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Abstract

Background: 5-Aminolevulinic acid (5-ALA)-induced pro-
toporphyrin IX (PPIX) fluorescence improves the differ-
entiation of tumor and normal tissue in the bladder, skin
and brain. Objective: The kinetics of 5-ALA-induced pro-
toporphyrin IX (PPIX) fluorescence in organ cultures of
normal human bronchial epithelium and cocultures of
bronchial epithelium and tumor have been studied.
Methods: Cultured biopsies of bronchial epithelium
were exposed for 5 or 15 min, or continuously to 5-ALA.
PPIX fluorescence was quantified for up to 300 min by
spectroscopy. Cocultures of normal bronchial epithelium
and a non-small-cell lung cancer cell line (EPLC-32M1)
were incubated with 5-ALA. Space-resolved fluores-
cence microscopy was used to quantify PPIX fluores-
cence kinetics in the tumor and normal epithelium. Re-
sults: In cultures of normal epithelium, PPIX fluores-
cence kinetics were shown to depend on the duration of
exposure to 5-ALA. There was a trend to higher fluores-
cence intensities with longer exposure times. In cocul-
tures of bronchial epithelium and tumor, increases of

fluorescence intensity were significantly greater in the
tumor. Best tumor/normal tissue fluorescence ratios
were found between 110 and 160 min after exposure to
5-ALA. Conclusion: Data obtained in this coculture sys-
tem of bronchial epithelium and tumor is valuable to
optimize modalities of fluorescence bronchoscopy for

the diagnosis of early bronchial carcinoma.
Copyright© 2002 S. Karger AG, Basel

Introduction

Life expectancy in patients with lung cancer mainly
depends on the tumor stage at the first diagnosis. Only
small tumors have a real chance of curative treatment.
Moreover, early detection of relapses improves the suc-
cess of therapy. To improve sensitivity of bronchoscopy
for early detection of lung cancer, techniques applying tis-
sue autofluorescence or fluorescent dyes are under devel-
opment [1]. The application of 5-aminolevulinic acid (5-
ALA), which leads to intracellular production of the fluo-
rescent protoporphyrin IX (PPIX), shows promising re-
sults in early diagnosis and therapy of bladder and skin
malignancies [2-5] and the demarcation of brain tumors
[6]. The feasibility of inhalative or systemic application of
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5-ALA for studies in the bronchi has been tested in select-
ed patients [7, 8]. More data is needed to optimize these
diagnostic techniques. The aim of the present studies was,
therefore, to study features of 5-Ala-induced kinetics in an
organ culture model of human bronchial epithelium and
tumor.

Methods

Organ Cultures of Bronchial Epithelium and Cocultures of

Bronchial Epithelium and Tumor

A three-dimensional organ culture system [9, 10] which has been
shown to maintain different properties of the human respiratory epi-
thelium in vivo was adapted. Biopsies of the left or right upper lobe
carina of patients undergoing bronchoscopy were obtained and fur-
ther cultured. The ethical committee of the University of Munich
had approved the procedure. Particulars on culture conditions have
been described elsewhere [11]. After a few days the respiratory epi-
thelium grows around the whole biopsy (fig. 1). Thus the three-
dimensional organ culture system consists of a nucleus of connective
tissue which is completely covered by a multilayered respiratory epi-
thelium. The cultured tissue contains a basal membrane, ciliated
cells, secretory cells and basal cells [12] and strongly resembles respi-
ratory epithelium in vivo.

14- to 21-day-old organ cultures of normal bronchial epithelium
were halved with a scalpel creating a wound in the epithelial surface
at one side of each piece (fig. 1). Cells of the non-small-cell lung can-
cer line EPLC-32M1 [13] (approximately 10 cells suspended in 1 pl)
were placed in contact with the wounded surface. After 14 days
tumor cells had adhered to the wounded surface and infiltrated the
stroma of the organ cultures [11].

Application of 5-ALA

Cultures were incubated in 300 mg/l 5-ALA (Medac GmbH,
Hamburg, Germany) which was dissolved in serum-free, HEPES-
buffered DMEM at 37°C.

5-ALA-Induced PPIX Fluorescence in Normal Bronchial

Epithelium Depending on the Time of Incubation with 5-ALA

Cultures of 14-day-old normal bronchial epithelium were ran-
domized and incubated for 5 or 15 min, or continuously with 5-ALA
(n = 9/group). The cultures were placed in a specially constructed
chamber with controlled temperature (37 °C; Effenberg, Munich,
Germany) containing HEPES-buffered DMEM medium for the first
two groups, or the 5-ALA solution for the continuously incubated
group. PPIX fluorescence was measured at t = 30, 60, 90, 120, 150,
180, 210, 240, 270 and 300 min after the beginning of the incubation
with 5-ALA. For each measurement the cultures were epi-illumi-
nated with a filtered (A = 375-420 nm) xenon-short arc lamp (D-light,
Storz GmbH, Tuttlingen, Germany). Fluorescence emission was col-
lected from the whole surface of the organ culture by a fused silica
fiber attached to an intensified optical multichannel analyzer
(OSMA, SI Instruments, Gilching, Germany). Fluorescence intensi-
ties between 628 and 644 nm (corresponding to the maximum peak
of PPIX fluorescence at 635 nm) were integrated after normalizing
the spectra to tissue autofluorescence (590-600 nm). Finally, the val-
ues obtained at t = 35 min, which were considered as baseline, were
subtracted.
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Fig. 1. Schematic drawing illustrating culture techniques. Biopsies of
human bronchial epithelium are put in culture (a). Respiratory epi-
thelium grows around the whole biopsy (b). These organ cultures of
normal epithelium were used for the first series of experiments. Oth-
er cultures were halved after 14 days with a scalpel (c). Tumor cells
were implanted on the wounded surface (d) in order to produce
cocultures of normal epithelium and tumor (e).

5-ALA-Induced PPIX Fluorescence in Cocultures of Normal

Bronchial Epithelium and Tumor

Cocultures of normal bronchial epithelium and tumor (n = 7)
were incubated for 15 min with 5-ALA and then placed under a Zeiss
fluorescence microscope. PPIX fluorescence was visualized by epi-
illumination with a filtered Hg lamp (A = 405 nm). Fluorescence
images (A > 590 nm) were acquired with a CCD camera (Tricam sl
3-chip-CCD, Storz) at t = 35, 50, 65, 80, 95, 110, 125, 140, 160, 190,
220, 250 and 280 min after the beginning of the incubation with 5-
ALA. Space-resolved quantification of fluorescence intensities was
performed off-line (OPTIMAS image analyzing system, Media Cy-
bernetics, Silver Spring, Md., USA) in interactively defined region of
interest areas (ROIs): 4 ROIs at the borders of the normal bronchial
epithelium, 3 at the borders of the tumor, 1 ROI at the center of
normal tissue and 1 at a corresponding central area of the tumor
(fig. 2). Care was taken to use similarly thick areas at the tumor and
normal epithelium of the borders. Fluorescence values obtained at
t = 35 min were considered as baseline and subtracted.

Differentiation between tumor-infiltrated and normal bronchial
epithelium was accomplished by analyzing an image of the coculture
acquired under conventional light microscopy. The following criteria
were applied: (1) the normal borders were smooth in contrast to the
tumor borders, and (2) the tumor cells had been implanted on the cut
edge of the original organ culture of bronchial epithelium. This
straight edge could be identified in most of the cocultures. A second
observer controlled the position of the tumor with respect to the nor-
mal portions.
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Fig. 2. Digitized fluorescence image of a coculture of bronchial epi-
thelium and tumor 120 min after the beginning of incubation with
5-ALA (30 mg/l, 15 min incubation time) showing the defined ROI
areas on normal bronchial epithelium at the borders (A), normal epi-
thelium at the center (B), tumor at the borders (C), and tumor at the
center of the culture (D) which were used for quantification of fluo-
rescence. The white scattered line indicates the border between
tumor (on the right) and normal tissue. The increased red fluores-
cence intensity (corresponding to PPIX) at the tumor site as com-
pared to normal epithelium can be appreciated.

Statistics

The Kruskal-Wallis test was used for nonparametric one-way
analysis of variance and multiple comparisons of ranks of several
independent samples. Single unpaired samples were compared by the
Friedman test and paired samples by the Wilcoxon signed rank test.
PPIX fluorescence kinetics of tumor and normal epithelium in cocul-
tures were compared using the two-way repeated measures analysis
of variance on one-factor balanced design. The SigmaStat statistical
software package was used (Jandel Scientific, USA). Data are given
as mean =+ standard error of the mean (SE).

Results

In the first series of experiments, PPIX fluorescence
intensities were measured in organ cultures of normal
bronchial epithelium by spectroscopy. Analysis of the
acquired spectra confirmed that increases of fluorescence
after incubation with 5-ALA were due to PPIX. PPIX flu-
orescence kinetics in the organ cultures of normal bron-
chial epithelium is depicted in figure 3. Cultures incu-
bated for 5 or 15 min with 5-ALA showed an almost linear
increase of fluorescence intensity during the first 80 or

5-ALA-Induced Fluorescence in Organ
Cultures
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Fig. 3. Diagram shows PPIX fluorescence intensities (arbitrary
units; mean £ SE; n = 9/group) measured by spectroscopy in cultures
of normal human bronchial epithelium incubated for 5 or 15 min, or
continuously with 5-ALA. There is a trend to increased fluorescence
intensities with longer incubation times (nonsignificant; two-way
repeated measures analysis of variance on one-factor balanced design
for comparing kinetics, Kruskal-Wallis test for comparing maximal
fluorescence intensities).

180 min, respectively, and a decrease later. In cultures
continuously incubated with 5-ALA, a plateau of PPIX
fluorescence began at 220 min and persisted for the rest of
the experiment. Maximal PPIX fluorescence intensities
seemed to increase depending on the time of incubation
with 5-ALA. The differences between the groups were not
statistically significant, however. The time to reach maxi-
mal fluorescence intensities was 126.7 = 36.8, 193.3 =
37.7* and 236.7 = 51.9* min (mean * SE) in the cultures
incubated for 5 or 15 min, or continuously with 5-ALA,
respectively (* p<0.05 vs. the other groups; Kruskal-Wal-
lis test). These significant differences support the depen-
dency of PPIX fluorescence kinetics from the time of
incubation with 5-ALA.

Cocultures of tumor and normal bronchial epithelium
had been exposed for 15 min to 5-ALA. The first measure-
ment of fluorescence intensity at t = 35 min did not show
significant differences between normal epithelium and
tumor in the ROIs at the borders of the cultures. In the
ROIs positioned at the central portions, significantly
higher fluorescence intensities were measured in the nor-
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Fig. 4. Diagram shows kinetics of PPIX fluorescence intensities in
normal human bronchial epithelium and tumor after incubation
with 5-ALA for 15 min (n = 7; values are mean + SE) as measured in
ROIs at the borders of cocultures. Kinetics differed significantly if
the values were corrected to t = 35 min as baseline (p < 0.05, two-way
repeated measures analysis of variance on one-factor balanced de-
sign). * p < 0.05 for fluorescence intensity in the tumor versus corre-
sponding values in normal bronchial epithelium (Wilcoxon signed
rank test for paired samples).

mal tissue as compared to the tumor at the first measure-
ment (table 1). Later on there was a more pronounced
increase of PPIX fluorescence intensities in the tumor as
compared to normal tissue either at the borders or at the
center of the culture (fig. 4). If the fluorescence values
were corrected to the values at t = 35 min as baseline,
statistical significant differences of PPIX fluorescence
kinetics between tumor and normal epithelium were dem-
onstrated. There were no significant differences of kinet-
ics between normal epithelium at the center versus nor-
mal epithelium at the borders, or between tumor tissues at
the center versus tumor at the borders (two-way repeated
measures analysis of variance on one factor design; data
not shown in detail). At the borders, uncorrected tumor
fluorescence intensities were significantly higher than in
the corresponding normal epithelium at 50 and 65 min,
and between 110 and 160 min (fig. 4). The time that was
needed to reach maximal PPIX fluorescence intensities in
the ROIs at the borders was 167.86 = 117.2 or 225.0 =
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Table 1. Fluorescence intensities in ROI

ROI Fluorescence intensity
Normal epithelium, border 37.24+19.13

Normal epithelium, center 74.27+£49.83*

Tumor border 41.04+17.24

Tumor center 46.78+21.22

Baseline fluorescence intensities (t = 35 min after the beginning of
incubation with 5-ALA) in cocultures of bronchial epithelium and
tumor (mean = SE;n=7).

*p < 0.05 vs. the other groups (Kruskal-Wallis test).

83.54 for tumor or normal epithelium, respectively (mean
+ SE; n = 7). Thus, the borders of the tumor tended to
reach maximal fluorescence earlier than those of normal
epithelium. The differences were, however, not statistical-
ly significant (Kruskal-Wallis test).

Discussion

Our aim was to study kinetics of 5-ALA-induced PPIX
fluorescence in an in vitro model of human bronchial epi-
thelium and infiltrating tumor. An exogenous supply of
5-ALA in excess bypasses the biological regulatory mecha-
nisms leading to the intracellular accumulation of PPIX:
the immediate precursor of heme, which can be detected
by fluorescence techniques [4]. Topical and systemic ap-
plication of 5-ALA has been demonstrated to induce
greater PPIX fluorescence intensities in tumors as com-
pared to normal tissue in different organs [2, 4, 14, 15].

Patterns of PPIX fluorescence in bronchial epithelium
are expected to depend on the distribution of the dye in
different cell types, the arrangement of the cells and three-
dimensional fluorescence scattering. These characteristics
are better recreated in organ cultures of bronchial epithe-
lium than monolayer culture systems. Moreover, the pos-
sibility of using cocultures of normal epithelium and
tumor permits to compared fluorescence intensities and
kinetics of both tissue types directly.

One of the main disadvantages of organ cultures is,
however, that cell composition and arrangement, thick-
ness of the cultured bronchial epithelium and size of the
biopsies are not standardized. Variability of size and qual-
ity (i.e. cell composition and arrangement) of single organ
cultures may have influenced the fluorescence intensity
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values in the first series of experiments using fluorescence
spectroscopy. This technique assessed the sum of fluores-
cence in the whole culture. Culture size was probably not
that relevant in the second series using space-resolved flu-
orescence microscopy, especially if the measurements
were confined to the borders of the organ cultures. The
variability of fluorescence in normal bronchial epithelium
detected here probably reflects morphological differences
of the epithelium. As shown for the cell composition of
primary cultures of respiratory epithelium [16], the occur-
rence of bronchitis or dysplasia in the bronchial epithe-
lium of the donor might affect the quality of the cultured
tissue. To reduce variability, we used solely biopsies of the
upper lobe carina, selected cultures of a similar size and
cultures presenting ciliary beating in at least 50% of the
borders of normal epithelium, as assessed by inverse
microscopy. Despite this, standard deviations of fluores-
cence measurements were relatively high, which is one of
the limitations of this study.

It has been shown that rising concentrations of 5-ALA
induce increasing PPIX fluorescence intensities and lon-
ger times to reach maximal fluorescence in different tis-
sues [17]. We also showed that PPIX fluorescence kinetics
depend on the time of exposure to 5-ALA in cultures of
normal bronchial epithelium. PPIX fluorescence kinetics
might also depend on the application modalities of 5-ALA
[18]. The results of our experiments may better apply to
topical application of 5-ALA (for example inhalation of
5-ALA), since the patterns of 5-ALA transport by blood
are not taken into consideration in our system. The trend
to increased maximal fluorescence intensities with longer
5-ALA incubation times suggests that a time-dependent
‘reservoir’ of PPIX precursors is built in the cell during
the incubation with the substance. The contact time with
5-ALA might, therefore, be relevant, in addition to 5-ALA
concentration, if the substance is topically applied in the
bronchi. The patterns of PPIX kinetics in bronchial tissue
after application of 5-ALA we found are similar to those
in the gastric and colon mucosa [19]. Studies of PPIX flu-
orescence kinetics in murine lungs (not specifically bron-
chial tissue) and tumors have found maximal fluorescence
intensities at 180 min in both of them [20].

We have studied the interaction of EPLC-32M 1 tumor
cells and organ cultures of human bronchial epithelium by
histology and electron microscopy in a previous work
[11]. EPLC-32M1 cells have been shown to attach to the
wounded side of organ cultures and to infiltrate the acellu-
lar core. The tumor cells do not spread into the bronchial
epithelium. 14-day-old cocultures as used for the fluores-
cence experiments did not show evidence of tumor necro-

5-ALA-Induced Fluorescence in Organ
Cultures

sis. The measurements of PPIX fluorescence in cocultures
of normal bronchial epithelium and tumor were per-
formed in ROI areas at the center or at the borders of the
culture with the microscope focused at the borders. We
considered the nearly spherical form of the organ cultures
and assumed that fluorescence values measured at the
borders most likely correspond to a defined volume of
vital cells and, therefore, are better suited for our studies.
The values at the center corresponded to a less well-
defined volume, which might include fluorescence of vital
cells, of the acellular core of the organ cultures and scatter-
ing fluorescence of the surrounding structures. Thus the
higher baseline fluorescence intensities measured in the
ROIs corresponding to ‘normal tissue’ at the center (ta-
ble 1) are probably determined by the high levels of auto-
fluorescence of the acellular nucleus under the epithe-
lium. Tumor cells infiltrating the acellular core of the
organ culture probably determine the lower baseline fluo-
rescence intensities in the tumor ROIs at the center. Simi-
lar conditions have been proposed as an explanation for
the phenomenon of tumor detection by autofluorescence
bronchoscopy.

The patterns of PPIX fluorescence kinetics in tumor
and normal tissues were similar, with a more pronounced
increase of fluorescence in the tumor. Assuming that the
volume of tumor and normal tissues at the borders
assessed by the measurements should be comparable, the
higher PPIX fluorescence intensities in the tumor proba-
bly means increased synthesis of PPIX in tumor cells
compared to normal bronchial epithelium, as it has been
shown for other tissues [2, 4, 14, 15].

These results demonstrate the feasibility of using tu-
mor-infiltrated organ cultures of bronchial epithelium to
obtain data on fluorescence of photodynamic dyes in the
bronchial system and bronchial carcinoma. The first
series showed the importance of the contact time with 5-
ALA for PPIX fluorescence kinetics. Although normal
bronchial epithelial cells also synthesized PPIX, increased
fluorescence intensities in the EPLC tumor cells indicate
that PPIX might be an indicator of malignancy in the
bronchial system. Studies on tumor-infiltrated organ cul-
tures may help to optimize the procedures for fluores-
cence diagnosis in patients. According to the present
results, highest tumor/normal tissue ratios should be ex-
pected at about 120-150 min after application of 5-ALA.
Further experiments will show if this timing also applies
to other tumor types. Bronchoscopic measurements in
patients are necessary to confirm this data. In theory,
uptake and metabolism of 5-ALA to PPIX could be
influenced pharmacologically. The coculture system
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could be used to test whether any treatment improves flu-
orescence ratios between tumor and normal tissues and
consequently the diagnostic value of 5-ALA in the bron-
chial system.
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