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Abstract: Murine induced colon cancer has been used to demonstrate that Second Harmonic Generation (SHG) microscopy 
images, combined with Two-Photon Excitation Fluorescence (TPEF) and specific quantization scoring methods allow distin-
guishing early alterations in colon mucosa. TPEF was used only to identified crypts and submucosa regions, whereas the 
image analysis was used to get quantitative data (Integrated Intensity and Aspect Ratio scoring) of different cancer stages. 
The submucosa amount of collagen fibers was significant and their orientation suffering proportional changes with the devel-
opment of the pathological processes. Both after the fourth and eighth weeks after colon cancer induction, integrated intensity 
and aspect ratio values have shown significant statistical differences compared with control samples. Thus, SHG microscopy 
has proved to be a useful quantitative tool to highlight early changes of submucosa and the progression of these through the 
cancer development.  

Keywords: Colon cancer, early detection, second harmonic generation, two-photon excitation fluorescence 

1. Introduction 

Colon cancer is one of the leading causes of death in humans [1]. During the last decade, the scien-

tific community has undertaken this challenging job of discovering the novel and efficient method of 

using of dyes, magnification endoscopy, low bandwidth imaging as well as endogen fluorescence im-

aging for colon cancer diagnosis [2-4]. Even with the high cost and risk associated with the endoscop-

ic biopsy hematoxylin and eosin stained (H&E), it is still the golden standard for local screening. Due 

to the various drawbacks of this technique such as high cost, cumbersome and excisional process, 

there was a need for detecting precursor lesions based on the new imaging technology.  
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Recognition of premature cancer injury is an open problem, which has not yet been solved. In this 

regard, non-invasive approach is helpful for colon cancer detection. Examples of these techniques are 

fluorescence spectroscopy, Raman spectroscopy, and non-linear optical (NLO) microscopies, such as 

Two-photon imaging and Second Harmonic Generation (SHG) microscopy [5-7]. The last approach is 

a predominant imaging technology with advantages over confocal and other current imaging technolo-

gies [8, 9]. Interestingly, SHG can directly visualize the collagen assembly in the extracellular matrix 

(ECM) without the requirement of any exogenous staining [10]. Subsequently, it has been observed 

that changes in the ECM can be used as substitute markers for differentiating malignant from non-

malignant tissue [11,12]. 

This work was used an murine model of induced colon cancer, in which the intestinal adenocarci-

nomas grow rapidly and their histological transformations remember those encountered in human 

body, to demonstrate that SHG microscopy images in combination with specific quantification scoring 

methods allow to discriminate early alterations in colonic mucosa. Finally, we can say that, this me-

thodology could be used as a non-invasive alternative for early colon cancer detection. 

2. Methods  

2.1. Murine model of chemical-induced colon cancer (AOM/DSS) 

Adult male BALB/c mice (n = 12) 20 - 30 g body weight, were purchased from Center of Biological 

Experimentations and Biotery of National University of Litoral, Santa Fe. Argentina. Mice were ac-

commodated in cages (4/cage) with clean water and food, under controlled conditions of temperature, 

photoperiod, and wetness. They were isolated during the first 7 days, arranged in random order by 

weight into experimental and control groups. Experimental animals were intraperitoneally injected 

with Azoxymethane (AOM) 10 mg/Kg body weight and a week later, they were given Dextran So-

dium Sulphate (DSS) in the beverage water for seven days, following the procedure reviewed by Ta-

naka and coworkers [13]. Control animal were injected with saline and were not given DSS. Samples 

were taken at day zero, fourth and eighth weeks after injection. Colon segments were destined to histo-

logical processing (for control proposes) and nonlinear optical microscopy observation (for quantifica-

tion). 

2.2. Nonlinear microscopy setup and image acquisition   

Figure 1A depicts a diagram of the instrument used. The system was built around an inverted micro-

scope which was recently described in detail [14]. The polarization at the sample was not linear be-

cause the optical elements of the setup introduce some degree of ellipticity on the incident beam. Fur-

thermore, in this type of sample (high scattering) may help to visualize fibrils in all directions. TPEF 

and SHG signals were detected in transmitted mode. The transmitted SHG (470 nm) and TPF (>490 

nm) signals were condensed by the lens 0.55 NA – WD 26 mm (Carl Zeiss) and acquired at the same 

time by non-descanned detector (NDD) using a filter SP720 (Omega Filters) to block back-reflected 

laser light. To avoid useless fluorescence light from the SHG channel a filter cube (dichroic LP490 nm 

and filter SP485 nm) was positioned in front of the SHG detector. To collect TPEF signal, a filter cube 

(mirror and filter BP540 nm) was used. The figure 1B exemplifies two representative images (1024 x 

1024 pixel spatial resolution) of crypts and submucosa regions, acquired with this setup, displaying 

TPEF (green) + SHG (red) images.  
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Figure 1. A) Experimental setup to TPEF and SHG microscopy based on an inverted microscope Axio Observer Z.1 and 

LSM 780-NLO confocal scan head (Carl Zeiss AG, Germany), AOM: acoust-optic modulator, T1: telescope, λ/4: quarter 
waveplate, G1/G2: galvanometer mirrors, SP: short-pass filter, BP: bandpass filter, LP: long-pass filter, NDD: Non Des-
canned Detector. B) Combination of TPEF and SHG images of colon crypts and crypts + submucosa. The arrows point the 
collagen fibers (red).  

2.3. Scoring methods 

All methods were carried out with ImageJ (v1.45) software (NIH) and calculations were made for 

21 regions of interest (ROI) (300 x 300 pixels) chosen over selected images. For SHG intensity analy-

sis, signal was separated from the background with a threshold at level 30 from the 0 to 255 gray le-

vels. From each ROI the integrated density (ID) was quantified. To achieve the aspect ratio (AR), Fast 

Fourier Transform (FFT) was used, which was proved to be efficient to consign the degree of image 

organization. If the fibers have a parallel arrangement, the intensity plot of the FFT image look as an 

ellipse and consequently will have a higher AR. In contrast, fiber with aleatory arrangement, exhibit 

an intensity plot of the FFT image, closer to the shape of a circle. Anisotropy calculations were per-

formed using an ellipse fitting on the threshold FFT images and the aspect ratio was obtained based on 

the calculation of the ratio between short and long axes of the ellipse [15]. Anisotropic sample gives 

an AR close to 0, whereas more isotropic sample gives a value of AR close to 1. These scoring were 

applied in crypts and submucosa images. To obtain, a qualitative observation of the presence and an-

gle of collagen fibers, a three-dimensional representation was performed using the maximum projec-

tion of intensity (MPI) from a stack of 46 µm thick.   

2.4. Statistical analysis  

One-way analysis of variance (ANOVA) with a post-hoc Tukey-Kramer test was used. The p < 0.05 

were considered significant (*) whereas p < 0.01 were considered very significant (**). Data were 

analyzed with SPSS 10.0 software. 
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3. Results  

3.1. Cancer colon development  

In the animal model, the control mouse colon exhibits a crypt-architecture and an ordered cell polar-

ity pattern. The epithelium contains little, orbed, pale basal nuclei and distinct goblet and absorptive 

cell phenotypes (Fig. 2A). During week 4 of AOM/DSS treatment, colon lesions are appeared, which 

characterize the first step of the pathology, in the form of the aberrant crypt foci (ACF). On the right 

of the image (Fig. 2B), an ACF whit fused crypts and low grade of dysplasia can be observed, where 

most of the nuclei retain their cell polarity. On the left of the image (Fig. 2B), abundant lymphocyte 

infiltration can be visualized, possibly, due to the inflammation process. During week 8 after the injec-

tion, the lesions transform into a high grade of dysplasia. Dysplastic epithelium contains longer, 

packed and dark-staining nuclei. Secondly, it is observed that the crypts architecture have been lost, 

and depicted on the right of the image which is fused and round in shape and also on the left, long and 

slender villi, with tapered tips (Fig. 2C). 
 

 

Figure 2. Colon cancer development after AOM injection. Macroscopic view of murine colon segments and H&E stained 
sections taken from the regions labeled by yellow asterisk. Scale bars: 50µm.  

3.2. Early cancer discrimination by SHG microscopy analysis 

Crypt-cross sections view allow perceiving the circular arrangement configuration, typical of con-

trol colonic crypts, identified by columnar cells and intercalated goblet cells. TPEF images (green) 

shows crypts with rounded-luminal openings, characteristic of normal pattern of colon mucosa (Fig. 3). 

SHG images (red) exclusively delineate the collagen scaffold within lamina propria. The combination 

of TPEF and SHG images enables a superior evaluation of the spatial organization of the tissues.  
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higher (p < 0.05) compared with control samples. Regarding the arrangement of the collagen fibers, 

anisotropy calculations were estimated (Fig. 3C). FFT images of control sample exhibit a more ellip-

tical profile (fibers are arranged in parallel form) when compared to the FFT images of samples 

process with AOM, which presents a more circular configuration (fiber without any specific arrange-

ment). The figure 3C shows the averaged AR of the examined stages. Again, at week 4 and 8, AR val-

ues were increased and which was extremely significant (p < 0.01), compared to normal colon. These 

data helps to verify the fact that, normal submucosa is a better ordered tissue than the transformed one. 

The three-dimensional representations (Fig. 4) show previous observation that collagen fibrils adopt a 

distinctive behavior relative to epithelium, during the pathological process. 

4. Discussion and Conclusions 

In a previously reported work of our group, the mucosa and submucosa layers in normal human rec-

tum were imaged by SHG and TPEF [16]. Along with other components and structures, the content 

and distribution of collagen fibers was reported in [16], also highlighted the benefits of this technique 

as a new promising method of early rectal cancer detection. In another study we have proposed how to 

distinguish between normal and high grade of dysplasia and cancer, using SHG images of human co-

lon [17], but the early stages of the pathology were not evaluated. 

The present study demonstrates that SHG microscopy allows detecting early changes of colonic 

submucosa in an animal model of colorectal cancer. The chemical carcinogen AOM effectively repro-

duced the alterations found in human colon cancer. While TPEF images contributed to the understand-

ing of the tissue microstructures, SHG microscopy enabled the identification of two collagen features 

(amount variation and fibers orientation), which exhibited significant differences at different colonic 

cancer stages. With the help of these data, it was possible to gain quantitative information (ID and AR 

scoring) in different cancer stages. In agreement with our former results, previous reports in human 

colon and other tissues suggest that the epithelial cells preferentially invade tissues where the collagen 

fibers became perpendicularly aligned, instead of randomly arranged ones [5,17,19]. Thus, SHG mi-

croscopy proves to be a powerful quantitative tool which is combined with specifics gene tumor clas-

sification algorithms [20, 21], could allow detecting early changes of submucosa and their progression 

through the cancer expansion.  

SHG has the ability to image tissues in situ, without any exogenous contrast label and avoiding the 

bleaching effects of the fluorescence methods. The fact that SHG could reach high penetration, main-

 

Figure 4. Maximum projection (TPEF+SHG) of individual crypts. 46 images separated 1 µm each (512x512x46). L: lu-
minal crypt orifice.  
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taining appropriate resolution levels allowing 3D sectioning of the sample, make possible to postulate 

it, as a future endoscopic tool for 3D in vivo non-invasive optical biopsy tool.  

Finally, we can say that these results addresses the promising benefits of SHG imaging for clinical 

purposes, and as a tool for biological and medical research to study the dynamics of the extracellular 

matrix modifications. With the ability of quantifying the submucosa alterations, as shown in this work, 

it is expected that a SHG-based endoscopic tool could assist in vivo studies and help us to reach an 

early objective cancer diagnosis method in the near future. 
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