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Abstract: Two-photon spectral resolved imaging was used to image fresh 
human biopsies of colon tissue and to characterize healthy colon mucosa, 
adenomatous polyp and adenocarcinoma by means of a morpho-functional 
analysis. Morphological examination, performed using endogenous tissue 
fluorescence, discriminated adenomatous and adenocarcinoma tissues from 
normal mucosa in terms of cellular asymmetry and nucleus-to-cytoplasm 
ratio. Good agreement was found between multiphoton images and 
histological examination performed on the same samples. Further 
characterization, performed by means of spectral-resolved analysis of 
NADH and FAD fluorescence, demonstrated an altered metabolic activity in 
both adenomatous and adenocarcinoma tissues compared to healthy 
mucosa. This morpho-functional approach may represent a powerful 
method to be used in combination with endoscopy for in vivo optical 
diagnosis of colon cancer and may be extended to other tissues. 
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1. Introduction 

Colon cancer is among the most widespread cancers in the Western World and is the second 
leading cancer killer in U.S. with an incidence rate of about 50 per 100,000 [1]. It generally 
develops from abnormal growths of the colon mucosa such as adenomatous polyps. Early 
detection of both colon cancer as well as adenomatous polyps is a suitable aim for diagnostics 
and can lead to more effective treatment. In many cases, symptomatic and positively screened 
subjects are visually inspected through sigmoidoscopy [2] or colonoscopy [3], the most 
popular endoscopic techniques for colon cancer detection and screening. In the last decade, 
these classical endoscopic techniques have been integrated with other optical techniques, thus 
perfecting diagnostic capability [4,5]. 

Diagnostic sensitivity and specificity of colonoscopy can be improved by means of 
fluorescence, which is commonly enhanced in cancer through the application of 
photosensitizers [6–8] or fluorescent probes [9–11]. Various compounds such as 
aminolevulinic acid or hexaminolevulinate can be used to enhance cancer margins contrast. 
Fluorescence colonoscopy can be implemented in a classical colonoscope using proper 
illumination and it provides better sensitivity compared to a classical white light approach. On 
the other hand, specificity is generally low and the false positive rate is high. This limitation 
can be overcome by taking advantage of tissue endogenous fluorophores. In fact, since 
biological tissues contain several intrinsic fluorescent molecules (NADH, tryptophan, 
keratins, melanin, elastin, cholecalciferol and others), they can be imaged without any 
exogenously added probe. The combination of colonoscopy with tissue autofluorescence 
offers the possibility of improving diagnostic capability without using exogenous agents. 
Autofluorescence colonoscopy has been performed both in the visible [12–17] and in the near 
infrared spectral range [18–20]. 

Currently, endoscopes are being provided with more modern techniques, such as laser-
scanning imaging. Recent technological advances have created new insights for both single- 
and multi-photon endoscopic imaging. In particular, several developments have been made in 
the field of confocal endoscopy, giving rise to a growing number of research instruments 
[21,22] and also to a few commercial flexible endoscopes. Very recently, a flexible laser 
scanning multiphoton endoscope has been developed and successfully used to image native 
tissue in a living animal [23,24]. Considering that non-linear imaging techniques have already 
largely demonstrated their capabilities in providing label-free optical tissue biopsies [25–28], 
in the near future the combination of these optical techniques with endoscopy will represent a 
powerful clinical tool to be used for both early diagnosis and follow-up of colorectal cancer. 
In two recent studies, two-photon fluorescence (TPF) microscopy was employed on samples 
of intact colon mucosa [29,30], demonstrating that the technique can be used for a label-free 
microscopic evaluation of tissue morphology. Additional functional information can be 
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provided by spectral-resolved TPF imaging in a morpho-functional approach. Spectral-
resolved analysis can be performed by selectively exciting and detecting two-photon 
endogenous fluorescence emitted by particular fluorophores, such as NADH and FAD [31]. In 
fact, these two nucleotides are the main electron donor and acceptor in the cellular metabolic 
pathways. This important feature allows to use them to provide a functional information about 
cellular metabolism [32] which can in turn be related to cancerous or pre-cancerous conditions 
[33–37]. 

In this study, samples of healthy colon mucosa were examined and compared to both 
adenomatous and adenocarcinoma tissues. Images acquired using TPF microscopy on fresh 
colon biopsies demonstrated good correlation with conventional histological examination 
carried out on the same samples. A quantitative morphological analysis classified tissues on 
the basis of both nucleus-to-cytoplasm ratio and cellular asymmetry. Functional 
characterization, performed by comparing the relative intensities of NADH and FAD 
fluorescence, demonstrated an altered metabolic activity in both adenomatous polyp and 
adenocarcinoma compared to healthy mucosa. In particular, adenomatous tissue showed a 
metabolic activity more similar to adenocarcinoma than to healthy mucosa. This morpho-
functional analysis may represent a powerful tool, if combined with multi-photon endoscopy, 
for early diagnosis of colorectal cancer and may also be extended to the diagnostics of other 
tissues. 

2. Materials and methods 

2.1 Samples 

Three sets of colon biopsies including samples of healthy colon mucosa, adenomatous polyp, 
and adenocarcinoma were taken from 10 patients who agreed to participate in the study and 
signed an informed consent. The study was conducted according to the tenets of the 
Declaration of Helsinki. Fresh biopsies were sandwiched between a microscope slide and a 
170 μm glass coverslip. A silicon paste ring was used to create a chamber for the sample and 
to prevent unwanted movements of the coverslip during measurements. Some droplets of 
physiological saline solution were added to the sample to maintain natural osmolarity. 
Samples were imaged with TPF microscopy within one hour from excision, always using “en-
face” optical sectioning geometry. The imaged samples were then fixed in formalin and 
embedded in paraffin for conventional histo-pathological examination. For tissue slicing in 
the microtome, samples were properly positioned in order to obtain slices with the same 
orientation with respect to the optical sectioning performed with two-photon microscopy. 
Although a perfect match between two-photon and optical microscopic images is very 
difficult because tissue processing can create artifacts, with the described procedure we could 
obtain good agreement between two-photon images and optical microscopic images, as 
demonstrated by images in the following paragraph. Pathology report confirmed the clinical 
diagnosis in all the examined samples. 

2.2 Non-linear microscopy system 

The experimental setup consists of a custom-made non-linear laser scanning microscope. The 
laser source is a Chameleon Ultra II (Coherent, Santa Clara, CA, US) pulsed Ti:Sapphire laser 
emitting 140 fs pulses at 80 MHz repetition rate, tunable in the range 690 nm – 1080 nm. The 
output beam passes through the system for power adjustment, made with a half-waveplate 
mounted on a rotating motor NSR1 (Newport Corporation, Irvine, CA, US) and a polarizing 
Glan-Laser beam splitter cube. Laser beam is then collimated by using a telescope and 
properly sized to a dimension of about 3 mm. The microscope is made by a custom head built 
around two metallic plates that divide the system in three levels. The lower level hosts 
detector electronics, galvo-mirrors driver C280 (Galvoline, Rome, Italy), and a stepping motor 
M-111.DG (Physik Insytrumente, Karlsruhe, Germany) for focusing. The scanning system 
G1222 (Galvoline, Rome, Italy) and a beam expander are placed in the middle level, together 
with the dichroic mirror 685DCXRU (Chroma Technology Corporation, Rockingham, VT, 
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US) and the objective lens. Two different immersion objectives (PlanNeofluar 40 × oil - 
Zeiss, Jena, Germany - NA1.3, WD 0.16 mm; XLUM 20 × water - Olympus Corporation, 
Tokyo, Japan - NA0.9, WD 2 mm) were used in order to provide high resolution or large field 
of view, respectively. TPF is collected by the objective lens, reflected by the dichroic mirror 
to the upper level, filtered by a laser blocking filter E700SP-2P (Chroma Technoogy 
Corporation, Rockingham, VT, US), and focused by a lens on the sensitive area of a 
photomultiplier tube H7422 (Hamamatsu, Hamamatsu City, Japan). A custom threaded mount 
allows to place additional fluorescence filter in front of the detector. A more detailed 
description of this experimental setup, including acquisition and control, is given in [38]. 

2.3 Image acquisition and analysis 

2.3.1 Morphological analysis 

Excitation was accomplished by using a wavelength of 740 nm and a mean laser power at the 
sample between 10 and 40 mW, depending on the depth of recording and on the size of the 
field of view. Although shorter wavelengths can provide better excitation for NADH, the 
choice of 740 nm was imposed by the laser source which is not able to provide enough power 
level and stability at wavelengths below 735 nm. TPF images were acquired with 512 × 512 
pixels spatial resolution using a pixel dwell time of 20 μs. The field of view ranged from 200 
μm to 500 μm, depending on the objective lens used. Images were directly compared to 
histological images obtained from the same samples. For quantitative morphological analysis, 
TPF images were acquired using the 40X objective lens with the same experimental 
conditions as above in terms of laser power, dwell time and number of pixels but on a 
restricted 100 μm field of view. Image processing was performed by using ImageJ (NIH, 
Bethesda, Maryland, US). Acquired 8-bit TPF images were filtered in order to remove 
background, and a threshold was applied enhancing both cellular and nuclear borders. For 
cellular-to-nuclear ratio analysis, the borders of both cells and nuclei were visually selected 
and the inner area measured in pixel2 units. Finally the cellular-to-nuclear area ratio was 
calculated. For cellular shape major and minor axis of the cells were defined and their ratio 
was calculated. Although an automatic algorithm for determining cellular and nuclear 
membrane borders is mandatory for a clinical application of the method, the manual approach 
was found providing better results in terms of recognition sensitivity/specificity with respect 
to the automatic algorithms tested. For this reason, in our study cells recognition was 
performed by using the manual approach. This analysis was performed on approximately 25 
cells per sample, on images taken at a depth in the 30-40 μm range. The total number of 
analyzed cells was about 125 cells per tissue type. 

2.3.2 Functional analysis (NADH and FAD fluorescence) 

Two excitation wavelengths were used: 740 nm for exciting NADH, and 890 nm for FAD, 
and a mean laser power varying between 10 and 40 mW, depending on the depth of recording. 
Although both NADH and FAD can be in principle simultaneously excited by two-photon 
absorption using the same excitation wavelength and spectrally separated on the detection, 
this would result in a reduced excitation efficiency for both fluorophores as well as in a higher 
cross-talk between the two signals. On the other hand, a simultaneous excitation of NADH 
and FAD would provide reduced motion artifacts in a potential in vivo application of the 
method. Considering that this study was conducted on ex vivo samples, the two fluorophores 
were excited using two different wavelengths in order to maximize excitation efficiency and 
minimize signal cross-talk. In each acquisition a total of three NADH and FAD fluorescence 
images were acquired at a depth of 30 μm, 60 μm, and 90 μm depth from the sample surface. 
Images of NADH and FAD fluorescence were acquired by alternatively placing a 
fluorescence filter in front of the detector. A band-pass filter centered at 460 nm and with a 
FWHM of 40 nm was used for NADH fluorescence; a band-pass filter centered at 510 nm 
with a FWHM of 60 nm was used for FAD. Acquired images were converted in 8-bit gray-
scale, normalized to the square of the laser power, and corrected for detector gain using 

#188527 - $15.00 USD Received 16 Apr 2013; revised 9 May 2013; accepted 9 May 2013; published 24 Jun 2013
(C) 2013 OSA 1 July 2013 | Vol. 4,  No. 7 | DOI:10.1364/BOE.4.001204 | BIOMEDICAL OPTICS EXPRESS  1208



ImageJ (NIH, Bethesda, Maryland, US). In particular, each image was divided by a correction 
factor depending on the detector’s gain used in order to normalize the images to the same 
number of detected photons. After this processing NADH- and FAD-images were used for 
Red-Ox Ratio scoring. In this analysis NADH-image is intended as the image acquired in the 
460 nm spectral range using 740 nm as excitation wavelength, whereas FAD-image is 
intended as the image acquired in the 510 nm spectral range using 890 nm as excitation 
wavelength. Red-Ox Ratio was calculated by using the following relationship in order to 
obtain a normalized score varying in the −1/1 range: 

 Red-Ox Ratio .
FAD NADH

FAD NADH

−=
+

 (1) 

 

Fig. 1. Histological images taken using a 20X objective on H&E stained tissue sections of 
healthy colon mucosa (A), adenomatous polyp (C), and adenocarcinoma (E). Corresponding 
TPF images (taken with a 20X objective - 0.9 NA) acquired from ex vivo fresh biopsies of 
healthy colon mucosa (B), adenomatous polyp (D), and adenocarcinoma (F). Scale bars: 40 
μm. Histological images taken using a 40X objective on H&E stained tissue sections of healthy 
colon mucosa (G), adenomatous polyp (J), and adenocarcinoma (L). Corresponding TPF 
images (taken with a 40X objective – 1.3 NA) acquired from ex vivo fresh biopsies of healthy 
colon mucosa (H), adenomatous polyp (K), and adenocarcinoma (M). Scale bars: 30 μm. 

Red-Ox Ratio maps were then presented in color-coded scale together with the histogram 
distribution of the average values obtained for the examined samples. 

3. Results and discussion 

3.1 Tissue morphology 

Morphological features of colorectal epithelium can be highlighted on fresh tissue biopsies by 
taking advantage of the signal generated by endogenous fluorophores. In fact, freshly excised 
tissues give a detectable fluorescent signal if imaged within 2-3 hours from excision 
[31,39,40]. Representative TPF images of healthy mucosa, adenomatous and adenocarcinoma 
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tissues are presented in Fig. 1 together with the histological images taken from the same 
samples. Concordance with histology demonstrated the capability of TPF in highlighting 
morphological features of tissues in a non-invasive label-free way. Healthy colon mucosa 
(Figs. 1(B), 1(H)) is composed of continuous polarized crypt surrounded by a variably cellular 
and vascular lamina propria. Basally aligned colonocyte nuclei are oval and uniformly sized 
with similar features in terms of both geometry and fluorescence levels. Concordance with the 
corresponding histological images (Figs. 1(A), 1(G)) was found to be good. This regular 
morphology changes in adenomatous polyps (Figs. 1(D), 1(K)) where tall columnar cells 
exhibit more elongated and crowded nuclei. The fluorescence level was found to be higher 
than in healthy mucosa. This could be due to a stronger contribution of NADH fluorescence 
as well as to a tighter packing of cells in adenomatous polyps. 

 

Fig. 2. TPF images at high resolution (taken with a 40X objective - 1.3 NA) of healthy colon 
mucosa (A), adenomatous polyp (B), and adenocarcinoma (C) acquired at 30 μm depth from 
tissue surface on ex-vivo fresh biopsies. Images have been acquired using 740 nm as excitation 
wavelength. Scale bars: 10 μm. (D) Distribution of the cellular/nuclear size ratio for healthy 
mucosa, adenomatous polyp, and adenocarcinoma. (E) Distribution of the cellular asymmetry 
for healthy mucosa, adenomatous polyp, and adenocarcinoma. In the graphs dots represent 
single data points, while the box is enclosing the data within SD. All the values for both 
Cellular/Nuclear Ratio and Cellular Asymmetry, taken in couples, were found to be statistically 
different at the 0.05 level after a two-sample statistical t-test. 

Indeed, a higher NADH concentration could be related to a higher metabolic activity of 
adenomatous tissue compared to healthy mucosa, as demonstrated by the functional analysis 
described in section 3.2, while the tightly packed crypts is confirmed at histology (Figs. 1(C), 
1(J)). In adenocarcinomas a proliferation of complex glandular structures is noted, with 
infolding and bridging of the epithelium (Figs. 1(F), 1(M)). Cancer cells display large and 
stratified nuclei, as shown in the corresponding histological images (Figs. 1(E), 1(L)). The 
irregularity of carcinoma tissue did not permit good agreement between TPF and histological 
images, as for the other tissue samples. 

A more detailed and quantitative analysis of cellular morphology can be performed by 
acquiring TPF images at higher resolution. For this analysis TPF images were acquired using 
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an objective lens with 1.3 NA. Representative high-resolution TPF images of healthy, 
adenomatous and adenocarcinoma tissues are shown in Fig. 2. The acquired images reveal an 
altered cellular shape in adenomatous polyp (Fig. 2(B)) and a larger nuclear size in 
adenocarcinoma (Fig. 2(C)) compared to healthy mucosa (Fig. 2(A)). In order to quantify 
these morphological differences, 25 cells per sample were selected on high-resolution TPF 
images and their cellular and nuclear membrane borders were highlighted by thresholding and 
removing background. Then, the size of both whole cells and nuclei were measured and their 
ratio calculated. The results obtained are plotted in a graph (Fig. 2(D)), showing a smaller 
ratio for adenocarcinoma compared to both adenomatous and healthy tissues. This particular 
morphological feature of malignant cells has already been measured by means of TPF 
microscopy in other tissues, such as bladder [34] or skin [41], and it can be taken as a 
signature of malignancy. The average ratio measured in each of the three types of tissue 
examined is reported in Table 1. Standard deviation was taken as error. Distribution for 
healthy tissue is centered on higher values and is well separated from both adenomatous polyp 
and adenocarcinoma distributions. Adenomatous mucosa exhibits higher average values 
compared to adenocarcinoma and this finding may therefore be used to discriminate between 
these two conditions. 

Further discrimination can be obtained by considering the cellular asymmetry. In fact, 
nuclear elongation is a typical feature of adenomatous polyp. On the other hand, both healthy 
and cancer cells should have a more rounded shape. In order to quantify cellular asymmetry, 
the cells examined for cellular-nuclear ratio analysis were examined in terms of asymmetry. 
Major and minor axis of the ellipse describing the cell shape were defined and their ratio 
calculated. The results obtained are plotted in a graph in Fig. 2(E), showing a higher ratio for 
adenomatous mucosa compared to both healthy tissue and adenocarcinoma. The average ratio 
measured in each of the three types of tissue examined is reported in Table 1 with the standard 
deviation taken as error. 

Table 1. Average Values of Cellular/Nuclear Ratio (Left Column) and Cellular 
Asymmetry (Right Column) Calculated on a Population of 125 Cells of Healthy Mucosa, 

Adenomatous Polyp, and Adenocarcinoma 

Cellular/Nuclear Ratio Cellular Asymmetry
Healthy Mucosa: 6.7 ± 1.8 Healthy Mucosa: 1.3 ± 0.2
Adenomatous Polyp: 3.3 ± 0.8 Adenomatous Polyp: 2.6 ± 0.6
Adenocarcinoma: 2.1 ± 0.3 Adenocarcinoma: 1.7 ± 0.3

3.2 Functional analysis 

Spectral-resolved TPF microscopy was performed with particular attention to the 
excitation/detection of both NADH and FAD nucleotides. This was accomplished by using 
two excitation wavelengths and two corresponding spectral windows for detection, as follows: 
NADH (740 nm excitation; 440 – 480 nm detection), FAD (890 nm excitation; 480 – 540 nm 
detection). This approach allowed to minimize the cross-talk between NADH and FAD 
fluorescence signals. Acquired images were corrected for laser power and for detector spectral 
response, and then processed using the relationship defined in Eq. (1) in order to produce a 
Red-Ox Ratio map. Representative maps of the calculated Red-Ox Ratio at various depth 
from tissue surface are shown for healthy colon mucosa (Figs. 3(A)-3(C)), adenomatous polyp 
(Figs. 3(D)-3(F)), and adenocarcinoma (Figs. 3(G)-3(I)). The average Red-Ox Ratio 
distributions for the three tissue types are plotted in a graph (Fig. 3(J)). The higher value of 
healthy mucosa (blue line in Fig. 3(J)) compared to diseased tissues concurs with a lower 
oxidative stress in normal cells. Indeed, normal cells produce more energy by oxidative 
phosphorylation than by glycolysis. The consequence is a lower concentration of NADH, 
resulting in a higher Red-Ox Ratio index. On the other hand, adenocarcinoma (yellow line in 
Fig. 3(J)) shows a much lower Red-Ox Ratio index. According to the Warburg effect [32], in 
cancer cells a higher metabolic contribution is provided by glycolysis compared to healthy 
cells, resulting in a higher NADH concentration and a corresponding lower Red-Ox Ratio 
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Fig. 3. Red-Ox Ratio color-coded maps obtained after processing of NADH-images (740 nm 
excitation; 440 – 480 nm detection) and FAD-images (890 nm excitation; 480 – 540 nm 
detection) for healthy tissue (A-C), adenomatous polyp (D-F), and adenocarcinoma (G-I). The 
depth of recording from tissue surface is indicated in the down-left corner. Scale bars: 10 μm. 
(J) Red-Ox Ratio distribution for healthy tissue (blue), adenomatous polyp (yellow), and 
adenocarcinoma (green) with the color-coded scale used in Red-Ox Ratio mapping 
superimposed. Distributions have been obtained by averaging over 6 images per samples and 5 
samples per tissue type. All the values for RedOx Ratio, taken in couples, were found to be 
statistically different at the 0.05 level after a two-sample statistical t-test. 

index. An altered metabolic condition was found not only in adenocarcinomas but also in 
adenomas (green line in Fig. 3(J)). In particular, the Red-Ox ratio index distribution for 
adenomatous polyp is more similar to adenocarcinoma than to healthy mucosa, demonstrating 
that the alteration of a normal metabolic condition occurs not only in cancerous but also in 
pre-cancerous tissue conditions. This is in agreement with a recent observation in healthy, 
dysplastic, and neoplastic cultured tissues [35]. This functional analysis demonstrates that an 
altered metabolic condition of tissue can be optically detected in a precancerous condition and 
may be used for diagnosing cancer at an early stage. 

4. Conclusion 

In conclusion, this study demonstrates the capability of our morpho-functional analysis to 
discriminate between healthy mucosa, adenomatous polyp, and adenocarcinoma in ex vivo 
fresh colorectal biopsies. Although is easier discriminating healthy mucosa from pathologic 
tissue (both adenomatous polyp and adenocarcinoma), than between adenomatous polyp and 
adenocarcinoma, both morphological and metabolic differences were found between the three 
tissue types examined. In particular, morphological characterization of cells in various tissues 
was obtained in terms of cellular/nuclear ratio and asymmetry, finding altered values in both 
adenomas and adenocarcinomas compared to healthy tissue. Functional differences were 
observed in terms of metabolic activity by measuring the relative abundance of NADH and 
FAD nucleotides through the selective acquisition of their fluorescence. In particular, an 
altered metabolic condition was found not only in adenocarcinomas but also in adenomatous 
polyps, demonstrating that the altered metabolism, precursor of cancer development, can be 
detected optically. Future developments of this work are: the confirmation of these results on 
a larger number of samples; the extension of this analysis to other colon tumors to assess 
tumor grading capabilities; the application of the method to other inflammatory and/or 
neoplastic conditions. The proposed method may be implemented, together with TPF 
endoscopy, in a preclinical study so as to measure its diagnostic capability compared to 
standard endoscopic techniques. Seeing that the recently demonstrated potential of non-linear 
imaging is to become a medical diagnostic tool, in the near future the method herein presented 
could be used in a clinical setting. 
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