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Autofluorescence spectroscopy of epithelial tissues
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Abstract. Autofluorescence of rabbit and human epithelial tissues
were studied by using a depth-resolved fluorescence spectroscopy
system with multiple excitations. Keratinization was found to be com-
mon in the squamous epithelium. Strong keratin fluorescence with
excitation and emission characteristics similar to collagen were ob-
served in the topmost layer of the keratinized squamous epithelium.
The keratin signal created interference in the assessment of the endog-
enous fluorescence signals �NADH/FAD fluorescence in epithelium
and collagen fluorescence in stroma� associated with the develop-
ment of epithelial precancer. Furthermore, the keratinized epithelial
layer attenuated the excitation light and reduced the fluorescence sig-
nals from underlying tissue layers. The autofluorescence of columnar
epithelium was found to be dominated by NADH and FAD signals,
identical to the autofluorescence measured from nonkeratinized squa-
mous epithelium. The study also demonstrated that a fluorescence
signal excited at 355 nm produced sufficient contrast to resolve the
layered structure of epithelial tissue, while the signal excited at
405 nm provided the information for a good estimation of epithelial
redox ratios that are directly related to tissue metabolism. Overall, the
depth-resolved measurements are crucial to isolate the fluorescence
signals from different sublayers of the epithelial tissue and provide
more accurate information for the tissue diagnosis. © 2006 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.2362741�
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1 Introduction

Cancers develop from the premalignant to invasive stage in a
multistep process of carcinogenesis. Because of frequent ex-
posure to various forms of physical and chemical damage,
about 90% of human cancers arise from the epithelium, the
superficial layer covering the exterior of the body or lining the
internal body cavities.1 In the development of epithelial pre-
cancer, epithelial cells undergo transformation that gives rise
to increased metabolic activity, increased cell density and
variability in nuclear shape and size, loss of cellular matura-
tion, and overall thickening of the epithelial layer.2,3 The pres-
ence of epithelial precancer is also accompanied by architec-
tural changes in the underlying stroma and submucosa,
including neovascularization and slow destruction of the col-
lagen cross-link by protease.4,5 Sensing of these biochemical
and morphologic changes could provide valuable information
for the diagnosis of cancers at an early stage.

Autofluorescence spectroscopy has been widely explored
for detecting epithelial precancers over the past two
decades.6–10 The fluorescence diagnosis is based on the inher-
ent difference in fluorescence spectral characteristics between
normal tissue and precancerous lesions. Specifically, the tech-
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nique can probe the changes in epithelial cellular metabolism
by detecting the mitochondrial fluorophores NADH and FAD,
and the changes in epithelial–stromal interactions by monitor-
ing the collagen fluorescence from stroma. A large number of
in vitro and in vivo investigations have demonstrated the di-
agnostic potential of fluorescence spectroscopy for detecting
early lesions in a variety of organ sites in vivo, including the
oral cavity, esophagus, bronchus, colon, and cervix.11–14

A clear understanding of the origins of fluorescence spec-
tral differences between normal and precancerous epithelial
tissues could provide the insight valuable to improving the
diagnostic performance of fluorescence spectroscopy.15–20 It
has been found that the increased tissue metabolic activity
associated with the progression of epithelial precancer leads
to an increase in NADH fluorescence and a decrease in the
redox ratio defined as FAD fluorescence over the sum of FAD
and NADH fluorescence.19–22 The thickening of the epithe-
lium and a slow destruction of the cross-link in collagen as-
sociated with the process of carcinogenesis result in the de-
crease in collagen fluorescence from the connective tissue
under the epithelium.18,19,23,24 These changes alter the intrinsic
fluorescence properties of tissue and can be used to differen-
tiate epithelial precancer from normal tissue. However, the
interpretation of bulk autofluorescence signals measured by a
conventional fluorescence system is usually complicated be-
1083-3668/2006/11�5�/054023/11/$22.00 © 2006 SPIE
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cause tissue has a multilayered structure, and the bulk autof-
luorescence signals reflect the volume-averaged contribution
of the fluorophores from different tissue layers. Moreover, the
autofluorescence signal would be modulated by the absorption
and scattering in the sampled tissue volume, which creates
more challenges to extract accurate diagnostic information
from the measured signal. Therefore, a depth-resolved tech-
nique that can isolate the fluorescence from different sublay-
ers of tissue is desirable for the development of more accurate
understanding of the epithelial fluorescence signals.

Recently, we reported the preliminary investigations of
depth-resolved autofluorescence of epithelial tissues using a
confocal spectroscopy system.25,26 The experimental results
demonstrated that the depth-resolved signals provided de-
tailed information on the layered structure and biochemistry
of the examined epithelial tissues. In particular, it was re-
vealed that keratin in the topmost layer of the squamous epi-
thelium produces strong, collagen-like fluorescence that cre-
ates serious challenges in interpreting bulk autofluorescence
spectra measured with conventional fluorescence spectros-
copy methods. NADH and FAD are the dominant fluoro-
phores in the nonkeratinized epithelial layer. We found that
the NADH and FAD fluorescence, directly related to the cel-
lular metabolism, were significantly correlated to the tissue
pathology.26

This paper presents the results of the most recent system-
atic study of the autofluorescence of epithelial tissues. We
investigated the depth-dependent autofluorescence character-
istics of epithelial tissue with multiple excitations in the
wavelength range from 355–473 nm. The depth-resolved
measurements were conducted on a variety of squamous and
columnar epithelial tissues, such as fresh oral, esophageal,
and colonic tissues from experimental rabbits, and fresh hu-
man ecto- and endocervical tissues. The autofluorescence of
cervical cancer cells �SiHa� with the cellular metabolism
regulated by the biochemical method was measured to inves-
tigate the sensitivity of autofluorescence excited at different

Fig. 1 The schematic of the depth-re
wavelengths to the cellular metabolism.
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2 Methods and Materials
2.1 Experimental Setup

The schematic of a confocal fluorescence spectroscopy setup
is shown in Fig. 1. The excitation sources are three solid-state
lasers of wavelengths at 355 nm, 457 nm, and 473 nm and
the second harmonic of a tunable Ti:Sapphire laser covering
the wavelength range from 375–435 nm. Four laser beams
were collimated and combined by a series of dichroic mirrors.
A beamsplitter �03BTQ017, Melles Griot� were used to direct
the combined beams to an infinity-corrected water immersion
objective lens �40 X, 1.15 NA, Olympus� via a galvanometer-
driven x-y scanner. The scanners scanned the excitation light
to create a 150�150 �m2 sampling area in the focal plane at
a speed of 5 frames per sec. The illumination power on tissue
samples were set to 40 �W for UV excitations and 100 �W
for violet/blue excitations. An actuator �Model 850B, New-
port� was used to drive the objective and create axial scanning
with 1 �m position resolution.

The fluorescence emissions from the sample were col-
lected by the same objective. The emission and excitation
paths were separated by the beamsplitter. A series of long-pass
filters were used to attenuate the reflected excitation light
from the sample to a level comparable to the intensity of the
fluorescence signal. The residual excitation and fluorescence
signals were then coupled into a 100 �m multimode optical
fiber by a tube lens with 250 mm focal length. The fiber acted
as a confocal pinhole and conducted the collected signals to
an imaging spectrometer �Model 77480, Oriel Instruments�
for spectral analysis. The confocal spectral signals were re-
corded with a cooled-CCD system �NTE/CCD-1340/400-
EMB, ST-133, Roper Scientific�. The axial, lateral, and wave-
length resolutions of the confocal spectroscopy system were
about 3 �m, 1.8 �m, and 2.5 nm, respectively. The tissue
surface was identified using the confocal signals of the re-
sidual excitations reflected from the interface between the

fluorescence spectroscopy system.
cover glass and tissue sample.
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Because the distributions of fluorophores in tissue are not
uniform and the autofluorescence signal is inherently weak, in
the system we integrated the fluorescence spectral signal over
the sampling layer at a certain depth in order to average out
nonuniformities and to increase the signal-to-noise ratio
�SNR�. By sacrificing the imaging capability of the confocal
system, high-quality spectral signals were recorded and the
inhomogeneity of fluorophore distributions in the sampled tis-
sue layer was averaged out.25 This also reduced the pixel
dwell time of excitation and prevented photobleaching. When
exposure time of the CCD was set to 1 s, the SNR of the
confocal spectral signal measured at the depth of 200 �m in
tissue sample was over 20 dB.

2.2 Sample Preparation

The depth-resolved fluorescence measurements were con-
ducted on a variety of epithelial tissues. Fresh oral, esoph-
ageal, and colonic tissue samples were dissected from
experimental rabbits. Fresh human ecto- and endocervical
specimens were obtained by hysterectomies performed at the
Prince of Wales Hospital of the Chinese University of Hong
Kong. All the samples were washed briefly with PBS solu-
tions to remove the residual blood on the surfaces before the
measurements. The depth-resolved fluorescence measure-
ments were completed within 2 hr after the tissue removal.
Tissue samples were then fixed in formalin for histological
analyses. Standard H&E and Masson’s protocols were used to
stain the sections for examining the tissue structure and deter-
mining the distribution of collagen in tissue.27

To demonstrate that the epithelial fluorescence signals are
sensitive to cellular metabolism, the autofluorescence of cer-
vical cancer cells �SiHa, ATCC� was investigated. The mono-
layer cell cultures were grown on microscope coverslips in an
EMEM medium supplemented with 10% fetal bovine serum
�ATCC� at 37 °C and 5% CO2. The cellular metabolism was
altered using mitochondria inhibitor and uncoupler, respec-
tively. To increase intracellular NADH fluorescence, 4 mM of
mitochondria inhibitor sodium cyanide �NaCN, No. 11835,
RDH� were added to the cells.28 To reduce NADH fluores-
cence and increase FAD fluorescence, the cells were treated
with 66.7 �M of mitochondria uncoupler carbonyl cyanide
3-chloro phenylhydrazone �CCCP, C2759, Sigma-Aldrich�.28

After 5 min of exposure to the drugs, the cell cultures were
washed twice with PBS solutions to eliminate the autofluores-
cence of the chemicals and medium.

To understand the fluorescence characteristics of epithelial
tissues, we investigated the fluorescence of major biologically
relevant fluorophores NADH, FAD, keratin, and collagen
Type I �N8129, F6625, K0253, C7661, Sigma-Aldrich�. It is
known that NADH and FAD are the co-enzymes carrying
information about cellular metabolism and that collagen is the
major fluorophore in connective tissue.8,30,31 Before the fluo-
rescence measurements, the NADH were prepared in sodium
hydroxide buffer �pH=8.4� at 500 �M, the FAD were dis-
solved in water solution �pH=7.5� at 90 �M, and collagen
and keratin samples in powdered form were used. The keratin
powder was made by evaporating the solvent from the keratin

solution.
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3 Results and Discussions

Rabbit oral and esophageal tissue samples and human ecto-
cervical tissue samples were used in the study of the autof-
luorescence spectral characteristics of squamous epithelial tis-
sues. Generally, these squamous tissues are composed of a
stratified epithelium and underlying connective tissue desig-
nated as the stromal layer. Keratinization was found to be
common in squamous epithelial tissue.25,26,29 Thus, the discus-
sions are focused on the depth-resolved fluorescence spectros-
copy of nonkeratinized and keratinized squamous epithelial
tissues, respectively.

The representative depth-resolved autofluorescence spectra
measured from a nonkeratinized squamous epithelium are
shown in Fig. 2�a�–2�f�. The sample was a nonkeratinized
rabbit oral tissue with its Masson-stained histology, shown in
Fig. 2�h�. The fluorescence spectra in the figure are the aver-
aged spectra of the normalized spectra measured at various
depths within different tissue layers. The relative standard de-
viations of the normalized fluorescence spectra within each
layer are less than 10%, indicating that the averaged spectra
shown in figure are the representative fluorescence signals in
the epithelial and stromal layers. The depth of 0 �m refers to
the tissue surface, where the confocal excitation light intensity
reaches a maximum. With the excitation set at 355 nm, the
spectra recorded from the topmost tissue layer of thickness
about 80 �m are peaked at 450 nm and the peaks shift to
400 nm, with a further increase in sampling depth. The spec-
tral signal excited at 355 nm clearly indicates that the speci-
men has a two-layered structure. This is consistent with the
corresponding Masson-stained histology, which reveals a 80
-�m-thick nonkeratinized epithelial layer and the underlying
collagen-rich stromal layer. We found that the contrast in
spectral characteristics between the epithelial and stromal lay-
ers decreased with the increase of excitation wavelengths. The
overlapping of spectra from two different tissue layers be-
comes severe when the excitation wavelength is over 375 nm.

The depth dependences of the fluorescence excited at dif-
ferent wavelengths are shown in Fig. 2�g�. Here, the fluores-
cence intensity was normalized to the excitation power and
should reflect the relative excitation efficiency. As the figure
shows, the stromal fluorescence close to the basement mem-
brane is generally stronger than the epithelial fluorescence,
though the scattering of the epithelial layer attenuates the ex-
citation. It becomes dominant when the excitation wavelength
is over 400 nm. The results show that the sudden change of
fluorescence intensity across the basement membrane can also
produce the contrast between the epithelium and stroma. We
noticed that the fluorescence intensity signal almost did not
change in the epithelial layer. This may be explained by the
fact that the attenuation of the confocal signal is compensated
by the gradual increase of epithelial cell density from the
surface to the basement membrane.29 Though the Masson-
stained histology did not show a significant variation in col-
lagen density and dense distribution of capillary vessels in the
stroma, the intensity of stromal fluorescence decreased
quickly, suggesting strong scattering of light in the stroma.
Overall, our findings show that when a squamous epithelium
is not keratinized, both the depth-resolved fluorescence spec-

tra and the intensity can be used to differentiate the epithelial
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layer from the underlying stroma and determine the epithe-
lium thickness.

To understand the depth-resolved fluorescence measured
from different tissue layers, we compared the epithelial and
stromal signals with those measured from the SiHa cell cul-
ture, and pure NADH, FAD, and collagen samples. The depth-
resolved fluorescence of a nonkeratinized oral tissue and the
fluorescence of the cell culture and the pure chemicals are
shown in Figs. 3 and 4. The displayed fluorescence spectra
were excited at the representative wavelengths of 355, 375,
405, 435, 457, and 473 nm. We found that the fluorescence
spectra of free NADH and FAD are stable and not a function
of excitation wavelength, while their excitation efficiencies
vary at different excitation wavelength. Specifically, the exci-
tation efficiency of free NADH fluorescence decreases by a
factor of 10 with the increase of the excitation wavelength
from 355 to 405 nm, the edge of its absorption spectrum.31

However, the fluctuation of excitation efficiency of FAD was
within 50% in the entire excitation wavelength range in this

Fig. 2 Typical results of a nonkeratinized oral tissue: �a–f� Depth-res
457 nm, and 473 nm, respectively. Solid lines: averaged spectra of the
dashed lines: averaged spectra of the normalized stromal fluorescence
as a function of depth. �h� The corresponding Masson-stained histolog
stromal layer �color online only�.
study.
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As shown in Fig. 3, the dependence of epithelial fluores-
cence on the excitation wavelength is similar to that of the
cell culture. Although the epithelial fluorescence and SiHa
cell fluorescence are the combination of NADH and FAD sig-
nals, the comparison of the fluorescence signals excited at
short wavelengths shows that the NADH signal is dominant in
epithelium and cell fluorescence. The FAD fluorescence be-
came dominant in the epithelium and cell fluorescence when
the excitation wavelength was over 410 nm. The red-shift of
the epithelial fluorescence with the increase of the excitation
wavelength is due to the significant decrease of excitation
efficiency of NADH fluorescence because the excitation effi-
ciency of FAD fluorescence is relatively stable. We noted that
the peaks of epithelium and cell fluorescence excited at short
wavelengths have about 15 nm blue-shift with respect to that
of NADH in free form, and an obvious red-shift of epithelium
and cell fluorescence excited at long wavelengths was found
with respect to the free FAD fluorescence. These data indicate
that the spectral characteristics of NADH/FAD fluorescence

fluorescence spectra excited at 355 nm, 375 nm, 405 nm, 435 nm,
lized epithelial fluorescence spectra measured at depths of 0–80 �m;
measured at depths of 100–200 �m. �g� The fluorescence intensities
collagen fibers colored in blue. E: nonkeratinized epithelial layer; S:
olved
norma
spectra
y with
are sensitive to the interaction of NADH/FAD with the cyto-
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plasm contents, such as protein-binding. For instance, NADH
bound with enzyme such as malate dehydrogenase in the mi-
tochondrial matrix could be the major contributor to the spec-
tral shift. FAD bound with protein such as electron-
transferring flavorprotein in the mitochondrial respiratory
chain could cause the spectral shift of FAD fluorescence in
cells and tissues.32–35

The stromal fluorescence excited at representative wave-
lengths are shown in Fig. 4�a�. The emission peak red-shifts
continuously, and the excitation efficiency drops gradually
with the increase in the excitation wavelength. The spectral
characteristics of collagen fluorescence shown in Fig. 4�b� are
almost identical to those of the stromal signal, confirming that
collagen is the major source of fluorescence in the stromal

Fig. 3 Normalized fluorescence spectra: �a� nonkeratinized epithelial
layer; �b� SiHa cells. The number at the beginning of each spectrum is
the magnification, which should be inversely proportional to the rela-
tive excitation efficiency.

Fig. 4 Normalized fluorescence spectra: �a� stromal layer; �b� pure

collagen. The number above each spectrum is the magnification.
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layer. However, a closer comparison of the collagen and stro-
mal fluorescence excited at 355 nm shows that a shoulder
around 430 nm appears in the stromal fluorescence. Because
collagen cross-links determine the spectral characteristics of
collagen fluorescence,20 the shoulder may be attributed to the
differences in collagen cross-links or degree of cross-linking
in collagen between the collagen powder sample and stromal
tissue. In addition, the shoulder may also be contributed to
from the residual of epithelial fluorescence peaked at
450 nm because the nonconfocal signals from the epithelial
layer cannot be completely rejected by the confocal tech-
nique. Finally, the histology did not show blood vessels in
the examined tissue samples in the sampling depth range
from 0 to 200 �m. The strong blood absorption around
410 nm should not be the cause of the shoulder in the stromal
fluorescence.

The depth-resolved fluorescence spectroscopy provided
comprehensive biomorphologic and biochemical information
of non-keratinized epithelial tissue. The fluorescence signals
of keratinized epithelial tissue were investigated in the same
way. Typical depth-resolved fluorescence measured from a
highly keratinized oral tissue and the corresponding Masson-
stained section are shown in Fig. 5. The histology showed that
the tissue sample was covered with a keratinized epithelial
layer of about 30-�m thickness. The underlying layers are
normal epithelium and stroma. Similar to the fluorescence of
nonkeratinized squamous epithelium, only the spectral signals
excited at 355 nm provide sufficient contrast to identify the
keratinized epithelium, the nonkeratinized epithelium, and the
stroma. The separation of the three layers becomes unclear
with the increase of the excitation wavelengths. However, the
depthdependence of the fluorescence signal shown in Fig. 5�c�
is significantly different from that measured in the nonkerati-
nized epithelium. The intensity of the confocal fluorescence
signal drops monotonically as a function of sampling depth.

To investigate the effect of the topmost keratinized layer
on the excitation of fluorescence from the underlying tissue,
the depth-resolved fluorescence was measured from seven
oral tissue samples with nonkeratinized epithelium and eight
oral tissue samples with keratinized epithelium. The results
shown in Fig. 6 are the averaged intensities of fluorescence
excited at two representative wavelengths as a function of
depth. In the nonkeratinized oral tissue, the intensity signals
recorded in the epithelium gradually increase with increasing
depths, while the stromal fluorescence intensity signals de-
crease quickly with depth. Our measurements showed that the
stromal fluorescence could be detected at 220-�m depth. Un-
like the nonkeratinized oral tissue, the intensities recorded
from the keratinized oral tissue show a quick decay when the
sampling depth is increased, suggesting that the keratinized
layer is highly scattering.36 The scattering in the topmost layer
causes quick spreading of the focal point in the tissue and
reduces the effective excitation and collection of fluorescence
from the underlying layers. Our findings are consistent with
the report that normal oral tissue samples with keratinized
epithelium emit somewhat lower bulk fluorescence than the
oral tissue samples with nonkeratinized epithelium.37

The normal epithelial layer sandwiched between the top-
most keratinized layer and underlying stroma shows identical

fluorescence characteristics as those of the nonkeratinized epi-
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thelium. The fluorescence of the keratinized layer excited at
representative wavelengths are shown in Fig. 7 together with
the fluorescence of pure keratin. The similarity of the fluores-
cence characteristics between the fluorescence of the kerati-
nized epithelial layer and pure keratin indicates that keratin is
the major fluorophore in the keratinized epithelial layer.25

More importantly, the comparison of the results in Figs. 4 and
7 shows that the characteristics of keratin fluorescence are
similar to those of collagen. The results provide more evi-
dence that the keratin in the topmost keratinized layer of the
squamous epithelium produces strong, collagen-like fluores-
cence and creates serious challenges in interpreting bulk au-
tofluorescence spectra measured with conventional fluores-
cence spectroscopy methods.25

In previous work we reported that the rabbit esophageal
tissue and human ectocervical tissue, covered with squamous
epithelium, are generally keratinized.26 The thickness of the

Fig. 5 Typical result of a highly keratinized oral tissue: �a–b� Depth-
Dashed lines: keratinized epithelial fluorescence spectra at depths o
depths of 100–180 �m; Dotted lines: stromal fluorescence spectra a
depth. �d� The corresponding Masson-stained histology. K: keratinized

Fig. 6 Average fluorescence intensities as a function of depths of no

405-nm excitation.
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topmost keratinizing layer varied from 20 to 50 �m. In this
study, we investigated the depth-resolved fluorescence spectra
of the rabbit esophageal tissue and human ectocervical tissues
excited at a broad wavelength range. The results are similar to
those measured from fresh oral tissue samples. It should be
noted that the keratinization of esophageal and cervical epi-
thelia is not as severe as that of oral tissue. Most examined
samples in this study were parakeratinized. Typical fluores-
cence spectra measured from parakeratinized esophageal and
cervical epithelia are shown in Fig. 8. The spectra of kerati-
nized and nonkeratinized oral epithelia are displayed for
comparison. As can be seen from Fig. 8�a�, with 355-nm
excitation, the fluorescence peaks vary in the range from
420 to 435 nm, indicating that the signals are the mixture of
keratin and NADH signals and reflect the degree of keratini-
zation of the epithelium. The fluorescence excited at 405 nm

d fluorescence spectra excited at 355 nm and 405 nm, respectively.
0 �m; Solid lines: nonkeratinized epithelial fluorescence spectra at
s of 190–200 �m. �c� The fluorescence intensities as a function of
E: epithelial layer; S: stromal layer.

inized and highly keratinized oral tissue: �a� 355-nm excitation; �b�
resolve
f 0–3
t depth
nkerat
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becomes complicated because of the overlapping of NADH,
FAD, and keratin fluorescence. The strong peak at 680 nm in
the esophageal fluorescence may be attributed to porphyrin
derivatives.31

To explore whether the epithelium is generally keratinized,
depth-resolved fluorescence measurements were conducted on
columnar epithelial tissue including the rabbit colonic tissue
and human endocervical tissue. Typical fluorescence spectra
of colon and endocervix tissue with UV at 355-nm, violet at
405-nm, and blue at 457-nm excitation are shown in Fig. 9.
We found that the fluorescence spectra recorded from colon
and endocervical tissues at different depths are almost identi-
cal. As can be seen, with 355-nm excitation the fluorescence

Fig. 7 Normalized fluorescence spectra: �a� keratinized epithelial
layer; �b� pure keratin. The number above each spectrum is the
magnification.

Fig. 8 Normalized fluorescence spectra of the topmost para-
keratinized layer of rabbit esophageal and human ectocervical tissue:

�a� 355-nm excitation; �b� 405-nm excitation.
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peaked at 440 nm, showing the dominance of the NADH sig-
nal. The fluorescence excited at 457 nm peaks at 530 nm and
is related to FAD. The fluorescence excited at 405 nm exhib-
its a broadband line shape with the peak spanning from
490 to 520 nm, showing the combination of NADH and FAD
signals. The fluorescence signals did not show the presence of
keratin and collagen in the examined tissue samples. Unlike
squamous epithelium, the confocal fluorescence signals mea-
sured from tissue covered with columnar epithelium de-
creased monotonically with an increase in the sampling depth.

The Masson-stained histology of the examined colon tissue
in Fig. 9�d� shows that the mucosa is lined by simple colum-
nar epithelium containing many glandular cells. The columnar
epithelial cells and glandular cells are connected with a small
amount of collagen that may have a negligible contribution to
the measured fluorescence signals. The thickness of colonic
mucosa is generally over 230 �m, the maximal sampling
depth of our confocal system. The Masson-stained histology
in Fig. 9�h� shows that the endocervical tissue is covered with
a single layer of mucin-secreting cells and contains subcolum-
nar reserve cells. The histology shows the presence of a small
amount of collagen. Similar to colonic mucosa, the contribu-
tion of collagen to the total fluorescence may be negligible.
Overall, the histological analyses provide evidence that the
fluorescence spectral line shapes of colon and endocervical
tissues are not dependent on sampling depths and are mainly
determined by NADH or FAD fluorescence.

It is known that NADH and FAD fluorescence signals can
be used to estimate the redox ratio for the evaluation of tissue
metabolism.22 Our previous work demonstrated that the con-
focal system with the 355-nm and 457-nm excitations could
provide the depth-resolved assessment of the redox ratio in
the epithelium because the fluorescence excited at 355 nm is
dominated by the NADH signal, while the signal excited at
457 nm is dominated by FAD fluorescence.26 However, mea-
suring with two excitations is complicated because it requires
frequent alignment and calibration. A desirable system should
use a single excitation source that produces the epithelial sig-
nal with NADH and FAD fluorescence at comparable levels
for a good estimation of the redox ratio.

The fluorescence spectral characteristics of the non-
keratinized epithelial layer and SiHa cell culture were studied
to search for the optimal wavelength that excites balanced
NADH and FAD signals in epithelium. It was found that
the fluorescence excited in the wavelength range from
375 to 405 nm could be well fitted by the fluorescence ex-
cited at 355 nm and 435 nm that are dominated by NADH
and FAD signals, respectively. In particular, the fitting results
in Fig. 10 show that with 405-nm excitation, the NADH and
FAD fluorescence almost reach a balanced level. The contri-
butions of NADH and FAD fluorescence to the total fluores-
cence of epithelial tissue are different from those to the SiHa
cells, suggesting the difference in metabolic rate between the
normal epithelial cells and the cancer cells. It should be noted
that the small bumper at 509 nm in the fluorescence excited at
435 nm is attributed to the strong Raman peak of water, with
a Raman shift of 3350 cm−1.

To verify that the autofluorescence excited at 405 nm is
sensitive to the cellular metabolism, the fluorescence of SiHa

cell cultures before and after treated with NaCN and CCCP
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was investigated. Here, NaCN is the mitochondria inhibitor
driving the NADH fluorescence signals to a high level by
blocking the transfer of electrons from the electrons donors,
and CCCP is the mitochondria uncoupler that can increase the
FAD-relative fluorescence signal.28 The representative fluo-
rescence spectra are shown in Fig. 11. We found that the

Fig. 9 Typical results of columnar tissue: �a–c� Depth-resolved fluoresc
histology. �e–g� Depth-resolved fluorescence spectra of human endoc

Fig. 10 Fluorescence excited at 405 nm fitted with the fluorescence sp

SiHa cells.
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maximal variation in fluorescence spectral line shape before
and after the treatment with the mitochondria inhibitor and
uncoupler occur at the 405-nm excitation, indicating the fluo-
rescence excited at 405 nm were most sensitive to the cellular
metabolism. Next, we fitted the fluorescence excited at

pectra of rabbit colonic tissue. �d� The corresponding Masson-stained
tissue. �h� The corresponding Masson-stained histology.

xcited at 355 nm and 435 nm: �a� nonkeratinized epithelial layer; �b�
ence s
ectra e
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405 nm before and after the treatment with the mitochondria
inhibitor and uncoupler. The fitting results shown in Fig. 12
clearly reveal the effects of the mitochondria inhibitor and
uncoupler on the relative contribution of NADH and FAD
signals to the fluorescence of the examined cell cultures.

Table 1 summarizes the ratio of NADH over FAD fluores-
cence signals measured from six SiHa cell cultures. The ratio
calculated from the NADH and FAD signals decomposed
from the fluorescence excited at 405 nm increased about 25%
when cells were treated with NaCN and decreased about 55%
when treated with CCCP. The results are similar to those cal-
culated using the ratio of the NADH signals excited by the
355-nm laser over the FAD signals induced by the 457-nm

Fig. 11 Variations of autofluorescence spectra of SiHa cells when trea
405 nm; �d� 435 nm; �e� 457 nm and �f� 473 nm.

Fig. 12 The fluorescence spectra excited at 405 nm of SiHa cells whe
at 355 nm and 435 nm: �a� Solid lines: 405-nm excited fluorescence;

NADH and FAD fluorescence. Solid lines: 355-nm excited fluorescence; da
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laser. This provides the quantitative evidence that the autof-
luorescence spectrum excited at 405 nm can be used for ac-
curate estimation of the redox ratio.

4 Conclusion
We built a depth-resolved spectroscopy system with multiple
excitation wavelengths to investigate the autofluorescence
characteristics of squamous and columnar epithelial tissues.
The spectral information can be used for accurate assessment
of biomorphology and biochemistry of epithelial tissues. It
was found that keratinization is common in the topmost layer
of squamous epithelium. Strong keratin fluorescence from the

h NaCN and CCCP with the excitation at �a� 355 nm; �b� 375 nm; �c�

ed with NaCN and CCCP fitted with the fluorescence spectra excited
d lines: fitting curve. �b� The variation of the relative contribution of
ted wit
n treat
Dashe
shed lines: 435-nm excited fluorescence.
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keratinized epithelial layer exhibits similar excitation and
emission characteristics to those of collagen. It creates severe
interference in the assessment of NADH/FAD fluorescence in
epithelium and collagen fluorescence in stroma. Furthermore,
the keratinized epithelium, a highly scattering tissue layer,
may significantly reduce the efficiency of excitation and col-
lection of fluorescence from underlying layers.

The study demonstrated that the depth-resolved measure-
ments are crucial to isolate the fluorescence signals from dif-
ferent sublayers of epithelial tissues and provide more accu-
rate information about endogenous fluorescence for the tissue
diagnosis. We found that the fluorescence signal excited at
355 nm produces sufficient contrast to resolve the layered
structure of the epithelial tissue. The fluorescence excited at
405 nm provides the information for a good estimation of the
epithelial redox ratio, which is directly related to tissue me-
tabolism, while the signals do not produce the information on
tissue structure. Note that NADH/FAD and collagen fluores-
cence exhibit different time-decay processes.38 It is possible
to resolve the fine structure of the tissue using the time-
resolved fluorescence measurement to identify the signal of
the dominant fluorophore in each sublayer, such as keratin in
the keratinized epithelium, NADH in the normal epithelium,
and collagen in the stroma. In future work, we will investigate
the potential of a combined depth- and time-resolved spec-
troscopy technique with 405-nm excitation in sensing both
the fine structure and metabolic status of tissue. Finally, the
results encourage our future work to focus on developing a
compact confocal system with a miniaturized objective to in-
vestigate in vivo applications of the depth-resolved fluores-
cence method for noninvasive diagnosis of tissue pathology.
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