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1 Introduction

Following the approval of photodynamic thera@yDT) as

Abstract. A common method to induce enhanced short-term endog-
enous porphyrin synthesis and accumulation in cell is the topical,
systemic application of 5-aminolevulinic acid or one of its derivatives.
This circumvents the intravenous administration of photosensitizers
normally used for photodynamic therapy (PDT) of fluorescence pho-
todetection. However, in the majority of potential medical indica-
tions, optimal conditions with respect to the porphyrin precursor or its
pharmaceutical formulation have not yet been found. Due to ethical
restrictions and animal right directives, the number of available test
objects is limited. Hence, definition and use of nonanimal test meth-
ods are needed. Tissue and organ cultures are a promising approach
in replacing cost intensive animal models in early stages of drug de-
velopment. In this paper, we present a tissue culture, which can
among others be used routinely to answer specific questions emerging
in the field of photodynamic therapy and fluorescence photodetec-
tion. This technique uses mucosae excised from sheep paranasal si-
nuses or pig bladder, which is cultured under controlled conditions. It
allows quasiquantitative testing of different protoporphyrin IX precur-
sors with respect to dose-response curves and pharmacokinetics, as
well as the evaluation of different incubation conditions and/or differ-
ent drug formulations. Furthermore, this approach, when combined
with the use of electron microscopy and fluorescence-based methods,
can be used to quantitatively determine the therapeutic outcome fol-
lowing protoporphyrin IX-mediated PDT. © 2001 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1352751]

Keywords: PDT; tissue culture; 5-aminolevulinic acid derivatives; protoporphyrin
IX; fluorescence.
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quantum yields for intersystem crossing from the first excited

singlet state5, to the lowest triplet stat&, induce cytotoxic

palliative treatment of totally and partially obstructing cancers €ff€Cts after interaction with molecular oxygen. Furthermore,
of esophagusby the US FDA in 1995, research in the field of the fluorescence of the PS, selectively accumulated in a neo-
fluorescence photodetecti¢RD) and PDT of cancer has been plasm, can be used to visualize otherwise barely visible or

recently given a fresh impetus by several other approvals invisible_ lesions. Although most known PS based on a tet-
among which are photodynamic treatment of choroidal rapyrrolic structure that have been tested lack selectivity and

neovascularization associated with age-related macularthus aré nonoptimal in terms of PD, they can still be used for
degeneratioh® or 5-aminolevulinc acidALA )-mediated PDT PDT by adapting the manner in which the light is delivered to
of actinic keratosigAK).* The principle of PD and PDT js  the lesion and adding the appropriate dosimefry. »
based on preferential accumulation of so-called photosensitiz- . A MOre recent strategy involves the exogenous administra-
ers (PS$ in neoplastic tissue and its subsequent irradiation 10N of ALA in order to stimulate the intracellular formation

with light of an appropriate wavelength. PS with significant ©f Protoporphyrin IX(PpIX). ALA is a naturally occurring
intermediate in the heme biosynthetic pathway, which is me-
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synthesis of heme and is regulated via a negative feedbackl Materials and Methods
control mechanism dependent on the concentration of free21
heme. Exogenous ALA administration bypasses both the rate-""
limiting step and the feedback, thereby boosting intracellular
accumulation of PplX. Topical or systemic administration of
ALA for PDT or PD has been shown to be a promising ap-
proach in this particular field of biomedical optics. Since the
pioneering work of Kennedy et dl.this treatment modality
has been widely studied clinically in other medical fields such
as pulmonology’® urology!*~'”  gastroenterology?
otorhinolaryngology???° and gynecolog¥ for the improved
management of cancer. Despite promising results, this meth-
odology often suffers from poor bioavailability of ALZA2
caused by its physical-chemical propert®$n view of the
limited penetration of topically applied ALA and the inhomo-
geneous distribution of accumulated PplX, considerable ef- 2.2 Preparation of Pig Bladder and Sheep Paranasal
forts have been undertaken to circumvent these drawbacks byMucosa
modifying ALA formulations?"*® applying physical  Porcine bladders and sheep paranasal mucosae were excised
methods’’ or chemical derivatization into more lipophilic  from slaughtered animals. Directly after slaughtering, the tis-
precursors, i.e., ALA estefS8-3?However, most formulations  sues were stored at 4 °C in a Tyrode solution contairing
of ALA or its derivatives are still far from being adapted to  mmol/L): 143.0Na*, 2.0K*, 0.8Mg?*, 1.4C& ", 122Cl",
their particular application field. Furthermore, oth@r.g., 20.0 HCO; , 3 H,PQ, , 1.2 SCG;~, 8 glucose(osmolarity
nononcologi¢ applications;”** will be added to the “scope =290 mO sm until use(~1-6 h postexcision This solution
of duties” of ALA-mediated PD and PDT. These will require was saturated with gas mixture containing 95% oxygen and
conditions, to be optimized in realistic preclinical tests. An- 5% CQO, (pH 7.5). The mucosae were microdissected from the
other factor to be optimized in ALA-based PDT is the choice underlying tissue and cut intd X7 mm fragments, which
of the appropriate irradiation wavelength and the optimal ir- were mounted in a transparent culture chamber designed for
radiation procedure to be used. While for the treatment of epithelia®*®*The mucosa divided the chamber into apical
AK*® the shallow penetration of blue light seems to be suffi- (epithelia) and basalsubmucosalcompartments. The cham-
cient for effective treatment, other applications require deeper ber was fixed onto the plate of an epifluorescence microscope
light penetration. (Leitz Orthoplan and thermostabilized aB87+0.5°C. The
Hence, in order to explore all these parameters, thousandsbasal compartment was continuously perfused by oxygenated
of animal tests would be necessary for a statistically valid Tyrode solution. Four mucosae were prepared for each set of
analysis of the problem. However, the directive 86/609/EEC conditions and measurements were performed at five spatially
on the Approximation of Laws, Regulations and Administra- Separated points on each sample.
tive Provisions of the Member States Regarding the Protec-
tion of Animals Used for Experimental and Other Scientific
Purpose® strongly implies the concept of using and devel-

Chemicals and Solutions

ALA was purchased from MercKDietikon, Switzerlang
Butyl-(b-ALA) and hexyl-estefh-ALA) were synthesized as
described previousl§? Appropriate quantities of ALA or one
of its derivatives were dissolved in 5 mL of Tyrode solution
(see below to yield final concentration between 1 and 40
mM. These solutions were adjustedpid 5.3 or 6.4 if neces-
sary. Glutaraldeyde an®sQ, were obtained from Fluka
(Buchs, Switzerland Stock solutions of Sytox-GreefMo-
lecular Probes, Eugene, R DMSO (5 mM) were stored at
4 °C. Prior to incubation they were diluted with Tyrode solu-
tion to give a final concentration of AM.

2.3 Spectrofluorometry

| PpIX accumulation as a function of precursor concentration,

oping nonanimal in alternative test methods. In contrast to cell . . .
time of administration angH value was evaluated by means

culture models, organ/tissue cultures the original architecture f the fi intensity at 635 Th
is maintained. These systems are still economical and reduc or the Tuorescence Intensity a M. 1he mucosa was pe-

. . riodically excited by violet light of a filtered 100 W mercury
tsrl]:u;rslferzfd ‘Z:ir:g; as the samples may be obtained fromarc lamp[Eppendorf 405 nn{full width half maximum: 10

Recently, we have shown that the use of such tissue CuI_nm)] at 405 nm. The fluorescence emitted by the cells, taken

tures can help to considerably accelerate the preclinical devel-to be proportional to the cell PpIX concentration, was passed

. through a low pass filte(A\>610 nm) and a spectrograph
opment (.)f.newly synthesmegl,zmolecules for the PD.and PDT (continuous interference filter Veril, Lejtand subsequently
of superficial bladder cancét*?Here we show how different

. - recorded by an EMI 20 photomultiplier tube. The specificity
prerequisites to thlmal PD and PPT can be addressed by OUTsf the fluorescence signal was systematically checked by ana-
experimentakx vivoapproach. It will also be shown that this

thod b dt ltivate ti f th thelial lyzing the emission spectra. In order to correct the obtained
method can be used fo cultivate tissue from ofher epithelia PpIX fluorescence intensities for day-to-day fluctuations of
origins, such as sheep paranasal mucosa, in which PpIX fluo-

. the excitation light or in the emission pathway, the fluores-
rescence can be generated following exposure to ALA Or ON€ conce intensity at 635 nm of a solution of Rhodamine 101
o_f |ts_der|v_at|ves. Dose-response curves as We_II as pharmaco-(C: 1x10°® mol/L) served as reference.
kinetics will be established for this type of epithelium. Fur-
thermore, the current approach was used to explore possible
experimental setups, defining more quantitatively other rela- 2.4 Photodynamic Therapy
tionships between parameters, which are important with re- After incubation with solutions of h-ALA2 mM) and ALA
spect to PpIX mediated PDT and PD of superficial human (180 mM), respectively, to give equal concentrations of PplX,
bladder cancer, such a#l value, irradiation wavelength, and the mucosa was irradiated at four distinct sites with 405 nm
ALA derivative. light (20 mWkm?) coming from a filtered 100 W mercury arc
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lamp or with the white light from an unfiltered Storz D-Light 09 . y T
system(Storz, Tuttlingen, Germanyat 20 mWen? delivered o8l :E:ﬁ& i
through the ocular of the microscope. S o7 —s— ALA

3o
2.5 Fluorescence Microscopy % 06k .
Two h after irradiation, tissue samples incubated with Sytox- £ 05 ]
Green solutior(1 uM) for 15 min were mounted on a micro- ﬁ ’
scope cover slide. Fluorescence imaging was performed with 8 04 ]
an air-cooled, slow-scan 16 bit-charge coupled deW@gD) % 03 il
camera EEV P86231, Wright Instr., Endfield, UKitted to a 5
fluorescence microscog®lympus, BH2-RFCequipped with & ozr i
an Olympus objectivéS. Plan Apo &, and 10<). Fluores- o4F 4
cence excitation controlled by an excitation shuitiodel 0.0 e o Ny
Uniblitz Driver D122, Vincent Acc., Rochester, N'vas pro- ) 1 10 100
vided by a 100 W mercury arc lamp filtered by an interference ¢ [mM]

filter (A g=420—490nm). Exposure times were controlled by . o
an electronic shutter and set to 1 s. An Olympus microscope Fig. 1 Concentration dependence of PplX accumulation in sheep
itation “cube B” and a | filteiRG 610, Schott paranasal mucosa after 3 h of incubation with ALA (-@-), b-ALA (-V-),
excitation “cube B” and a long-pass fi 610, Schott, and h-ALA (H-).
Mainz, Germany were used to suppress excitation light and
record PplIX fluorescence. For Sytox-Green fluorescence re-
cording, a band-pass filtdin =540—-580nm) was placed in
the emission pathway instead of the long-pass filter.
Digital imaging, data display, and storage were performed
with an IBM compatible PC connected to the CCD using the
AT1 software(Wright Instruments, Endfield, UK

tained. However, the position of fluorescence maxima as well
as the total amount of PpIX produced are different as com-
pared to those obtained in porcine urothéfi&irst, the opti-

mal concentrations for each precursor, where optimal PplIX
synthesis occurs, are shifted toward lower concentrations.
Second, total fluorescence intensities are smaller. Further-
more, although the fluorescence intensities obtained after in-
cubation with h-ALA are slightly higher as compared to fluo-

2.6 Scanning Electron Microscopy

Samples of irradiated bladder mucosa preincubated with
h-ALA (2 mM, for 2 h were fixed overnight with 2% of  ragcence intensities with ALA, these differences are not as
glutaraldehyde in phosphate buffered sali®BS. After ., Significant as observed in the case of the uroti&i& This
thr;ae Washlngs In PBOS' they were dehydrated through 70%, o probably be attributed to structural differences in the two
80%, Q%A" and 100% of ethanol and then postfixed with he5 of epithelia. While the mucosa of the bladder consists of
OsQ; (1%) dissolved in PBS. The samples were then freeze g |amina propria and a transitional epithelium, which is 5—6
dried with a critical point dryefCPD 030, Balzers, Lichten-  cg|is in thickness, the respiratory epithelium generally con-
stein coated with gold(S150 sputter coater, Edwards, Zivy, (ains only a single layer of cells. Thus in contrast to the blad-

Base) and studied by scanning electron microsc¢peoL, der epithelium, deeper cell layers cannot contribute to the
Tokyo). Micrographs were recorded on a Kodak Tri-X-Pan  ppx flyorescence and the higher tissue penetration capacity
(6X7 cm) roll film. of h-ALA with respect to ALA is less important.

In Figure 2 the PplX fluorescence intensity during incuba-
3 Results and Discussion tion with ([h-ALA]=2 mM) is plotted against the time. In
3.1 PplIX Accumulation in Sheep Paranasal Mucosa contrast to the results obtained with the pig bladder mucosa

Improved PplIX synthesis induced by the topical application
of ALA esters has so far been reported with creams contain-
ing ALA methylester(m-ALA) for the therapy of basal cell
carcinoma and AR® and solutions containing h-ALA for the
PD of superficial bladder canc& Thus, it can be expected
that more lipophilic ALA derivatives will also be considered
for the use in other medical applications. However, prior to
clinical application of such derivatives, extensive testing is
necessary to first determine the most promising derivative for
the particular application and second to investigate the opti-
mal conditions with respect to the drug formulation. Besides
PD and PDT of Barrett's Esophagus, the PpIX mediated PD
of early human lung cancer seems to be one of the potential
application fields of ALA derivatives. Hence, we exposed
freshly excised sheep paranasal mucosae to different ALA 0.0 ' L L L L ‘ :
. . " 0 50 100 150 200 250 300 350 400
esters. Figure 1 shows the PplIX fluorescence intensities rela- i .
L . . . time [min]
tive to the reference obtained in the mucosae as a function of
precursor concentration after 3 h. For each ALA derivative Fig. 2 Pharmacokinetics of PpIX synthesis in sheep paranasal mucosa
the well-known “bell-shaped” dose-response curves were 0b- treated with h-ALA (2 mM).

o o o
- (=2} @
T

| |

»

n

1

fluorescence intensity [a.u.]
o
o

Journal of Biomedical Optics * April 2001 * Vol. 6 No. 2 153



Lange et al.

(see below, continuously increasing PplIX fluorescence was 7.0 T T T T T T T T

not observed. The highest fluorescence intensity was observed 6Sf ¢ edminidraton during 1o min i ]
after 3—4 h of continuous incubation. These experiments dem-  — * [ 4 administration during 480 min l |
onstrate that even very delicate epithelia can be used in our ; ‘;’g 3 l R ]
incubation chambers to simulaibe vivo conditions with re- z 4:5_ R ]
spect to PplX generation. This approach may accelerate the 2 ,4L h
screening procedure for new ALA derivatives in their way to £ a5 ]
clinical use. Slight modifications of this approach will be used 8 30f g .
to help to optimize formulations used for the inhalation of § 25} e y
ALA or one of its derivatives for PDT and/or photodetection o 20r . ]
in the bronchi. For these purposes the quartz window of the 8 '5F L 1
upper part of the perfusion chamber can be removed, allowing ;: A
exposure of the respiratory epithelium to a humidified atmo- 0.0 A S
sphere. The use of tissue/organ culture also enables us to take 0o 1 2 3 4 5 6 7 8 9
into account other environmental factors such as excretion of time [h]

mucus delivered by goblet cells and glands, which is absent in o o
cell cultures or coculture?. Moreover, the influence of the 11§ 3 Pharmacokinetics of PpIX synthesis in pig bladder mucosae
. . L o o after exposure to h-ALA (4 mM) during different time periods: (A) 480
chemicals under investigation on ciliated cell activity can be i, . () 30 min; () 10 min.
investigated in more detal.
In addition, we expect that our model will help in testing
different conditions for the improved photodetection of ova-
rian cancer, thereby reducing the number of animals needed toperiod. In order to test the conditions allowing significant re-
obtain statistically valid results. Major et #l.recently pre-  duction of total instillation time and hence an increase of the
sented a cancer animal model with pathogen free rodents ex-comfort for patients, we exposed the microdissected pig
pressing a high number of metastatic ovarian cancer nodules.yrothelia for 10 and 30 min, respectively, and followed the
Apart from nodules observed in the peritoneum, ovarian mi- PplX generation by means of fluorescence spectroscopy for 8
crometastases were also observed in the omentum and thé,. The resulting fluorescence intensities were compared to
bowel mesenterium. However, for each condition at least 4-5 those obtained after continuous exposure to h-ALA solutions.
animals were sacrificed. It should be realized that tissue from The results of these studies are plotted in Figure 3. In all cases
this origin is rather easy to prepare for tests in our incubation the PplX fluorescence intensity increased in a sigmoidal way
chamber, and many conditions can be tested with one animalas a function of time. No significant differences were ob-
under controlled exposure conditions. served during the fits3 h of PpIX synthesis, but the PpIX
production significantly slowed down after 5 h. Instillation for
R . 30 min has shown a similar picture but with a slight decrease
3.2 '“ﬂ‘“{“ce of Total Incubation Time on PpIX in PpIX formation capacjt5 h after the start of incubation.
Accumulation Quantitative analysis of the fluorescence spectra after blad-
Under standard cystoscopic conditions flat multifocal bladder der instillation in patients with 50 mL of solutions containing
lesions such as carcinomia situ are often barely visible. 100 mg h-ALA ([h-ALA]=8 mM) showed that incubation for
Hence, complete surgical resection of these lesions is difficult, 2 h with subsequent evacuation of the bladder contents gave
and may result in higher recurrence rates. The use of ALA- higher PplX fluorescence values as compared h of con-
mediated PplX combined with fluorescence imaging now ap- tinuous exposure to the drdg.
pears as a reasonable approach to attain essentially complete The use of slightly higher drug doses than the “optimal
surgical tumor resectiol1" In clinical studies sensitivities ~ dose,” i.e., the dose determined by means of our pig bladder
between 77% and 97% and specificities ranging from 57% to model, was necessary in order to compensate for the dilution
67% have been reported. Studies performed by Jichlinski of the drug due to urine excretion by the patients. However,
et al’* and Koenig et at® suggest that longer time intervals  too high h-ALA doses have been shown to slow down PpIX
between the instillation of the drug and the start of the fluo- formationin vitro®®3! andin vivo.? Thus, evacuation of the
rescence cystoscopy lead to more detectable neoplastic leproduct afte 2 h avoids exposure of the bladder wall to el-
sions per patient. Another factor that might influence the sen- evated drug doses and takes into account both the dilution of
sitivity as well as the specificity of this method is the total the compound and its cytotoxic potential.
time of drug exposure. In clinical trials this time varies be- From Figure 3 it can be seen that even after a short expo-
tween 10 and 420 min but is on average 120 min. sure to the prodrug, a continuous PplX formation can be ob-
Recently, we have shown that the use of more lipophilic served. In contrast to observatiansvivo, no augmentation of
derivatives of ALA, notably the ALA hexylester, can consid- PplX fluorescence was observed when compared to a continu-
erably decrease the time of instillation as well as the time ous application of the drug. One should keep in mind that, in
between instillation and fluorescence detecffoti.has been contrast to the clinical practice, the pig bladder was incubated
shown that one rate-limiting step in the biosynthetic pathway under optimal conditions, determined for minimal toxicity and
of heme is mediated by the enzyme porphobilinogen deami- optimal PplIX synthesis. In order to determine whether or not
nase. Thus, a large pool of the substrate, provided by a rapidthere will be a different PplX formation using the clinically
passive diffusion through the cellular membréfés suffi- established 22 concept, the pig bladder should be exposed
cient to maintain a high level PpIX synthesis over a long to slightly higher than optimal drug doses.

154 Journal of Biomedical Optics « April 2001 * Vol. 6 No. 2



Q =2 a4 a A
o O N A

o

fluorescence intensity [a.u.]
»

o
ES

o
%)

o
o

c [mM]

Fig. 4 Concentration dependence of PplX accumulation in pig blad-
der mucosae after 2 h of incubation with h-ALA solutions at different
pH values: (H) pH 5.3; (O) pH 6.4.

3.3 Influence of pH Values on the PplIX
Accumulation

Several authors have described the influence optheralue

on PpIX synthesisin vitro for both ALA and its
derivatives’®4*~#® |t was found in different cell lines that
PpIX was induced most efficiently when physiologigat
values were applied. However, due to the instability of ALA
in solution under such conditiod$ applying acidic ALA so-
lutions (pH 5.3) for the photodetection of superficial bladder
cancer was recommended. Hence, we exposed excised muc
sae to different prodrug concentrations using two diffeptht
values. This allows us to determine if tipél value has an
impact on the PpIX production in an intact cellular environ-
ment consisting of multiple cell layers, extracellular matrix
components, and a submucosa compartment adjuste# to
=7.4. From Figure 4 it can be seen that af2én ofincubation
with suboptimal drug concentrations of h-ALA, a significant
increase in PplX generation efficiency with increagahyjval-

ues can be observed. This is in agreement with previous stud-
ies we performed of cell lines derived from a human transi-
tional cell carcinoma of the bladdé&t The cells were exposed

to only half of the optimal concentration in order to avoid a
saturation of the biosynthetic pathway. However, compared to
cell culture experiments where PplX synthesis was found to
be more than doubled ggH=6.4 as compared tpH=5.3,

this effect was less notable in excised pig bladder mucosae.
This can be attributed to the fact that in human bladder even
acidic conditions can be considered as physiologitaf® In

this sense the tissue culture approach is closer to the clinical
aspects than cell culture experiments. The close relationship
between tissue cultures and the clinical photodetection of
early human bladder cancer is further demonstrated in Table
1, where optimal concentratiorfs,,) of h-ALA solutions at

pH of 5.3 were assessed in two cell lines of cancerous origin
as well as theex vivo pig bladder, and in a clinical pilot
study®* While thec,, for both cell cultures deviated by more
than 1 order of magnitude from clinically determingg; val-

Ues, Copt, determinedex vivois only two times lower than
optimal conditions determineid vivo. Dilution effects as de-
scribed above can explain this slight difference.

(o)

Routine Experimental System

Table 1 Optimal concentration of h-ALA as determined by means of
maximal PplX generation after two hours of exposure to the prodrug at
pH=5.2.

Pig bladder
182 cells T24 cells  mucosae  Human bladder
Test system (in vitro)  (in vitro)  (ex vivo) (in vivo)
[h-ALA],,/mM  0.3° 0.2¢ 4 8°
¢ Data from Ref. 26.
b This study.

¢ Data from Ref. 32.

The long-term impact opH on the PpIX accumulation in
intact epithelia was studied by incubation of microdissected
pig bladder atc,, and measuring the PplX fluorescence at
635 nm every hour for 8 h. For both incubation conditions, a
sigmoidally increasing PplX fluorescence was observed and
no significant differences between incubationpkt 5.3 and
pH 6.4 were notedFigure 5. From these experiments it can
be concluded that, at least for urological purposes and topical
drug application, theH value will be of minor importance if
the PpIX precursor remains stable under such conditions.

3.4 PDT on the Pig Bladder Mucosa

A priori, PDT represents a simple treatment modality. It com-
prises the administration of a photosensitizer and subsequent
irradiation by light of an appropriate wavelength. In reality,
the therapeutic value of PDT is influenced by complex inter-
actions of multiple parameters such as photosensitizer con-
centration in tissue and its localization, photosensitizer selec-
tivity, irradiation wavelength, fluence rate, tissue optical
properties, tissue metabolic conditions, delay between drug
administration and irradiation, and many others. Thus for each
new photosensitizer, the best combination of the above-
mentioned parameters should be determined as closely as pos-
sible prior to clinical use. For this purpose, a routine and
reproducible model that delivers as quantitative information
as possible is essential. In general, this requires screening

fluorescence intensity [a.u.]

100 200 300

time [min]

400 500

Fig. 5 Pharmacokinetics of PplX synthesis in pig bladder mucosae
after exposure to h-ALA solutions (4 mM) at different pH values: ()
pH 5.3; (O) pH 6.4.
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tensity was observed in the center of the areas, irradiated with
higher light doses. This effect was attributed to the desqua-
mation of dead superficial cell layers following PDT before
incubation with Sytox Green. Thus, deeper layers are out of
the focal plane of the microscope and the fluorescence result-
ing from these regions contributes less to the total fluores-
cence intensity.

Figure 1A) compares the Sytox-Green fluorescence image
of urothelial cell death to a typical SEM micrograpfigure
7(B)] under the same irradiation conditioflght dose=0.05
Jlent at 405 nn). In the center of Figure (B), cells with
morphologically changed membranes surrounded by appar-
ently undamaged cells can be seen. On closer inspelctam
arrows in Figure )], areas where the superficial cell layer
was removed due to photodynamic acti@eeper cells with
injured cell membrangsare visible. The diameter of the total
affected area was determined to &80+ 50 um, which was
slightly smaller than that determined by fluorescence-based
methods. This fact can be ascribed to a higher sensitivity of
the fluorescence-based methods since small areas of cell
membrane rupture in the outer part of the irradiated area in-
visible under SEM, and will easily be penetrated by Sytox
Green. However, both methods can be used to determine
PDT-induced cell death in living tissue.

3.4.2 Influence of the PplX Precursor

In the case of highly selective photosensitizer accumulation
into the target tissue, irradiation conditions must be chosen
which ensure the destruction of the entire lesion. The high

Fig. 6 Reconstituted fluorescence image obtained 3h after PplX fluo- light attenuation by endogenous chromophores, such as fla-
rescence and Sytox Green fluorescence imaging (Bar-500 um); spot vines or hemoglobin at short wavelengths, restricts the propa-
A: irradiation with 0.1 J/cm? at 405; spot B: irradiation with 0.5 J/cm? gation of blue light to only superficial tissue layers. Hence, for

at 405 nm. the PDT of bulky or nodular lesions more penetrating red/near

infrared excitation is requiretf. At present, red light at suffi-
cient fluence rates can only be obtained from relatively high-

with animal models, which are adapted to the particular clini- COst laser sources, which at times may be difficult to handle in
cal problem. As mentioned above, tissue culture models may clinical practice. A low-cost alternative is the irradiation of

help in reducing the necessary number of animal tests. target structures with white light, which can be absorbed by
the accumulated photosensitizer.

L The distribution of PpIX following incubation with both

3.4.1  Determination of Cell Death ALA and h-ALA has been measurexk vivg® andin vivo by
Cell death is the end point of PDT and several methods, al- fluorescence-based methods. In contrast to h-ALA-induced
lowing the evaluation of this cellular event, have been de- PpIX, a more or less inhomogeneous distribution was ob-
scribed in the literature. They are based on morphological served when ALA was used as substrate. In this case, only
evaluations, including light or electron microscofy. 8 small quantities of PpIX were detected in tissue layers near
fluorescence-based methods such as the use of propidiunthe basement membrane. It was presumed that these small
iodide®*>° (which tests for cell permeabilifyand biolumines-  amounts of PplX, induced by hydrophilic ALA, would not be
cence method3. In this work, we used scanning electron mi-  sufficient for an effective treatment on the basis of papillary
croscopy(SEM) and Sytox-Green-based fluorescence for the bladder tumors. No evidence of cell membrane rupture was
quantitative evaluation of h-ALA mediated phototoxicity. observed when incubating the mucosae with h-ALA or ALA

The first evidence of cell membrane rupture was observed alone. Irradiation of microdissected urothelia, preincubated
about 90 min following PDT as confirmed by Sytox Green with h-ALA or ALA, always resulted in damage of the tissu-
fluorescencddata not shown Figure 6 shows the reconsti- lar network. Using white light and preincubation with h-ALA
tuted fluorescence image obtaih® h after PplX irradiation generally resulted in a complete epithelial destruction yet
and Sytox Green fluorescence imaging. The two fluorescentsparing the basement membrdiégure 71C)]. The latter can
green spots, surrounded by nonbleached areas of characterisse explained by very small quantities of the photosensitizer
tic red PplX fluorescence, were irradiated with different light within the basal lamina as determined by Marti et®alvhile
doses at 405 nif0.1J/cn? (spot A); 0.7 J/en? (spot B. The white light was allowed to efficiently destroy the entire
diameter of the irradiated areas was determined tolbe urothelium down to the basement membrane when pig blad-
+50 um depending on the light dose. Less fluorescence in- der mucosae were incubated with h-ALA, similar irradiation
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Fig. 7 Sytox Green fluorescence image (A) and SEM micrograph (B) after irradiation with 0.05 J/cm? at 405 nm SEM micrographs and Sytox-Green
fluorescence images of pig bladder mucosa after incubation with PpIX precursors: (A) Sytox Green fluorescence image after irradiation with 0.05
J/em? at 405 nm; (B) corresponding SEM micrograph after irradiation with 0.05 J/cm? at 405 nm (arrows indicate areas where the superficial cell
layer was removed due to photodynamic action, deeper cells with evidentially injured cell membranes are visible); (C) 5 h of incubation with
h-ALA, irradiation with white light, and a light dose of 2 JJcm? after 3 h of incubation; (D) 5 h of incubation with ALA, irradiation with white light,
and a light dose of 2 J/cm? after 3 h of incubation.

conditions with ALA as PplX precursor were less efficient. The use of this tissue culture model can help in reducing
Figures 71C) and 1D) clearly demonstrate the differences in the number of animal studies considerably because it (@n:
the therapeutic outcome when using PpIX precursors of dif- replace animals in a first stage of a drug developing progress;
ferent lipophilicity. The spots in the irradiated areas after in- and (b) test several conditions with the tissue samples ob-
cubation with ALA and subsequent irradiation with white tained from only one animal. It has been shown to deliver
light always showed higher heterogeneity as compared to highly reproducible results and is easy to handle.

those observed after incubation with h-ALA. Moreover, in all The results shown here mostly document the feasibility of

of the conditions tested, the destruction was mostly confined using tissue culture models for studying the pharmacokinetics

to the superficial urothelial cell layers. and PDT effects of new compounds under controlled and
well-defined conditions. Additional experiments are in

5 Conclusions progress to extend the present model to human tissue samples

The present studies demonstrate the usefulness of the tissuglanI biopsies also containing pathological cells.

culture approach for screening of fluorescent tumor markers
or photosensitizers, in particular of the 5-ALA derivative-
induced PplIX. The epithelial cultures are suitable for measur-
ing the relative fluorescence intensities of fluorescence mark-The authors gratefully thank Franco Ardizzoni from the
ers using different incubation conditions. The fluorescence “Center de microscopie electronique” of the University of
intensity as a function of time and concentration of PpIX pre- Lausanne for its technical assistance in SEM imaging, the
cursors can be easily followed. The combination with comple- “Schweizer National Fonds'{Grant No. 3200/056050.981
mentary techniques has been shown to be able to respond t@nd for its financial support and Photocure ASA for providing
major questions in PDT and PD of malignant and nonmalig- some ALA hexylester hydrochloride. N.L. is grateful to the
nant superficial lesions. Schering Research Foundation for providing his grant.
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