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ABSTRACT

Fluorescence spectroscopy with six wavelengths (369 nm, 395 nm, 400 nm, 405 nm, 410 nm,
416 nm) was performed to determine the optimal excitation wavelength of exogenously induced
Protoporphyrin-IX fluorescence in esophageal adenocarcinoma cells and Barrett’s esophageal
tissue, as this might improve (pre)malignant lesion identification in Barrett’s esophagus.
Esophageal adenocarcinoma cells OE19 and biopsy specimens from Barrett’s esophageal patients
were transplanted onto the chorioallantoic membrane of fertilized hen’s eggs to simulate the
in-vivo situation. Administration of 5-aminolevulinic-acid to the cells/biopsy specimens was
followed by sequential fluorescence spectroscopy with all light sources and at several time points
between 0 hour before and 28 hours after 5-aminolevulinic-acid administration. Afterwards, the
biopsy specimens were histological evaluated and classified. From all obtained emission spectra,
the Protoporphyrin-IX fluorescence intensity ratio 1636/1600 was calculated to determine the
highest intensity ratios and highest difference between short and long wavelengths. Fluorescence
spectroscopy was performed on 16 OE19 cell samples and 55 biopsy specimens obtained from
17 patients. Our results suggest that the optimal excitation wavelength for Protoporphyrin-1X in

OE19 cells and in Barrett’s esophageal tissue lies around 410 nm — 416 nm.
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INTRODUCTION

Patients with Barrett’s esophagus (BE) are recommended to undergo regular surveillance
endoscopy to detect malignant lesions at an early stage. Esophageal adenocarcinoma develops
from premalignant stages of dysplasia, which can be detected during endoscopy and graded on
histology. These precursor lesions are amendable for curative and minimal invasive endoscopy
therapy, due to the virtually absent risk of lymph node metastasis. With a low morbidity
and mortality compared to esophagectomy and an excellent 5-year survival rate, the timely
detection of early dysplasia is of great clinical importance [1-4]. Existing endoscopic diagnostic
procedures such as standard white light endoscopy have a sensitivity and specificity of around
50-80 % [5-9] which shows that today no real time detection tool exists that can clearly
discriminate healthy from premalignant tissue during standard surveillance endoscopy. In the
absence of visible lesions, random four-quadrant biopsies are obtained throughout the Barrett’s
segment. This protocol has some drawbacks, such as delayed treatment, high pathology costs
and most importantly, sampling errors due to the small surface area, approximately 5% [10],
that is sampled within the suspected area.

Early changes in tissue during the progression into malignancy occur at a (sub)cellular level and
consist of morphological and chemical changes. All these changes affect the optical absorption
and scattering properties of the tissue which can be detected by fluorescence spectroscopy.
This approach has shown to be useful to differentiate normal from malignant tissue [11-14].
Photosensitizers, such as 5-aminolaevulinic acid (5-ALA) may be administered to enhance the
contrast [15,16]. The administration of 5-ALA bypasses the negative feedback mechanism in the
heme biosynthetic pathway and leads to the formation of the fluorescent Protoporphyrin-IX
(PpIX). As the conversion of PpIX into heme is a rate limiting step, PpIX accumulates inside the cells
with higher concentrations in premalignant tissue [12]. This higher concentration of PpIXincreases
the fluorescence contrast and may therefore improve the discrimination between dysplastic and
non-dysplastic epithelium. This so called photodiagnosis provides real-time information that can
be used to red flag areas of interest during medical procedures for the detection of (early) cancer.
In previous photodiagnosis procedures broad band light sources were used for the excitation
of PpIX. A broad band light source will non-specifically excite all different fluorophores and
therefore the emission spectra need to be spectrally resolved to create contrast. Nowadays,
new developed laser diodes allow excitation with one wavelength, which can be specifically
selected at or close to the excitation maximum of the photosensitizer of interest. This reduces
the background fluorescence and may optimize the photosensitizer emission intensity
and therefore improve photodiagnosis of different tissue stages. Currently, there is limited
knowledge of the optimal excitation wavelength of PpIX in BE tissue.

We hypothesize that by using the optimal excitation and emission wavelength of induced
PpIX fluorescence in BE, the contrast between non-dysplastic and dysplastic BE mucosa may
be enhanced, thus improving the detection of these early lesions. In in-vitro experiments,
dissolved PplIX has a maximal absorption at the Soret band (400-407 nm), in several publications

it is shown that the absorption and emission peak maximum and spectral shape depends on
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the chemical environment [17-21]. Due to the sharp absorption peak of PpIX a shift of about
10 nm from the Soret band decreases the PpIX absorbance efficiency by around 40 %. Previous
experiments with adenocarcinoma cell lines [22] showed cell-specific differences in induced
PpIX accumulation. Thus, previous research supports the hypothesis that the PpIX fluorescence
intensity is very sensitive to its micro environment and therefore the optimal excitation
wavelength might change at different stages of progression toward cancer.

Inthisstudy, we used esophageal adenocarcinoma cellsaswellashuman BE biopsies transplanted
onto the chorioallantoic membrane (CAM). The CAM model uses the highly vascularized CAM
of fertilized hen eggs to keep human cells and small pieces of tissue under similar conditions
as in-vivo. Our aim was to study 5-ALA induced PplIX fluorescence to determine the optimal
excitation wavelength for PpIXin both, esophageal adenocarcinoma cells and in BE tissue, using
a multi-wavelength spectroscopy system consisting of several discrete excitation wavelengths

around the 405 nm Soret absorption peak of PpIX.

MATERIALS AND METHODS
Spectroscopy system

A custom made spectroscopy system was developed (2M Engineering Ltd., Veldhoven, The
Netherlands), comprising a LED with 369 nm (FWHM of 16 nm) and laser diodes of 395 nm,
400 nm, 405 nm, 410 nm, and 416 nm. The system was connected to an optical fibre probe
which delivered the excitation light to the tissue and the fluorescence light back to the
connected spectrometer USB4000 (Ocean Optics Inc., Dunedin, Florida, USA) and laptop for
spectral recording. The cells/biopsy specimens were placed under the tip of the probe, thus

mimicking the in-vivo endoscopic setting.

CAM model

Fertilized hen’s eggs obtained from Drost Loosdrecht BV (Loosdrecht, The Netherlands) were
incubated for 3 days in a Polyhatch incubator (Brinsea Products Inc., Titusville, Florida, USA) at
38-39 °C, 60-80 % humidity, rotating every 1 hour. At embryonic day 3, a volume of 2-3 mL albumen
was removed from the egg using a 21 G needle injected into the air pocket of the egg in order to
lower the level of the CAM inside the egg. A window of approximately 1.5 cm was cut into the outer
shell on top of the egg in order to gain access to the CAM, using a 10-blade and scissors. After
checking the egg was fertilized and the embryo alive, the window was covered with transparent
plastic and the egg was placed in a hatcher (Brinsea Products Inc., Titusville, Florida, USA) at 37.5 °C,
50-70 % humidity. The eggs were handled on a heating plate at 37 °C in a laminar flow hood.

Cell line maintenance and transplantation onto the CAM

Human esophageal OE19 adenocarcinoma cells (96071721-1VL, Sigma-Aldrich, St. Louis, Missouri,
USA) were cultured in RPMI medium (27016, Gibco, Life Technology Corp., Carlsbad, California,
USA) containing 10 % (v/v) Foetal Bovine Serum (10270-106, Gibco) and 1% Antibiotic-Antimycotic
(15240-062, Gibco) at 37 °C and 5 % CO2. At embryonic day 6 of incubation, in preparation of the
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cell transplantation, the location on the CAM for cell transplantation was cleaned with dried lens
paper previously submerged in ethanol. Subsequently an autoclaved silicon ring was placed on
the CAM. A solution of on average 120,000 OE19 cells, dissolved in 40 pL culture medium, was
placed into the silicon ring on the CAM. The transparent cover was closed and the egg returned
to the hatcher. The cells stayed for 5-9 days on the CAM in order to ensure proper growth.

Patients and biopsy grafting onto the CAM

Patients scheduled for surveillance endoscopy of non-dysplastic BE or work-up or treatment of
early Barrett’s neoplasia at the department of Castroenterology and Hepatology of the Academic
Medical Center (AMC) Amsterdam were included. The Medical Ethics Committee of the AMC
Amsterdam approved the study and all patients were informed and signed a consent form.
Biopsies of lesions suspicious for dysplasia within the BE and of endoscopically unsuspicious
areas were obtained from 17 patients. Immediately after the biopsies were obtained, they were
transferred in preheated 37.5 °C transport medium (DMEM, FCS, PenStrep, L.Glut, Fungizone) and
transported to the department of Biomedical Engineering and Physics at the AMC Amsterdam.

At embryonic day 6 of incubation, the egg was placed in the laminar flow hood on a heating plate
at 37 °C. The plastic cover was lifted from the egg and the CAM was cleaned at the location for
tissue grafting with dried lens paper previously submerged in ethanol. The freshly obtained biopsy
specimens were subsequently spread on a gloved finger and with the help of 2 pairs of tweezers
carefully spread and placed on the CAM between larger blood vessels. One biopsy specimen
was grafted per egg. The transparent cover was closed and the egg returned to the hatcher. The

biopsy specimens stayed 2-4 days on the CAM in order to ensure proper attachment.

Spectroscopy procedure

The egg was placed in the laminar flow hoot on a heating plate at 37 °C. The transparent
cover was removed and the egg was positioned under the spectroscopy set-up. The optical
fibre probe was placed around 1 mm above the cells/biopsy specimen (Figure 1), followed by
sequential illumination by all light sources and recording of the fluorescence spectra, including
a dark measurement (all light sources off). All measurements were performed in a dark room.
Subsequently, spectra were recorded adjacent to the cells/biopsy specimen and on the CAM
only which was approximately 2 cm from the cells/biopsy specimen. Each saved spectrum was
composed of the average of 3 measurements per site. Subsequently, 20 pL of 10 mM 5-ALA
(Sigma Chemical Co.) dissolved in 0.9 % NaCl solution was topically administered to the cells/
biopsy specimens, followed by fluorescence spectroscopy at several time points between 0 h
before and 28 h after 5-ALA administration. After the last measurement, the biopsy specimens
were removed from the CAM and fixed in formalin, embedded in paraffin and cut and stained
with haematoxylin and eosin (H&E). Histopathological assessment of the biopsy specimens was
performed by an expert Gl-pathologist. As vital evaluated biopsy specimens were classified
into 2 groups, suspicious for dysplasia called ‘dysplastic’ and not suspicious for dysplasia called
‘non-dysplastic’. The cells were not harvested. Finally, the egg was terminated by high dose
isoflurane and disposed via the hospital animal waste system.
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Figure 1. Fluorescence spectroscopy on biopsy specimen on the CAM.

Data analysis

To compare the PpIX fluorescence intensities and to correct for differences in applied laser
power, probe positioning and system performance, the intensity ratio 1636/1600 of the PpIX
fluorescence peak at 636 nm to a reference emission wavelength at 600 nm was calculated
for each spectrum. The mean intensity ratios, the standard deviation (SD), and the standard
error of the mean (SEM) were calculated. Statistical relevance of differences in intensity ratios
per excitation wavelength and time point were determined by repeated measures one-way
ANOVA with subsequent Bonferroni correction using Prism 5 (GraphPad Software Inc., La Jolla,
California, USA). The results of the Bonferroni’s multiple comparison test were considered
significant when the p-value was <0.05. The optimal excitation wavelength was determined by
finding the highest intensity ratios and highest difference between short and long wavelengths.

Imaging

Images were obtained from the cells/biopsy specimens on the CAM (Figure 2) using a Dino-Lite
digital microscope with polarized white light (AM413ZT, AnMo Electronics Corp., Hsinchu,
Taiwan) before and after 5-ALA administration. Fluorescence imaging was performed to obtain
an overview of the PpIX distribution on the cells, biopsy specimens and CAM. Fluorescence
images were obtained at blue light illumination ranging from 400 nm to 430 nm (Crime-lite®
2, Foster + Freeman Ltd., Eversham, UK). A digital camera (Nikon D40X) with a long pass filter
(GG455, Foster + Freeman) in front of the lens was used to allow only the detection of emitted

fluorescence at longer wavelengths than 435 nm.

RESULTS

Fluorescence spectroscopy at 369 nm, 395 nm, 400 nm, 405 nm, 410 nm, and 416 nm excitation
was performed on 16 OE19 cell samples and 55 biopsy specimens, obtained from 17 BE patients,
before and after 5-ALA administration.

Figure 3 shows typical emission spectra with subtracted dark spectrum at all 6 excitation
wavelengths, 6 hours after 5-ALA administration, of OE19 cells on the CAM (a), a biopsy specimen
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(dysplastic) on the CAM (b), the CAM only (c), and the CAM adjacent to the biopsy specimen (d).
Fluorescence spectra of OE19 cells and biopsy specimens on the CAM showed equal shapes and

PpIX fluorescence peaks at 636 nm emission. Maximum autofluorescence was observed around

500 nm emission. In contrast, the emission spectra adjacent to the biopsy specimens showed

negligible autofluorescence and a clear PpIX fluorescence profile. The main difference between
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Figure 2. Image of Barrett’s esophageal (BE)
biopsy specimen on the CAM.
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Figure 3. Typical emission spectra with subtracted dark spectrum at all 6 excitation wavelengths, 6 hours after
S5-ALA administration, of OE19 cells on the CAM (a), a biopsy specimen (dysplastic) on the CAM (b), the CAM only
(c), and the CAM adjacent to the biopsy specimen (d).
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the cells/biopsy specimens and the adjacent fluorescence was that the CAM did not show PpIX
photoproduct or other porphyrin fluorescence, at 620 nm and 680 nm emission respectively.
Fluorescence spectra of the CAM only showed negligible PpIX fluorescence and autofluorescence.

0E19 cells onto the CAM

The PpIX fluorescence intensity ratios 1636/1600 at 369 nm, 395 nm, 400 nm, 405 nm, 410 nm,
and 416 nm excitation were determined in 16 OE19 cell samples on the CAM before 5-ALA
administration at O hand at 1.5 h, 4.5h and 6 h after administration. In addition, 6 of the samples
were measured 28 h after 5-ALA administration. All spectra obtained from the OE19 cells, on the
CAM adjacent to the cells and from the CAM only were included in the analysis. The intensity
ratios 1636/1600 at the OE19 cells showed an increasing PpIX intensity with increasing excitation
wavelength and increasing time (Figure 4 (3)). The Bonferroni’s multiple comparison tests of
all pairs of time points showed a significant increase in intensity ratios between time point O h
vs. 4.5h and O h vs. 6 h at all excitation wavelengths except 369 nm. Intensity ratios at 369 nm
excitation were significant lower compared to 405 nm, 410 nm, and 416 nm excitation all time
points. Intensity ratios at 410 nm vs. 416 nm excitation were not significant different.

Each measurement separately showed that in 94 % (15/16) of all cases, highest PpIX fluorescence
intensity ratios were obtained at 410 nm (31 %) and 416 nm (63 %) excitation, 6 h after 5-ALA
administration. Lowest intensity ratios were obtained at 369 nm excitation in 81 % (13/16) of the
cases. The intensity ratios at 416 nm excitation were 2.3 times higher (SD: +0.7) compared to
369 nm excitation. The emission intensity peak position of PpIX 6 h after 5-ALA administration
was for the OE19 cells on average at a wavelength of 635.8 nm (SD: 0.5 nm) and showed no
dependency on the excitation wavelengths.

The intensity ratios 1636/1600 of fluorescence adjacent to the cells (Figure 4 (b)), within the
ring, showed slower increments compared to cell fluorescence and were significant different in
intensity ratios between time point O h and 4.5 h as well between 0 h and 6 h at 395, 400, 405,
and 410 nm excitation. At 28 h the PpIX fluorescence was decreased to its initial values as before
5-ALA administration. The PpIX fluorescence on the CAM only (outside of the ring, figure 4 (c))
showed no significant difference between all time points.

Fluorescence imaging was performed to obtain an overview of the PpIX distribution on
the cells and CAM. After 5-ALA administration to the OE19 cells, the fluorescence images
(Figure 5) showed increasing red fluorescence with increasing time, whereas, before 5-ALA

administration, at Oh, no red fluorescence was observed.

Human tissue grafted onto the CAM

Atotal of 55 biopsies were obtained from 17 Barrett’s patients and examined with 5-ALA induced
spectroscopy on the CAM. Histological evaluation after retrieval of the transplanted biopsies,
classified 18 biopsy specimens as suspicious for dysplasia (‘dysplastic’) and 12 biopsy specimens
as not suspicious for dysplasia (‘non-dysplastic’). The remaining 25 biopsy specimens showed
intensive necrosis and were therefore excluded from the analysis. Spectra of three as non-
dysplastic classified biopsy specimens were excluded from the analysis due to measurement
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2

Figure 5. Fluorescence images of the OE19 cells on the CAM. OE19 cellsin the rings at O h, 4.5 h and 6 h after 5-ALA
administration to the right ring (left ring is the control).

issues. Table T gives an overview of the spectra included for the analysis at all six excitation
wavelengths obtained from 12 patients.

The PpIX intensity ratios 1636/1600 did not differ significantly between dysplastic and non-
dysplastic biopsies. Therefore and due to the low amount of biopsy specimens classified as non-
dysplastic we decided to analyze all biopsy specimens (Table T) per time point and excitation
wavelength in one group, to which we refer further as BE tissue.

The intensity ratios 1636/1600 of BE tissue showed increased PplIX fluorescence with increasing
excitation wavelength and time point (Figure 6 (a)). The Bonferroni’s multiple comparison tests
of all pairs of time points showed a significant increase in the intensity ratiosat Ohvs. 6 h, O h
vs. 23 h, 1.5 hvs. 23 h and 4.5 h vs. 23 h at all excitation wavelengths. Intensity ratios at 369 nm
excitation were significant lower compared to 405 nm, 410 nm, and 416 nm excitation at all time
points. Intensity ratios at 410 nm vs. 416 nm excitation were not significant different.

Each measurement at 4.5 h after 5-ALA administration separately showed that in 96 % (23/24)
of the cases, the highest PpIX fluorescence intensity ratios were obtained at 410 nm (63%) and
416 nm (33%) excitation. Lowest intensity ratios were obtained at 369 nm excitation in 96 %
(23/24) of the cases. The intensity ratios at 410 nm excitation were 2.3 times higher (SD: +0.8)
compared to 369 nm excitation. The emission intensity peak position of PpIX at 4.5 h after 5-ALA
administration for the BE tissue was on average at a wavelength of 635.4 nm (SD: 1.1 nm) and
showed no dependency on the excitation wavelengths or on the classified tissue type’s.

The intensity ratios 1636/1600 on the CAM adjacent to the BE tissue (Figure 6 (b)) tend to increase
faster and becomes higher comparedto the BE tissue. There was a significant increase of the intensity
ratios on the CAM adjacent to the BE tissue between time point O hvs.1.5h, O hvs. 4.5h,0hvs. 6 h
and a significant decrease at time points 4.5 h vs. 23 h and 6 h vs. 23 h at all excitation wavelength
except 369 nm. At 23 h after 5-ALA administration the PpIX fluorescence was decreased with no
significant difference compared to 0 h, before 5-ALA administration. The PpIX fluorescence on the
CAM only (Figure 6 (c)) increased significant after 6 h, but those intensity ratios were negligible
compared to the intensity ratios obtained from the BE tissue or adjacent to it.

Fluorescence imaging was performed to obtain an overview of the PpIX distribution on the BE
tissue and CAM. Fluorescence images taken several hours after 5-ALA administration (Figure 7)
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Table 1. Number of analyzed human biopsy specimens on the CAM per time point and their histological classification.

time point not suspicious for dysplasia suspicious for dysplasia sum
Oh 9 18 27
1.5h 9 18 27
4.5h 8 16 24
6h 6 n 17
23h 2 7 9

23h

Figure 7. fluorescence images of BE tissue on the CAM. BE tissue (biopsy specimen) at 3 h, 6 h and 23 h after 5-ALA
administration.

showed first a high red fluorescence surrounding the BE tissue and with increasing time
increasing fluorescence of the BE tissue and decreasing fluorescence of the surrounding CAM.

DISCUSSION

To our knowledge we are the first to graft freshly collected human BE tissue and OE19 cells on the
CAM and apply 5-ALA to it. Previous research using the CAM model in combination with 5-ALA
focused on tumor specimens and other cell lines [23-26]. The observed conversion into PpIX in
our study suggests the existence of a functional metabolism within the cells and BE tissue. This
allowed us to determine the optimal excitation wavelength for PpIX in cells and BE tissue, the aim
of this study, using a multi-wavelength spectroscopy system and the CAM model. We showed that
the PpIX emission intensity depends on the excitation wavelength. As expected, the lowest PpIX
intensities were induced with the shortest wavelength 369 nm, which is about 30 nm below the
Soret band of PpIX. The optimal excitation wavelength for PpIX fluorescence in OE19 cells and BE
tissue was 410 nm and 416 nm without a significant difference between them.

In-vivo, the optimal excitation wavelength of PpIX depends on local environmental factors.
Fischer et al. showed a shift in excitation and emission wavelengths between PpIX in solution
(methanol/Tris) with a peak emission at 625 nm, whereas in-vivo the PpIX peak shifts to 635 nm
[27]. We showed that the emission peak of PpIX around 636 nm in OE19 cells and BE tissue did
not depend on the excitation wavelength or on the tissue type and time point.
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In our study, the OE19 cells and BE tissue showed increased PplIX fluorescence with increasing
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time, which is in agreement with known in-vivo observations. The BE tissue showed after 23
hours no significant reduced PpIX fluorescence, which indicates a longer time span for the PpIX
clearance compared to in-vivo observations. The fluorescence of the CAM adjacent to the BE
tissue showed a faster increase and decrease of induced PplX, whereas the PpIX fluorescence
and autofluorescence of the CAM only showed negligible intensities. Fluorescence images
showed that the high PpIX fluorescence adjacent to the cells/biopsy specimens was due to the
topical application of 5-ALA surrounding the cells/biopsy specimens.

Although the CAM model was applicable for our research purpose, the spectroscopy
measurements had several limitations. The spectroscopy set-up used a mounted probe,
to ensure stable measurements. However, due to movements of the embryo and therefore
repositioning of the cells/BE tissue under the probe, equal distances and angles of the
measurements cannot be assured and sometimes measurements needed to be repeated. Cell
measurements showed that the number of used cells were not enough to fill out the entire
ring with a multi cell layer. Using a larger amount of cells is recommended. The histological
classification showed that 45 % of the grafted biopsies did not stay vital on the CAM and
therefore needed to be excluded from the analysis. This suggests the usage of an increased
amount of biopsies or to optimize the protocol, for example, by daily administration of growth
factors to the BE tissue on the CAM which may prolong tissue vitality.

Differentiation between the OE19 cells, BE tissue and the CAM was possible, due to the
differencesin spectral shape, 5-ALA kinetics and optimal excitation wavelength. Main difference
between cells/BE tissue and the CAM was the PpIX photoproduct and porphyrin fluorescence
at 620 nm and 680 nm emission (Figure 3), which was not seen on the CAM.

In conclusion, we showed that transplanting esophageal OE19 cells and grafting freshly collected
human BE biopsy specimens on the CAM is feasible. This approach allowed determining the
optimal optics arrangement for induced PpIX fluorescence. Our results suggest that the
optimal PplX excitation wavelength in OE19 cells and BE tissue lies around 410 nm - 416 nm.
Further preclinical research is recommended, with an increased amount of biopsies from non-

dysplastic and dysplastic BE tissue, to assess the potential in tissue discrimination.
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