
Journal of Biomedical Optics 6(1), 31–40 (January 2001)
Autofluorescence characteristics of immortalized
and carcinogen-transformed human bronchial
epithelial cells

Jonathan D. Pitts
Dartmouth College
Department of Physics and Astronomy
Norris Cotton Cancer Center
Hanover, New Hampshire 03755

Roger D. Sloboda
Dartmouth College
Department of Biological Sciences
Norris Cotton Cancer Center
Hanover, New Hampshire 03755

Konstantin H. Dragnev
Dartmouth Medical School
Department of Medicine
Dartmouth–Hitchcock Medical Center
Norris Cotton Cancer Center
Hanover, New Hampshire 03755

Ethan Dmitrovsky
Dartmouth Medical School
Department of Pharmacology and Toxicology

and Department of Medicine
and

Dartmouth–Hitchcock Medical Center
Norris Cotton Cancer Center
Hanover, New Hampshire 03755

Mary-Ann Mycek
Dartmouth College
Department of Physics and Astronomy

and
Dartmouth–Hitchcock Medical Center
Norris Cotton Cancer Center
Hanover, New Hampshire 03755

Abstract. Tissue autofluorescence has been explored as a potential
method of noninvasive pre-neoplasia (pre-malignancy) detection in
the lung. Here, we report the first studies of intrinsic cellular autofluo-
rescence from SV40 immortalized and distinct tobacco-carcinogen-
transformed (malignant) human bronchial epithelial cells. These cell
lines are useful models for studies seeking to distinguish between nor-
mal and pre-neoplastic human bronchial epithelial cells. The cells
were characterized via spectrofluorimetry and confocal fluorescence
microscopy. Spectrofluorimetry revealed that tryptophan was the
dominant fluorophore. No change in tryptophan emission intensity
was observed between immortalized and carcinogen-transformed
cells. Confocal autofluorescence microscopy was performed using a
highly sensitive, spectrometer-coupled instrument capable of limiting
emission detection to specific wavelength ranges. These studies re-
vealed two additional endogenous fluorophores, whose excitation
and emission characteristics were consistent with nicotinamide ad-
enine dinucleotide (NADH) and flavins. In immortalized human bron-
chial epithelial cells, the fluorescence of these species was localized
to cytoplasmic granules. In contrast, the carcinogen-transformed cells
showed an appreciable decrease in the fluorescence intensity of both
NADH and flavins and the punctate, spatial localization of the autof-
luorescence was lost. The observed autofluorescence decrease was
potentially the result of changes in the redox state of the fluorophores.
The random cytoplasmic fluorescence pattern found in carcinogen-
transformed cells may be attributed to changes in the mitochondrial
morphology. The implications of these results to pre-neoplasia detec-
tion in the lung are discussed. © 2001 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.1333057]
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1 Introduction
Human tissue autofluorescence spectroscopy and imaging a
being explored as potential methods of noninvasive diseas
diagnosis.1–4 Autofluorescence studies onin vivo andex vivo
human tissues include the cervix,5–9 bladder,10–12 lung,13–18

breast,18–21 esophagus,22–24 aorta,25 stomach,26 uterus,27

skin,28–32 and colon.33–41 Tissue autofluorescence contains
contributions from endogenous cellular and extracellular bio
molecular species, and is influenced by light absorption an
scattering, making detailed physical interpretations difficult.
Studies on isolated cells in culture should help determine
what portion of the tissue fluorescence arises from intrinsic
cellular components. This understanding may, in turn, ad
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e

vance the application of autofluorescence methods to no
vasive diagnosis of human neoplastic disease.

Several endogenous cellular fluorophores have been
ported in the literature.1 One of the most studied is the re
duced form of nicotinamide adenine dinucleotid
~NADH!.42–44 This reduced coenzyme typically has an ex
tation maximum near 380 nm and an emission maximum n
440 nm. Contributions from flavins~FAD, FMN, and ribofla-
vin! are often observed in cellular autofluorescence.42–45Their
steady-state fluorescence characteristics show an excita
maximum near 450 nm and an emission maximum near
nm. Lipofuscin granules are age-related lipophylic materi
composed primarily of malonaldehyde.46–48 These pigments
absorb between 340 and 395 nm and emit in the red regio
the electromagnetic spectrum~up to 640 nm!.1,2,49 Another
known endogenous cellular fluorophore is the amino a
tryptophan. Tryptophan has two absorption bands observe
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220 and 287 nm, which emit coincidently at 350 nm.50–53

Over the past decade, several studies have characteriz
the autofluorescence properties of human epithelial cells
These cells are of interest, because carcinoma, the most com
mon form of human cancer, derive from epithelial cells. In
one report, both steady-state and time-resolved fluorescen
spectroscopies were employed to measure unspecified epith
lial cell autofluorescence.43 Under laser excitation, fluores-
cence emission and discrete lifetimes attributed to endog
enous NADH and flavins were detected. Using confoca
microscopy, the study detected increases in cellular autofluo
rescence due to formalin and aminolevulinic acid treatment. I
was the conclusion of the study that the fluorescence prope
ties monitored in these cells might be useful as a diagnosti
tool to detect neoplastic changes. In another study, huma
oral epithelial cells~explanted from the normal mucosa of the
tonsillar pillar! were monitored to determine if autofluores-
cence could differentiate between slowly growing~treated
with TGF-b! and rapidly growing~untreated! cells.54 It was
found that changes in endogenous NADH fluorescence dis
criminated between different proliferation rates. A subsequen
report indicated that autofluorescence signatures might b
useful in distinguishing between benign~normal! and malig-
nant ~squamous carcinoma line, 1483! oral epithelial cells.55

This study detected spectral shifts, as well as changes in a
tofluorescence intensity between cell types. The observed di
ferences between normal and malignant cell emission spect
were attributed to changes in the optical absorption of resi
dues such as tyrosine, tryptophan, phenylalanine, and other
Autofluorescence of epithelial cells from the human larynx,
both squamous cell carcinoma(Hep2) and nontumorigenic
~Vero! lines, have also been reported.56 This investigation ob-
served autofluorescence emission at 340 and 440 nm th
might be useful as a marker of malignancy or for uncovering
mechanisms linked to transformation of epithelial cells. Re-
cent studies monitored the autofluorescence from human ep
thelial cervical cancer lines~HeLa and SiHa!, and found tryp-
tophan, NADH, and FAD to be the primary fluorophores.57–59

Autofluorescence from bronchial tissue has been investi
gated as a means of lung cancer detection.13–18,60–69Currently,
a FDA approved fluorescence imaging device for the lung
relies upon autofluorescence properties to detect intraepith
lial neoplastic lesions.16 While there are prior reports of tissue
autofluorescence, there are few prior studies of isolated bron
chial epithelial cell autofluorescence. One such study recentl
reported in the literature70 measures human bronchial cell au-
tofluorescence from a single sample, and will be discusse
later. An important motivation for the work presented here, is
to thoroughly investigate well-characterized cellular models
which may help to interpret the results of tissue studies. In
this report, we describe the first study on the autofluorescenc
characteristics of both an immortalized and a distinct tobacco
carcinogen-transformed human bronchial epithelial cell line
These cell lines are useful models for studies seeking to dis
tinguish between normal and transformed human bronchia
epithelial cells. The goal of this work is to characterize the
autofluorescence spectra of these cellular models. Spectro
luorimetry and confocal fluorescence microscopic imaging
were employed to determine the predominant contributors t
the observed cellular autofluorescence patterns and to com
pare differences in autofluorescence between the immorta
32 Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1
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ized and carcinogen-transformed phenotypes. To date,
an investigation on these cell lines has not been reported

2 Experiment
2.1 Human Bronchial Epithelial Cell Lines
The cells studied were previously described and include
line ~designated BEAS-2B! derived from normal human
bronchial epithelial cells that was immortalized via transdu
tion of the SV40 T antigen.71 Another line ~designated
BEAS-2BNNK) was derived through tobacco-carcinoge
induced transformation of BEAS-2B cells following treatme
with N-nitrosamine-4-~methylnitrosamino!-1-~3-pyridyl!-1-
butanone~NNK!.72 BEAS-2B cells retain features of norma
human bronchial epithelial cells, but can be continuou
passed in vitro. The tobacco-carcinogen-transforme
BEAS-2BNNK line has acquired characteristics of maligna
bronchial epithelial cells including tumorigenicity in athym
mice and enhanced anchorage-independent growth.72 These
cell lines have proven useful for identifying carcinogenic a
anticarcinogenic pathways.72–75These lines represent valuab
models for studies seeking to distinguish between immor
ized and transformed human bronchial epithelial cells.

For cell suspension studies, monolayer cultures maintai
in a chemically defined medium, LHC-9,~Biofluids, Rock-
ville, MD! at 37°C and 5%CO2, were trypsinized~0.05%!
for 4 min, diluted in medium, and centrifuged for 4 min. Upo
removal of the medium, cells were washed and resuspen
in phosphate-buffered saline~PBS!, before being placed in a 1
cm quartz cuvette. All measurements were made in less th
h after resuspension to preserve cell viability. Viability limi
were determined by measuring the occurrence of fluoresce
changes over time. These changes were found to be neglig
within this 1 h period.

For imaging experiments, nonconfluent monolayers
cells were prepared on standard cover slips by plating cells
h prior to imaging. For each cell line, three independent c
cultures were maintained. From each culture, a minimum
two glass cover slips were used. The cover slips were mo
from the incubator directly to the microscope, where multip
measurements were taken. All images were taken in cul
medium. Visual inspection demonstrated that the presenc
media increased the viability of the cells to greater than 1
No sample was imaged for more than 45 min.

2.2 Spectrofluorimetry
Spectrofluorimetry measurements were performed on
model systems described above to characterize their auto
rescence properties. A Perkin–Elmer LS-50 dual monoch
mator luminescence spectrometer was used for fluoresc
measurements throughout the ultraviolet, visible, and ne
infrared regions of the electromagnetic spectrum. The ins
ment contained a xenon arc-discharge lamp as an excita
light source and a red-enhanced photomultiplier tu
~Hamamatsu R928!, with an extended range of 200–900 nm
as an emission detector. Emission was collected at a90°
angle relative to the excitation light path. The waveleng
accuracy of the instrument was61.0 nm, and the reproduc-
ibility was 60.5 nm. All spectra were corrected for solven
contributions, by background subtraction of a prerecorded
vent emission, and for the nonuniformity of the instrume
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Autofluorescence Characteristics of Immortalized Cells
Fig. 1 Maximum emission intensity of a band consistent with tryp-
tophan (excitation at 287 nm), collected on the LS-50 spectrofluorim-
eter, as a function of BEAS-2B cell number. A nearly linear emission
intensity trend was observed for counts , 500 000 cells/ml. Beyond
this range, reabsorption and scattering artifacts affect emission inten-
sities. Error associated with the data points arose primarily from cell-
counting techniques and was estimated to be as much as 10%–20%
of the cell number.
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response, by division of a wavelength-dependent sensitivit
factor.50 These sensitivity factors were previously obtained,
for this spectrometer, by recording the fluorescence emissio
of quinine sulfate~0.1 N! and forming the ratio with the
known standard spectrum. Equation~1! describes the spectral
correction procedure:

corrected emission5
M ~l!2B~l!

S~l!
, ~1!

whereM (l) is the measured sample emission andB(l) and
S(l) are the background and sensitivity factors. Photobleach
ing of the cell suspension was not observed, as determined b
rescanning several spectra at the completion of each expe
ment. All measurements were made a minimum of three
times, using new cell cultures each time.

Importantly, we found that high cell counts can lead to
appreciable spectral artifacts, including intrusive harmonic
peaks and intensity fluctuations. The origin of these artifacts
is presumably due to increased scattering of the excitatio
light as well as increased reabsorption of the fluorescenc
emission.50 Therefore, to determine an acceptable cell coun
range for recording fluorescence spectra, we measured th
BEAS-2B emission intensity~of a band consistent with the
amino acid tryptophan! as a function of the cell number den-
sity. The results of this study are shown in Figure 1. For cel
counts ranging from 60 000 to approximately 500 000 per mil-
liliter, the emission intensity increased nearly linearly. Be-
yond this range, the curve deviated from this trend, presum
ably due to reabsorption and scattering effects. While the
observed linearity in the 60 000–500 000 cells per milliliter
region was not perfect, the spectra recorded in this range we
sufficiently free from the spectral artifacts noted at higher cel
counts. The source of deviation from linearity arises from
both the above-mentioned effects and error associated wit
y
i-

e

e

cell counting. For the experiments reported here, cell cou
were consistently held at a level of approximately 300 0
cells/ml, as determined by hemocytometry.

2.3 Confocal Fluorescence Microscopy
Fluorescence imaging experiments were performed on a L
confocal spectrophotometer~model TCS SP! equipped with
an upright Leica research microscope and the necessary o
for differential interference contrast~DIC! and conventional
epi-illumination. The images presented here were collec
with a 633, 1.32 NA planapochromatic objective and a 0
NA condenser. The confocal system employed fiber-coup
UV, argon, krypton–argon, and helium–neon lasers, prov
ing excitation sources at wavelengths of 351, 364, 488, 5
568, and 633 nm. Imaging occurred via transmitted and fl
rescent light detection, the latter via a tunable spectrophot
eter instead of filter cubes. The continuously variable spec
photometer allowed the user to determine the emiss
spectrum of a given fluorescent signal and to limit fluore
cence collection to a precise emission range. This feature
sured that autofluorescence from living cells could be se
tively scanned to identify the contributing wavelengths a
that accurate fluorophore specific images could be obtain
For the images presented here, cells were excited sequen
with two wavelengths~351 and 488 nm!, rather than simulta-
neously, thus eliminating potential signal crossover betw
recording channels. The emission wavelength ranges dete
were 426–454 nm, while exciting with 351 and 530–555 n
while exciting with 488 nm. The microscope, laser, spect
photometer, image capture, and analysis all were under c
puter control.

We note that the presence of the culture media did not
appreciable background to the autofluorescence images, a
termined by comparison to imaging cells washed in PBS. T
was presumably due to the low quantum yield of the medi
at the excitation and emission wavelengths used, coupled
the inherent reduction in background from confocal secti
ing. For image comparisons, experimental conditions incl
ing radiation exposure, scan rate, sample preparation,
sample temperature, were held constant. We were not ab
monitor laser power directly at the sample, thus making qu
titative comparisons difficult. Nonetheless, to minimize the
limitations, and to make reasonable qualitative compariso
images were acquired within the shortest time possible
each other, and no sample was used for more than 45 m

3 Results
3.1 Spectrofluorimetry
As discussed in the experimental spectrofluorimetry sect
cell counts were held at approximately 300 000 cells per m
liliter. This had the result of minimizing scattering and rea
sorption artifacts in the fluorescence measurements, see
ure 1. The spectrofluorimeter measurements described a
were used to record the excitation/emission matrices~EEMs!
of BEAS-2B andBEAS-2BNNK cell suspensions, as shown
Figure 2. Excitation wavelengths were chosen approxima
every 20 nm and ranged from 220 to 675 nm. Emission wa
lengths ranged from 10 nm beyond the excitation wavelen
to 800 nm. Artifacts from grating harmonics and/or gho
were removed from the recorded data.76 The maximum inten-
Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1 33
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Fig. 2 EEMs of (a) BEAS-2B cells, (b) BEAS-2BNNK cells, and (c) pure
tryptophan in PBS. Spectra were collected for excitation wavelengths
from 220 to 675 nm and emission wavelengths to 800 nm. The domi-
nant feature in both immortalized and tobacco-carcinogen-
transformed cells EEMs corresponded closely to the tryptophan EEM.
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sities of the EEMs have been normalized for comparison an
the wavelengths limited for presentation clarity. Two domi-
nant peaks were observed in both the BEAS-2B@Figure 2~a!#
and BEAS-2BNNK @Figure 2~b!# cells. These two peaks oc-
curred at 220/330 and 287/330 nm~excitation/emission wave-
lengths!. These peaks corresponded closely with the peak
observed in the EEM of pure tryptophan~220/350 and 287/
350 nm!, shown in Figure 2~c!, and to those presented in the
literature.50 The peak at longer-wavelength excitation is re-
ported to be the result of two closely spaced levels, the1La
and 1Lb of the indole moiety, while the shorter-wavelength
peak is the result of a higher electronic transition.50

Figure 3 shows excitation and emission spectra for pure
tryptophan in PBS@Figures 3~a! and 3~b!# and BEAS-2B
~solid! andBEAS-2BNNK ~dashed! cells in PBS@Figures 3~c!
and 3~d!#. The spectra were recorded at the maxima of emis
sion or excitation, as determined by the corresponding EEM
The autofluorescence spectra recorded from both bronchi
epithelial cell lines closely resembled the characteristic fluo
rescence of the amino acid tryptophan.
34 Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1
l

A minor autofluorescence feature observed in both
BEAS-2B andBEAS-2BNNK cell suspensions was observe
with an emission maximum at 655 nm, upon excitation at 4
nm. This broad featureless emission~full width at half maxi-
mum of 150 nm! was approximately 40 times weaker tha
that from the emission band at 330 nm@see the peaks in
Figures 2~a! and 2~b!#. To investigate the origin of this emis
sion, the excitation spectrum was recorded~610 nm emission!
between 325 and 600 nm. This range was chosen base
values expected for porphyrins and lipofuscin, two possi
endogenous fluorophores roughly corresponding to the
served emission.2 No distinct excitation feature correspondin
to reported endogenous fluorophores was found in this ra
Further studies on these very small signals are needed to
sign the emission observed at 655 nm.

No appreciable difference in autofluorescence emission
tensity was noted between the BEAS-2B andBEAS-2BNNK
human bronchial epithelial cells, for either the tryptophan
the 655 nm band. In addition, spectrofluorimetry revealed
emission from other common endogenous fluorophores, s
as NADH and flavins. This was presumably due to the l
sensitivity of the LS-50 spectrofluorimeter. In recent stud
on human cervical epithelial cell suspensions, tryptoph
emission was found to be at least two orders of magnitu
higher than the fluorescence emission from either NADH
FAD.59 To measure the weaker emission of other endogen
cellular fluorophores, we employed sensitive confocal fluor
cence imaging methods, described next.

3.2 Confocal Fluorescence Microscopy
Using the Leica confocal microscope described above,
measured the autofluorescence of individual BEAS-2B a
BEAS-2BNNK cells. This highly sensitive spectrophotomete
coupled instrument allowed for the detection and spatial
calization of distinct fluorophore species and excluded a

Fig. 3 (a) Excitation spectrum of pure tryptophan in PBS, emission
wavelength at 350 nm. (b) Emission spectrum of pure tryptophan in
PBS, excitation wavelength at 287 nm. (c) Excitation spectra of
BEAS-2B cells in PBS (solid) and BEAS-2BNNK cells in PBS (dashed),
emission wavelength at 330 nm. (d) Emission spectra of BEAS-2B cells
in PBS (solid) and BEAS-2BNNK cells in PBS (dashed), excitation at
287 nm.
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Autofluorescence Characteristics of Immortalized Cells
appreciable contribution from other species, via tunable wave
length discrimination. Figure 4 shows two differential inter-
ference contrast~DIC! images of BEAS-2B cells, with corre-
sponding overlays of pseudocolor confocal fluorescenc
images. The images in Figure 4~a! were collected using an
excitation wavelength of 351 nm and emission intensity inte-
gration between 426 and 454 nm. The images revealed gran
lar cytoplasmic autofluorescent structures with excitation
emission characteristics that corresponded closely with know
NADH values. Figure 4~b! shows the same cells excited at
488 nm, with the resulting emission integrated between 530
and 555 nm. The emission in this wavelength range was con
sistent with the presence of flavins in the cells. From these
images, it is apparent that the instrument was capable of de
tecting emission from these weakly fluorescing endogenou
species present in human bronchial epithelial cells. Attempt
at recording emission at wavelengths greater than 610 nm
~488 nm excitation wavelength! were unsuccessful.

Confocal autofluorescence images comparing BEAS-2B
andBEAS-2BNNK cells are shown in Figure 5. Figure 5 shows
emission consistent with both NADH~excitation wavelength
at 351 nm, emission integrated between 426 and 454 nm! and
flavins ~excitation wavelength at 488 nm, emission integrated
between 530 and 555 nm! for the ~a! BEAS-2B and ~b!
BEAS-2BNNK cells. DIC images of the corresponding fields
are shown at the bottom of Figure 5, for reference. All micro-
scope and laser parameters were held constant between cor
sponding images, which were acquired within minutes of one
another. New areas were imaged on each sample to avo
photobleaching, and optical sections were chosen to be sim
lar by focusing on nucleoli. These images indicate that the
tobacco-carcinogen-transformedBEAS-2BNNK cells exhibited
reduced NADH and flavin emission as compared to the im
mortalized BEAS-2B human bronchial epithelial cells. In ad-
dition, the punctate cytoplasmic fluorescent granules presen
in the immortalized cells appeared to be more dispersed in th
carcinogen-transformed cells than in parental BEAS-2B cells
The microscopy system’s configuration did not permit direct
measurements of the excitation laser intensity or fluorescenc
emission intensity at the sample. This prevented any compar
son between the relative NADH and flavin fluorescence inten
sity in situ.

4 Discussion
To our knowledge, this study was the first investigation of the
autofluorescence characteristics of immortalized BEAS-2B
and the carcinogen-transformedBEAS-2BNNK human bron-
chial epithelial cells. These cells serve as models for studie
seeking to distinguish between immortalized and transforme
~malignant! human bronchial epithelial cells.72–74 The utility
of this model system has been noted previously in the litera
ture. For example, studies have used these cell lines to mon
tor responses to chemopreventive agents such a
retinoids.72–74 Since BEAS-2BNNK cells were derived from
BEAS-2B cells after carcinogenic transformation, it is pos-
sible to make direct comparisons between these two cell lines
This has led to the identification of a chemopreventive path
way that affects cell cycle progression at G1.73,74 Based on
these findings, it was hypothesized that aberrant expression
these cyclins would occur in bronchial pre-neoplasia. This
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hypothesis has been recently confirmed.75 Thus, these cellular
models may reflect closely changes that occur during lu
carcinogenesisin vivo.

The spectrofluorimetric results suggested that the predo
nant emission from both the BEAS-2B andBEAS-2BNNK
cells arose from tryptophan residues. Figures 2 and 3 sho
that pure tryptophan emission was at approximately 350
while that of the cells was shifted by 20 nm to shorter wav
lengths~higher energies!. Similar shifts have been noted i
proteins38 and human laryngeal epithelial cells.56 In both of
these studies, a shift of approximately 10 nm to shorter wa
lengths, relative to free tryptophan, was observed. Our ob
vations agreed with these previous studies, and found tha
shifts occurred in both the immortalized and the carcinog
transformed human bronchial epithelial cells. This we
known shift is the result of changes in the local chemic
environment and conformational conditions of the prote
bound tryptophan, relative to the free amino acid.50,77Shifts to
higher energy result from orientation constraints of the am
acid, since limited molecular rearrangement subseque
raises dipole interaction energies.50

In general, the use of endogenous cellular fluorescenc
discriminate between normal and malignant cells relies
monitoring changes in fluorescence characteristics. Two s
ies that were specific to human oral epithelial cells found lit
or no change in the emission attributed to tryptophan.55,78 In
contrast, a study on human laryngeal cells reported a decr
in the longer-wavelength edge of the tryptophan emission
malignant cells relative to nontumorigenic cells.56 For the hu-
man bronchial epithelial cells studied here, we did not obse
any change in tryptophan excitation or emission fluoresce
between immortalized and carcinogen-transformed cells~Fig-
ures 2 and 3!.

We note that the much weaker emission band centere
655 nm was highly reproducible in the two human bronch
epithelial cell lines studied. The origins of this band are u
known, as are emission peaks observed in other cell type58

Further investigations concerning this emission band will
the subject of future work.

Confocal fluorescence imaging was used to measure w
autofluorescence contributors undetected by spectrofluo
etry and to study the spatial localization of these fluoropho
in individual cells. Here, we report an appreciable decreas
the NADH autofluorescence signal of the tobacco-carcinog
transformedBEAS-2BNNK cells relative to BEAS-2B cells
~Figure 5!. Although detailed findings have varied dependi
on cell type and fluorophore monitored, previous studies h
reported generally less tryptophan, NADH, and/or flavin a
tofluorescence emission from malignant cells than from n
mal cells.45,56,79,80For example, a decrease in NADH auto
luorescence was observed in malignant human laryng
epithelial cells relative to nontumorigenic human larynge
epithelial cells.56 It has been suggested that the reduction
NADH autofluorescence is most likely due to changes in
redox state of the coenzyme.1,81 A loss in autofluorescence
may suggest a concentration shift in the carcinog
transformed cell’s reduced NADH to the oxidized~and low
quantum yield! NAD1. We note that in the studies reporte
here, data were collected on various proliferative states
both BEAS-2B andBEAS-2BNNK cells, with decreases simi
lar to that shown in Figure 5 recorded for each state.
Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1 35



Pitts et al.
Fig. 4 Differential interference contrast images of immortalized human bronchial epithelial cells (BEAS-2B) with pseudocolor overlays of autof-
luorescence detected by confocal microscopy. (a) Cells were excited at 351 nm and the fluorescence emission was monitored between 426 and
454 nm. The granular, cytoplasmic autofluorescence detected (shown in red) corresponded closely to endogenous NADH. (b) The same cells were
excited at 488 nm and the fluorescence emission was monitored between 530 and 555 nm. The granular, cytoplasmic autofluorescence detected
(shown in green) corresponded closely to endogenous flavin emission. The cell on the left is in prophase of mitosis, as evidenced by the condensed
chromosomes that are clearly visible.
36 Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1
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Autofluorescence Characteristics of Immortalized Cells
Fig. 5 Confocal autofluorescence microscopy images of (a) BEAS-2B
and (b) BEAS-2BNNK cells. The top images show emission consistent
with endogenous NADH. Relative to the BEAS-2B cells, a marked
decrease was observed in the BEAS-2BNNK cells. Similarly, a loss in
cytoplasmic granularity of the autofluorescence was observed. The
middle images show emission consistent with endogenous flavins. A
similar autofluorescence decrease was observed. The bottom figures
show corresponding DIC images of each field.
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In contrast to the observations reported above, a recen
report compared steady-state and time-resolved autofluore
cence in normal human bronchial epithelial~HBE! cells, non-
metastatic, non-small cell lung cancer~NSCLC! cells, and
metastatic small cell lung cancer~SCLC! cells.70 The study
found that NSCLC cells emitted more NADH and tryptophan
fluorescence than normal HBE cells, while SCLC emitted
more NADH fluorescence and similar levels of tryptophan
fluorescence, when compared to normal HBE cells. It is im-
portant to point out that these measurements were reported o
one sample onlyand were made at high cell counts using a
spectrofluorimeter with front-face collection geometry. In our
t
-

n

confocal fluorescence microscopy studies, we observed a
sistent decrease in the carcinogen-transformed cell fluo
cence versus immortalized cell fluorescence over many m
surements using independent cellular cultures.

Finally, as seen in Figures 4 and 5~a!, the BEAS-2B cells
exhibit cytoplasmic, granular localization of the NADH fluo
rescence. This has been shown previously in a number of
lines and was reported to be partially, but not totally, localiz
in the mitochondria.42,44,82It is interesting to note that granu
lar cytoplasmic autofluorescence appeared less intense
less localized in theBEAS-2BNNK cells, relative to the
BEAS-2B cells. A clear example is seen at the top of Figu
5~b!. This loss of granular structure may be the result
changes in the mitochondrial morphology. A recent stu
noted that normal Galliera rat fibroblasts contain many fi
mentous mitochondria, while rat sarcoma lines contain a r
dom cytoplasmic distribution of short spheric
mitochondria.44

An appreciable reduction of the total flavin autofluore
cence of the carcinogen-transformed human bronchial epi
lial cells was also evident in Figure 5. A similar decrease
cellular flavin emission, from tumor human urothelial ce
relative to normal human urothelial cells, was not
previously.45 It was suggested, based on previous work,79 that
flavin fluorescence may be reduced in tumor cells, beca
deficient aerobic oxidation systems like tumors show redu
riboflavin concentrations. A second possible contributing f
tor may be redox changes similar to those hypothesized w
NADH. Thus, biochemical pathways in the carcinoge
transformed cells may cause changes in the fluorescenc
reducing FAD to the nonfluorescentFADH2.

45,62Our data are
consistent with the observation of reduced total flavin em
sion in malignant versus normal cells.

These changes in cellular autofluorescence between
mortalized and carcinogen-transformed human bronchial
thelial cells may indicate a potential method for noninvasive
detecting pre-neoplasia in lung tissue using fluorescence s
troscopy and imaging. Much of the work on human bronch
tissue fluorescence13–16,62,69has revealed a consistent decrea
in the autofluorescence of cancerous lesions versus no
bronchial tissue.62 One cannot attribute all of the difference
observed in tissues only to cellular fluorophores. Also contr
uting to measured tissue autofluorescence are fluorophor
the extracellular matrix, as well as morphological chang
associated with pre-neoplastic tissue~including mucosal
thickening and increased hemoglobin content! that are likely
to influence light absorption and scattering. Nonetheless,
studies described here represent the first investigation of
autofluorescence properties of human bronchial epithelial
lines that serve as model systems for neoplastic changes
monitoring the changes in fluorescence emission from dist
fluorophores, such as NADH and flavins, or combinations
fluorophores, a sensitive and specific method for p
neoplasia detection in the lung may be developed.

5 Conclusion
Using both spectrofluorimetry and confocal fluorescence
croscopy, we characterized, for the first time, the spectral
lular autofluorescence properties of immortalized and disti
tobacco-carcinogen-transformed human bronchial epithe
Journal of Biomedical Optics d January 2001 d Vol. 6 No. 1 37
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cells. Differences were observed between the two cell lines
as detected in confocal autofluorescence images that we
specific to NADH and flavin emission. The observed loss in
autofluorescence for carcinogen-transformed cells relative t
immortalized bronchial epithelial cells may be the result of
changes in fluorophore oxidation state. Future studies with
improved sensitivity will seek to quantify both steady-state
and time-resolved autofluorescence characteristics of thes
and other relevant cell lines, including chemoprevented cell
and primary cultures of neoplastic cells.
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