikon objective
(Nikkor 50 mm, 1:1.2, Nikon, Melville, NY) and a 650 nm
long-bandpass filter (FWHM 25 nm; Corion, Holliston,
MA). Fluorescence excitation was provided by an Ar-ion
laser (Innova 90-5, Coherent, Palo Alto, CA) tuned to 514
nm. Exposure time was 20 ms. The wavelength was verified
with a Hartridge Reversion Spectroscope (Ealing Electro-
Optics, South Natick, MA). The laser beam passed through
a mechanical shutter (UniBlitz model T 132, Vincent Asso-
ciates, Rochester, NY) and an optical fiber with a front light
diffuser onto the specimen. The final output power was
adjusted to 400 mW, as measured with a power meter (model
210, Coherent, Palo Alto, CA). The intensity at the illumi-
nation spot was 175 mW/cm?, providing an irradiance of
0.0035 J/cm?, a level unlikely to cause PDT effects. Instru-
ment control, image acquisition, and processing were per-
formed with IPlab software (Signal Analytic, Vienna, VA).

2.9. Fluorescence evolution analysis

Baseline fluorescence intensities were averaged and
defined as the tumor autofluorescence. AL A-mediated fluo-
rescence of the tumor nodules at selected time points follow-
ing drug administration was divided by the tumor
autofluorescence to determine the relative changes in fluo-
rescence. For each ALA dose, relative fluorescence intensi-
ties of three tumors were measured. Data are presented as the
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mean values at each time point for each drug dosage with
linear regression lines drawn for each data set. Similar cal-
culations were done for the vessels surrounding the tumors
using the autofluorescence of the vessels as the baseline.
Probability values comparing the fluorescence of the vessels
to that of the tumors at =120 min (the time of maximum
difference) were calculated using Student’s #-test.

e ]

Fig. 1. NuTu-19 tumor after 5 days’ growth on the CAM. (A) Stereomicro-
graph of an excised portion of the CAM showing a tumor in situ. The tumor-
bearing CAM has been inverted to allow visualization of the vessels on the
undersurface of the tumor nodule. (B) Histologic section of the nodule in
(A) confirming the interna] vascularization of the cell mass: CV =CAM
vessel, TV = tumor-surrounded vessel. Hematoxylin and Eosin stain. (C)
Higher-magnification view of tumor vessel area in (B) showing nucleated
chicken red blood cells (C-RBC) contained within the vessel lumen. Hema-
toxylin and Eosin stain.

3. Results
3.1. Cell implantation

Although cell implantation of the CAM is technically pos-
sible by EDD 5 [41], we found that EDD 8 provided the
optimal conditions. The CAM was sufficiently developed to
support the Teflon ring (with minimal shifting of location),
the still-developing vasculature [ 55,56] provided betterinfil-
tration of the forming tumor nodule, and we had a larger
‘window’ of time over which the system could be used. Cre-
ating a depression by opening the surface kept the cells more
localized and allowed closer proximity between the cells and
the underlying vasculature, thus facilitating vessel growth
into the cell mass. Within two days of seeding (EDD 10),
the upper epithelial layer of the CAM had ‘healed’ over the
tumor cells, encapsulating them. By four days post-seeding
(EDD 12), vessels were visible on the tumor surface (Fig.
1(A)). All vessels within the tumor mass were perfused with
nucleated erythrocytes characteristic for avian species, prov-
ing that the neovascularization of the tumor was connected
to the chick’s circulation system (Fig. 1(B) and (C)). Using
this method, rather than the method of dropping cells on the
intact CAM surface [49,58], we were able to achieve an
approximately 80% yield of usable tumors of the CAMs
implanted.

3.2. Injury of normal vessels

Fig. 2 exhibits the degree of photodynamic damage
induced in the normal CAM vasculature for each of the pho-
tosensitizers after 90 min uptake. As expected [4,16,
29,30,40], all compounds showed an increase in damage with
increasing light dosage. Both BPD-MA and ALA appear to
have reached a maximum with 3 J. With Lu-Tex the injury
continued to increase linearly over the entire light-dose range
tested.
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Fig. 2. Vascular damage (arbitrary scoring system, see text) induced in
normal vessels of the CAM when irradiated with laser light 90 min after [P
injection of the chick embryo with 75 mg/kg ALA, 6 mg/kg BPD-MA, or
6 mg/kg Lu-Tex. Each data point is the mean of 7-10 eggs + SEM.
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Fig. 3. Time-dependent increase in vascular and tumor fluorescence seen after IP injection of the chick embryo with 150 mg/kg ALA: (A) 1 min pre-injection;
(B) 30 min post-injection; (C) 60 min post-injection; (D) 120 min post-injection.

3.3. Tumor and vascular fluorescence

Fig. 3 shows a typical NuTu-19 tumor and its surrounding
vasculature at 1 min prior to ALA injection (A), and at 30
min (B), 60 min (C), and 120 min post-injection (D).
Clearly, there is a time-dependent increase in the fluorescence
intensity of these structures.

Fig. 4 shows relative fluorescence (measured fluorescence
intensity divided by the autoftuorescence) for the tumors and
their surrounding vessels as a function of time (minutes)
following intraperitoneal injection of 10 mg/ml (30 mg/kg)
and 50 mg/ml (150 mg/kg) ALA. Five to ten minutes fol-
lowing injection, the fluorescence of vessels and tumors
started to increase. Both doses used for this study showed a
first-order linear increase of fluorescence with time over the
observation period of 2 h. In the tumors, 2 h after IP admin-
istration, 30 mg/kg ALA reached fluorescence levels 1.5-
fold higher than autofluorescence, whereas for 150 mg/kg
ALA the ratio was 25. A similar behavior was observed for
the vessel fluorescence: 30 mg/kg caused a 3-fold increase
and 150 mg/kg a ratio of 30. In contrast, 300 mg/kg ALA
did not show higher fluorescence levels than 150 mg/kg ALA
(data not shown). At the early times, vessels and tumors
display about the same increase in fluorescence. By 2 h post-

injection, the fluorescence in the vessels is greater than that
in the tumors but not significantly for either concentration
(P30="0.06, p,so=0.47). This most likely represents a high

30 B

—— Tumor 30 mg/kg ALA g
--¢--Vessel 30 mg/kg ALA

—a&— Tumor 150 mg/kg ALA
--A--Vessel 150 mg/kg ALA

251

Relative Fluorescence
-
o
1
T

10 T
5T
0 T T T T T +
0 20 40 -] 80 100 120

Time Post Injection (min)

Fig. 4. Increase in relative fluorescence (measured fluorescence/autoflu-
orescence) in NuTu-19 tumors growing on the CAM and their surrounding
vasculature following IP injection of the chick embryo with 30 and 150 mg/
kg ALA. Each data point is the mean of three eggs. Linear regression lines
have been drawn for each tissue type at each ALA concentration. The R?
values for each are Tumor,s, = 0.417, Vessel, s, =0.426, Tumor,, = 0.729,
Vessel,, =0.701.
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concentration of PpIX in the red blood cells as well as in the
vessel walls [51].

4. Discussion

PDT is currently being evaluated as an adjuvant to surgery,
radiotherapy, and chemotherapy for the treatment of malig-
nant tumors. The rapid development of PDT and of LIFD
requires an experimental setup that allows fast assessment of
their technologies. Novel photosensitizers, light sources, and
light diffusers have to be effectively evaluated. It is known
that the biology of cancer varies from tumor to tumor and
from patient to patient. Thus there is a need for an in vivo
assay allowing rapid assessment of tumor response to PDT
in order to determine optimal PDT parameters on an individ-
ual patient basis.

Recent studies utilizing the CAM system have measured
real-time fluorescence following topical [47,51], yolk sac
[491, or IV [51,52] administration of photosensitizers. In
situ, real-time measurements of fluorescence have also been
made on the CAM to demonstrate the effects of modulators
on PpIX production following topical application of ALA
[50]. However, the overall clinical relevance of studies
where photosensitizers are topically applied or injected into
the yolk sac is questionable.

The primary disadvantage of the CAM as a PDT model
has been its limitation to topical sensitization. Except for
surface tumors, PDT animal models use systemic delivery
(IV, IP or oral) of the photosensitizer to the tumor site.
Intravenous injection is used most frequently [18-33,36—
401], although a number of studies used IP injection [ 13-17].
Oral [23,35] and topical [34,35] administration are used
infrequently. Our study examined the feasibility of using IP
injection of the chick embryo as a method of achieving sys-
temic photosensitizer delivery that allows evaluation of
uptake kinetics in tumors growing on the CAM and of PDT
responses in the CAM vasculature.

Our data clearly demonstrate that IP administration of ALA
is followed by rapid uptake by the peritoneum as well as fast
conversion of ALA to PpIX. Using IP-administered ALA,
the nonfluorescent metabolic precursor of PpIX, we were able
to detect a dose-dependent increase in vascular and tumor
fluorescence over time. This demonstrates that ALA was
absorbed by the peritoneum, passed into the circulatory sys-
tem, and was metabolized into the fluorescent metabolite
PpIX at a location different from its delivery point. The data
suggest that 30 mg/kg ALA represents the lowest dose that
can be reliably detected with our setup. In addition, it appears
that the system consisting of embryo, CAM, and tumor is not
capable of metabolizing more than 150 mg/kg ALA. Maxi-
mum fluorescence was seen at concentrations near those
where photodynamic effects are observed in mammalian sys-
tems [ 13-15,20-25,35] and human subjects [4,6,9-11]. In
mice with lung adenomas [13], using ALA dosages com-
parable to ours, the uptake time course and fluorescence

increase were similar to those found in the CAM/tumor sys-
tem. In mice with colon carcinoma [14], using ALA at dos-
ages lower than we could detect, uptake peaked sooner (at 1
h) with a low relative fluorescence increase (2.3 times). This
may simply reflect complete metabolism of the ALA deliv-
ered rather than a maximal obtainable value, which is what
we appear to have achieved. The observation by Loh et al.
[23] that in the rat lower doses of ALA reach peak fluores-
cence before higher doses would support this explanation.
Also, other investigators [36,38] have reported shifts in peak
times for maximal PpIX concentration in blood that were
dose dependent, i.e., higher doses peaked at later times. In
other mammalian studies, maximal fluorescence timesranged
between 30 min and 4 h [14,15,19-24,27,37]. The variation
in peak fluorescence times found in the above studies may be
explained by the different rates of PpIX production in the cell
types examined [61]. Clearly the embryo/ CAM/tumor sys-
tem produces measurable fluorescence within the same time
frame as these other more complex systems.

Our aim in assaying PDT damage in the normal vasculature
was two-fold. First, we wanted to compare photosensitizers
injected IP in different formulations and, presumably, deliv-
ered to tissue via different routes. ALA requires metaboli-
zation to produce the photosensitizing agent PpIX [4],
Lu-Tex represents a water-soluble compound [16,30],
whereas BPD-MA is administered encapsulated in liposomes
[29,40]. Since we deliberately chose high concentrations of
the test compounds, in order to maximize the possibility of
fluorescence detection of circulating photosensitizer, it is not
surprising that with high radiant exposures we appear to have
reached the upper limit (damage level 3) of the system under
the conditions tested for ALA and BPD-MA. Use of lower
ALA and BPD-MA dosages, or lower radiant exposures,
would most probably have resulted in linear damage effects
over the energy range tested, as was obtained for Lu-Tex.
Secondly, we hoped to confirm that the appearance of tumor
fluorescence correlated with the time when vascular damage
could be produced. Both objectives were achieved. All three
sensitizers, regardless of formulation, entered the circulatory
system such that exposure to radiation at the appropriate
wavelength elicited vascular damage. ALA, at 90 min post-
injection, showed increased tumor fluorescence as well as
induction of vascular damage. Although we tested only ALA
for correlation of fluorescence with PDT, it should be possible
to perform similar measurements with the CCD camera sys-
tem modified to match the excitation/emission wavelengths
of other photosensitizers.

Historically, tissue distribution and pharmacokinetic stud-
ies of photosensitizers have been based on empirical obser-
vations of PDT effects [21,25,32], fluorescence analysis of
frozen tissue sections [ 11,13,25-27,31], quantitation of pho-
tosensitizer extracted from tissue samples [21,26,28,311, or
measurement of radiolabeled sensitizer retained by the target
and other tissues [29,33,34]. Fluorescence measurements of
living tissue have been used primarily for the localization of
tumors, after optimal uptake times had been previously estab-
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lished [4,6,12]. Fluorescence measurements to establish time
courses in whole animals have been limited to surface (skin)
measurements [8,14,15,17] or skinfold chamber observa-
tions [ 19,20]. The chick embryo/CAM system permits real-
time visualization of the uptake and distribution of photosen-
sitizers in a vascularized tumor model using fluorescence
monitoring. Correlation of PDT effects with the fluorescence
evolution profile can be verified using the damage inflicted
when the CAM vasculature and/or tumor nodule are irradi-
ated. IP injection of the chick embryo provides a method of
photosensitizer delivery that allows easy handling of the large
number of CAMs needed to evaluate meaningfully uptake
kinetics and PDT responses. This system provides a bridge
between studies done at the cellular level in tissue culture and
whole-animal mammalian models. A potential clinical appli-
cation for the CAM system may be PDT sensitivity testing
for a variety of different tumors, since any tumor type that
can be grown on the CAM can be investigated. In the future,
it may be possible to predict a patient’s tumor responses prior
to PDT treatment using the CAM system. Such testing would
be useful for individualized optimization of PDT parameters
instead of applying a standard ‘one protocol fits all’ to every
patient. Another possible clinical application would be the
testing of new fluorescence devices, such as cystoscopes,
laparoscopes, or other endoscopes, by placing the CAM sys-
temn in a suitable enclosure to mimic various body cavities.

8. Conclusions

We have demonstrated that the technique of injection of
photosensitizer into the peritoneal cavity of the chick embryo
transforms the CAM system into a whole-animal model
which is suitable for rapid, inexpensive testing of PDT and
LIFD technologies. We have also developed a modified
method of producing tumor growth on the CAM which should
increase its usefulness for future studies of tumors and their
supporting vasculature.
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