
September 15, 2009 / Vol. 34, No. 18 / OPTICS LETTERS 2853
Imaging of epithelial tissue in vivo
based on excitation of multiple endogenous

nonlinear optical signals
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We demonstrate an integrated optical microscope to image the living epithelial tissue by simultaneously
exciting multiple endogenous nonlinear optical signals. By employing the spectral lifetime detection capa-
bility, this technology provides a unique approach to sensing the fine structure, the protein distribution, and
the cellular metabolism of epithelial tissue in vivo. In particular, we investigated the two-photon excitation
fluorescence (TPEF) of tryptophan, an essential amino acid serving as the building block of protein. Our
findings show that the TPEF of cellular tryptophan produces a good contrast to reveal the morphology of the
epithelial cell layer, and the contrast can be further enhanced by applying low-concentration acetic acid.
© 2009 Optical Society of America
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Two-photon excitation fluorescence (TPEF) of endog-
enous fluorophores and second-harmonic generation
(SHG) of structural proteins allow one to perform a
noninvasive imaging of intact tissue with subcellular
resolution. The reduced nicotinamide adenine di-
nucleotide (NADH) is considered as an endogenous
fluorescence indicator of cellular metabolism. Be-
cause the concentration of NADH in mitochondria is
much higher than other cellular compartments, the
TPEF image of the NADH signal mainly reflects the
distribution of mitochondria in cells [1,2]. The fluo-
rescence of tryptophan, an essential amino acid in-
volved in many important biochemical processes
[3,4], conveys the information on the protein content
and the microenvironment. In addition, the image of
a tryptophan signal may reveal a clear cellular mor-
phology because protein molecules distribute all over
the cell. Finally, the signals of structural proteins
(keratin, collagen, and elastin) can serve as the con-
trast agents for imaging the fine structure in the epi-
thelial and the stromal layers [1,2]. Ideally, an imag-
ing system to simultaneously excite multiple
endogenous optical signals can provide more infor-
mation on morphology and biochemistry of imaged
tissue. However, the challenges are that the excita-
tion and the emission wavelengths of these endog-
enous signals are generally different. Recently, we
demonstrated a two-color two-photon excitation mi-
croscope to excite tryptophan and NADH fluores-
cence in living cells by using the supercontinuum
generation from a photonic crystal fiber (PCF) [5]. In
this Letter, an integrated two-photon excitation mi-
croscope is built to perform in vivo imaging of epithe-
lial tissue.

The homebuilt two-photon microscope is similar to
that reported in our previous study [5]. The PCF (NL-
1.4-775, Crystal Fiber) was pumped by a femtosecond
laser (Coherent, Mira-900) tuned at 760 nm. A por-
tion of the pump laser and the filtered out supercon-

tinuum at 600±20 nm were used to excite the TPEF
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and the SHG signals simultaneously. The hamster
cheek pouch was used as the living epithelial sample
for in vivo imaging because it is a widely accepted
model of human stratified squamous epithelium. The
total power incident on the hamster oral tissue was
less than 30 mW. After anaesthetization, the z-stack
images were acquired with 16 s integration time for
each optical sectioning depth, using 3 �m z-step size.
The sampling area of each image was 90 �m
�90 �m �128�128 pixels�. A spectrograph equipped
with a 16-channel photomultiplier tube (PMT) array
and a time-correlated single-photon counting (TC-
SPC) module (PML-16 and SPC-150, Becker and
Hickl BmbH) were used to record time-resolved
TPEF and SHG signals from 310 to 510 nm with
about a 13 nm resolution. This equipment allowed us
to distinguish the fluorescence from different fluoro-
phores based on their spectral and temporal charac-
teristics.

Representative images measured from the hamster
cheek pouch at different sectioning depths are dis-
played in Fig. 1. It is expected that the TPEFs in the
wavelength region from 300 to 400 nm (U band) are
determined by tryptophan fluorescence, which is ex-
cited by 600±20 nm supercontinuum, whereas the
major endogenous fluorophores with TPEF emissions
in the 400–500 nm region (B band) are keratin,
NADH, or extracellular matrix (ECM) proteins,
which are excited by 760 nm laser light [6]. The
TPEF intensity images formed in the B and the U
bands are shown in the left and the middle columns
in Fig. 1, respectively. The SHG images recorded
from the stromal layer are presented together with
corresponding TPEF images in Figs. 1(e3) and Fig.
1(f3), which is excited by 760 nm laser light. To sepa-
rate the SHG excited at 760 nm from the TPEF in the
U band, the excitation at 600 nm was delayed about 1
ns with respect to that at 760 nm. As can be seen, the
TPEF images of stratum corneum (SC) in Figs. 1(a1)

and 1(a2) are formed with bright and diffused pat-
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terns, indicating that the topmost epithelial layer is
keratinized [7]. The images of the underlying non-
keratinized layer show that nuclear density increases
from stratum granulosum (SG) down to stratum
basale (SB). Particularly, the TPEF images in the B
band from Figs. 1(b1) through 1(d1) are mainly char-
acterized by the bright strips and spots of mitochon-
drial morphology. Unlike the B-band images, the dis-
tributions of signals in the U band are generally

Fig. 1. (Color online) Representative TPEF and SHG im-
ages of hamster oral epithelium excited at 600 and 760 nm.
B band, U band, and SHG images are presented in left,
middle, and right columns, respectively: (a1)–(a3) SC; (b1)–
(b3) SG; (c1)–(c3) stratum spinosum (SS); (d1), (d2) SB;
(e1)–(e3) stroma (S); (f1)–(f3) soft muscle (M). (a3)–(d3) are
U-band images of hamster cheek pouch exposed to 6% AA.
Multimedia supplements: stack movies formed with the
TPEF and SHG images simultaneously excited at 600 and
760 nm from tissues without (Media 1) and with (Media 2)
6% AA treatment. All images are reconstructed from raw
data without any processing.
uniform in the cytoplasm and the nuclear compart-
ments, respectively. The cellular morphology of non-
keratinized epithelium is clearly displayed in the
U-band images shown in Figs. 1(b2) through 1(d2).
The stromal layer can be identified by the SHG from
collagen fibrillar bundles as shown in Fig. 1(e3). The
patterns of relatively weak TPEF signals in stroma
shown in Figs. 1(e1) and 1(e2) are correlated well
with SHG, indicating that fluorescence in the B and
U bands are from collagen fiber, too. In deeper optical
sectioning depth, clear muscle structures are re-
vealed by the SHG signals from myosin filaments
and the B-band TPEF signals from the rest of the
muscle fibers [8] shown in Figs. 1(f3) and 1(f1), re-
spectively, while some bright patterns shown in the
SHG image [Fig. 1(f3)] that are not correlated with
muscle fibers are probably from collagen fibers. Clear
muscle structures are not shown in the U-band im-
age [Fig. 1(f2)], because tryptophan TPEF signals are
from both myosin and the rest of the muscle fibers.

To investigate and verify the origins of observed
fluorescence signals in the U and B bands, the spec-
tral signals were measured from the SC, the epithe-
lial cell, and the stromal layers with alternative exci-
tations at 600 and 760 nm. The results are shown in
Figs. 2(a) and 2(b). Each spectrum in the figures was
the integration of signals over the sampling areas in
a certain tissue layer. Comparing the TPEF spectrum
of pure tryptophan with the TPEF signals of different
tissue layers at 600 nm excitation, it is clear that the
tryptophan fluorescence was dominant in the U-band
TPEF signals of all tissue layers. At 760 nm excita-
tion, strong keratin fluorescence that peaked around
490 nm was observed in the SC layer [6]. The signals
from SG to SB were almost identical with a spectral
peak at 450 nm. This confirms that NADH is the ma-
jor fluorophore in nonkeratinized epithelium [2]. The
stromal layer exhibited collagen that characterized a
strong SHG signal and a fluorescence emission that
peaked around 470 nm [6]. The SHG signal in stroma
displayed in Fig. 2(b) was reduced by a factor of 200.
The weak SHG signals shown in the spectrum of the
SC and the epithelial layers were excited from the
underlying stromal layer because of a thin hamster
oral epithelium ��30 �m�. The TPEF spectral sig-
nals of muscle fiber are almost identical to the epithe-

Fig. 2. (Color online) Representative TPEF spectra and
lifetime histograms. (a) TPEF spectra excited at 600 nm
from SC, SB, S, M, and tryptophan solution (Try); (b) cor-
responding spectra excited at 760 nm; (c) histograms of
tryptophan fluorescence lifetime from SC, SG, SS, SB, and
S layers without AA treatment; (d) corresponding histo-

grams with 6% AA treatment.
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lial layer, meaning that the signal sources of the U
and the B band in muscle cells are tryptophan and
NADH, respectively. The SHG signal in muscle dis-
played in Fig. 2(b) was reduced by a factor of 100.

It is known that NADH exists in free and protein-
bound forms in living cells. The free/bound NADH ra-
tio could be employed as an indicator for cellular
metabolic status [9–11]. Similar to previous studies
[5,11], we extracted free and bound NADH signals by
using a dual exponential function to analyze the de-
cay of the B-band TPEF measured from the nonkera-
tinized epithelial layers. It was found that the free/
bound NADH ratio increased by �25±7�% from the
SG to the SB layer, indicating a possible change in
cellular metabolism throughout the epithelial layer.
This change may be due to that epithelial cells be-
come more mature and metabolically less active
when grown upward from the basal layer [10].

Tryptophan fluorescence provides not only the in-
formation on protein distribution but also on mi-
croenvironmental changes around proteins. For ex-
ample, the lifetime of tryptophan fluorescence is a
sensitive indicator of pH value, because a low pH
value could induce protein denaturation, fixation,
and aggregation [12,13], which result in a decrease in
tryptophan fluorescence lifetime [14]. Acetic acid
(AA) is a widely used contrast agent for clinical diag-
nosis of cervical and skin precancers. In this study,
we investigated whether AA-induced changes in tryp-
tophan fluorescence could provide additional benefits
and information for imaging of epithelial tissue. The
oral epithelium of the live hamster was treated with
6% AA solution and the depth-resolved TPEF images
were acquired about 1 min after the application of
AA. Representative tryptophan fluorescence images
recorded from the SC to the SB layer are shown in
the third column of Fig. 1 from Figs. 1(a3) to 1(d3).
Compared with the TPEF images of untreated epi-
thelium, the contrast of the nucleus of dead cells to
the surrounding cytoplasm in the SC and the con-
trast of the cell boundary and the nucleus to the cy-
toplasm in the underlying SG to the SB were obvi-
ously enhanced. The enhancements may be due to
the interaction of AA with intracellular proteins and
gap junction proteins. Detailed comparisons between
the depth-resolved images recorded from the epithe-
lial tissue before and after the AA treatment are
shown in media 1 and 2. It was noted that the AA
treatment caused a swelling of epithelial tissue by
thickening the SC layer from 7±2 to 16±3 �m and
the SG-SB layer from 25±4 to 30±5 �m. The AA-
induced tissue swelling was also observed by other
groups [15,16].

To monitor the penetration of AA in epithelial tis-
sue, we analyzed the lifetimes of tryptophan fluores-
cence at different sectioning depths. The dual expo-
nential function was used to analyze the fluorescence
decay pixel by pixel in the tryptophan TPEF image

recorded at certain depths. The lifetime histograms
of tryptophan fluorescence calculated from the im-
ages recorded before and after the AA application are
shown in Figs. 2(c) and 2(d), respectively. As can be
seen from Fig. 2(c), the histograms of tryptophan
fluorescence lifetimes in the SC, the SG-SB, and the
stromal layers are significantly different, indicating
that the protein compositions or profiles vary widely
from tissue layer to layer. The lifetime distributions
become shorter after the application of AA, meaning
the decrease in pH values in all tissue layers [12].
This evidence demonstrates that AA penetrated
throughout these tissue layers and the contrast en-
hancement of the cellular morphology in the tryp-
tophan TPEF images may be induced by the interac-
tion of AA with cellular proteins. In addition, the
lifetime distributions of SG-SB layers are almost
identical before the AA treatment. However, the dis-
tributions are clearly separated after the application
AA. The results provide qualitative information on
the gradient of the pH value or the AA concentration
in the epithelial layer.
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