Detection of colorectal cancer in mice with terahertz technology-determination of an optimal frequency 
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Abstact
Colorectal cancer is one of the most prevalent malignancies worldwide, and long-term chronic colitis is considered to be an important factor in the etiological study of colorectal cancer. As an emerging detection technology, the non-invasive, non-ionizing, and fingerprint spectroscopic features of terahertz technology have tremendous application prospects in disease diagnosis. Therefore, this study aims to explore the value of terahertz technology in colitis-related cancers by constructing an inflammation-associated mouse colorectal cancer model. In this paper, we found that the terahertz spectroscopy technique can effectively distinguish colitis-associated cancer from normal tissue, and for the first time, we searched that 1.8 THz may be the best terahertz frequency for diagnosing colorectal cancer in mice, suggesting that we can use the terahertz technique for rapid diagnosis of colorectal cancer histopathology.
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Introduction
Colorectal cancer (CRC) is one of the most prevalent malignancies worldwide and poses a major threat to human health. In studies on the etiology of colon cancer, long-term chronic colitis is considered to be an important factor1. Because mucosal cells in patients with chronic colitis are in a constant state of regeneration, this increases the risk of abnormal cellular changes, which may lead to the development of tumors. According to the statistics published in 2021 by the Cancer Journal for Clinicians (CA: A Cancer Journal for Clinicians), colorectal cancer has the third-highest number of new cases and the second-highest number of deaths in 2020, with 1,932,000 new cases of all tumors worldwide2. According to the latest data released by the National Cancer Center of China, the number of new colorectal cancer cases in China in 2015 was 376,300, ranking fifth among all tumors; at the same time, the number of resulting deaths was also 191,000, ranking fifth among all tumors3. China has the highest number of new cases of colorectal cancer in Asia, and the prevalence and mortality rate of this disease is increasing significantly higher than the world average, and the trend is increasing year by year4. It is a serious health hazard to our people. Early diagnosis is the key to the treatment of colorectal cancer. Currently, traditional imaging examinations such as CT scans and MRI can be used to diagnose colorectal cancer, but these methods require the use of harmful radiation or magnetic fields as well as high examination costs and have limitations in early cancer detection. Therefore, it has become particularly important to develop new techniques for colorectal cancer screening.
Terahertz (THz) is precisely a new and highly sensitive technology. Terahertz technology has been actively researched and applied in many fields, such as communication data transmission, security inspection, biomedical imaging, health monitoring, food, and agriculture5-7. Terahertz radiation lies between the microwave and infrared regions, with a frequency range of 0.1-10THz (1THz=1012Hz), a wavelength of 30 μm to 3 mm, and a vibrational period of 0.1 ps to 10 ps8. Terahertz (THz) time-domain spectroscopy (TDS) is a cutting-edge technology with great potential for label-free and rapid specificity detection9. 
Terahertz has unique advantages in medical diagnostic studies. For example, terahertz radiation is non-invasive and non-ionizing10, its photon energy is about 1/106 of that of X-rays, and it has no effect of ionizing damage on most organisms and cells, so it is very suitable for real-time examination of living organisms or tissues, such as it can be used for early diagnosis of skin burns or skin cancer11, oral disease diagnosis12, in vivo DNA identification13, etc.; Terahertz radiation has fingerprint spectroscopy, and terahertz spectrum can detect the rotational vibration frequency of most organic molecules, including biological macromolecules such as proteins. These biomolecules exhibit specific absorption and resonance phenomena in the terahertz band, resulting in biospecific terahertz signature spectra10, 14, and this signature spectral information is highly sensitive and accurate for the structural identification of biochemicals.
Therefore, in this study, we propose to construct an inflammation-related mouse colorectal cancer model with chemical drugs, and then use terahertz time-domain spectroscopy to study the general spectral characteristics of normal colorectal tissues and colorectal cancer tissues in mice, compare the difference in absorption of terahertz waves between normal tissues and intestinal cancer tissues, and then use statistical analysis to find the best terahertz band from which to diagnose intestinal cancer in mice.
Methods
1. Healthy female BALB/c mice (6-8 weeks old, weighing approximately 18-22 g, SPF grade) were purchased from the Wu Laboratory Animal Center, Minhou County, Fuzhou, Fujian, China. The mice were housed in an SPF-grade environment at the Fujian Medical University Laboratory Animal Center. Constant humidity of 55±5%, constant temperature of 22±2°C, artificial light and dark for 12 hours each/day, free access to water and food for 24 hours, and normal drinking water and feed provided by the Laboratory Animal Center of Fujian Medical University. All procedures of this animal experiment were performed following the permission of the Institutional Animal Care and Ethics Committee of Fujian Medical University.
2. [bookmark: _Hlk133365530]Colorectal cancer model construction: reference to literature Neufert C method15 A mouse model of colorectal cancer was induced by azoxymethane (AOM) combined with dextran sodium sulfate (DSS), as shown in Figure 1 below. Twenty-four BALB/c mice were randomly divided into four cages with six mice per cage, 0.5% neutral magenta solution was used to label the mice, the initial weight of each mouse was recorded, and two cages were selected as the experimental group and the other two cages were used as the control group. The mice in the experimental group (n=12) were injected intraperitoneally with AOM working solution at a dose of 10 mg/kg on the first day and given freshly prepared 2.5% dextran sodium sulfate (DSS) for 7 days ad libitum, and then replaced with autoclaved water for 14 days ad libitum, with a drinking water cycle of 21 days, and the model was completed one week after repeating the DSS/autoclaved water cycle three times. The control mice (n=12) were injected intraperitoneally with saline at a dose of 10 mg/kg on the first day and then given autoclaved water for 10 weeks. During the experiment, mice were observed at least 3 times a week to determine the presence of fighting, trauma, dehydration, reduced activity, abnormal hair color, etc. The fecal properties of mice were observed, and the body weight of each mouse was recorded once a week.
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Figure 1. AOM combined with DSS-induced colorectal carcinoma modeling procedure. w represents the number of weeks
3. Specimen preparation: Mice were fasted without water for 24 hours and then executed by isoflurane inhalation anesthesia. The colorectal tissue of each mouse was taken, and the tissue samples were rinsed with isotonic saline, cut longitudinally, fixed by formalin solution, dehydrated by alcohol gradient, transparent in xylene, and embedded in paraffin, and the diagnosis was established by pathological HE staining, while the paraffin specimens were then made to a thickness of 3 mm, and the specimens were examined by using the terahertz transmission module.
4. Terahertz detection: The working principle of the terahertz time-domain system is shown in Figure 2 below First, a short-pulse laser beam is generated using a femtosecond laser. This laser beam is split into two beams by a beam splitter. One beam is used as the transmitting beam and passes through a photoconductive antenna to produce a terahertz beam, which is then focused on the surface of the sample to be measured by a parabolic mirror and a lens. The other beam is used as the detection beam, which passes through the optical delay line and meets the terahertz beam after passing through the sample at the terahertz detector. The detector can convert the received terahertz beam into an electrical signal and send it to a lock-in amplifier for processing. Finally, a terahertz time-domain waveform, which contains information about the sample to be measured, can be obtained from the lock-in amplifier. By adjusting the position of the optical delay panning stage, the terahertz time-domain waveforms at different positions can be acquired, and thus the spatial distribution information of the sample can be obtained.

[image: ]
Figure 2. Schematic diagram of the terahertz time domain system.
In this study, a terahertz system (TeraPulse 4000) provided by the School of Mechanical Engineering and its Automation of Fuzhou University is used, as shown in Figure 3 below. Its modular design allows free switching between transmission and reflection. In this study, the transmission module of the terahertz system is used, which generates terahertz time-domain pulses with a pulse width of about 4 ps and an available bandwidth of 0.2-2.5 terahertz. A femtosecond laser was used as the excitation source with a central wavelength at 780 nm, a pulse width of 100 fs, a repetition frequency of 100 MHz, and an output power of more than 625 mW, which was irradiated on a GaAs photoconductive antenna to achieve the generation and detection of terahertz radiation. Throughout the experiment, the samples were placed in a nitrogen (N2) purged sample chamber to avoid the effect of airborne moisture on the experiment. Paraffin-embedded tissue samples were fixed on a specimen holder in the sample chamber, and each sample was centrally sampled five times, and the results were averaged.
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Figure 3. Terahertz detection equipment. (a) Physical view of the terahertz equipment; (b) Terahertz transmission detection module
5. Optical parameter extraction: the optical intensity difference between the detection beam and the pump beam is proportional to the terahertz electric field intensity16. Thus, the terahertz optical properties of colorectal tissue can be derived based on the transmitted terahertz electric field pulse of the measured sample. The reference signal is performed by focusing the beam in the absence of the sample. The sample absorption coefficient was calculated by performing a fast Fourier transform of the terahertz time signal and based on the following expression 17.



where is the angular frequency; 𝑐 is the vacuum speed of light; 𝑑 is the sample thickness; 𝐴() is the mode of the sample signal and the reference signal; 𝐴 represents the phase of the ratio of the sample signal to the reference signal; 𝑛 is the calculated refractive index.
6. Statistical analysis: the data obtained from terahertz detection were finally expressed as mean ± standard deviation (), and Origin2021 and GraphPad Prism 9 software was used for data plotting and statistical analysis of specimen spectral data. The measurement data were compared by t-test, and the test level was taken as=0.05, and P < 0.05 was considered a statistically significant difference.
Results
1. Colorectal cancer mouse model situation
Colorectal cancer mice were modeled as shown in Figure 4 below. In Fig. 4(a), 12 mice in the control group were in good mental condition, had a normal diet, formed feces, had no trauma and fighting, and showed steady weight gain during 10 weeks of free access to autoclaved water. After the second water cycle, 12 mice in the experimental group showed obvious bloody stools, some mice showed prolapse, fighting occurred, and body weight decreased progressively. After dissection, as shown in Figure 4(b) below, the mucosal folds of normal mice intestinal tissue were clearly visible under visual observation, and the mucosal folds of mice with intestinal cancer disappeared, with different degrees of tissue hyperplasia and bleeding.
[image: ]
Figure 4. Mouse models of colorectal cancer. (a) Weight changes of mice during modeling; (b) anatomical drawings of some mice.
2. Histopathological analysis
All colorectal tissues obtained from the modeling were stained with HE and the pathological types were judged under a light microscope. Under the light microscope, the epithelial structure of normal mouse intestinal tissues was intact, well-defined, with regular glandular morphology, orderly arrangement, and normal cell size and morphology; the epithelial structure of intestinal cancer mouse tissues were destroyed, with irregular glandular morphology, disorderly arrangement, uneven lumen size and shape, and even atresia, and abnormal proliferation of tumor cells were seen, with irregular nuclei, variable size, increased nucleoplasm ratio, increased cytoplasm, and The nuclei showed irregular shape, variable size, increased nucleoplasmic ratio, increased cytoplasm, and a large number of inflammatory cells infiltration. Some of the pathological findings are shown in Figure 5 below.
[image: ]
Figure 5. HE staining results of some intestinal tissues. (a) Normal mouse tissue (×10) (b) Mouse intestinal cancer tissue (×10).
3. Terahertz transmission time-domain spectra of mouse colorectal tissue
The paraffin waxed blocks of colorectal tissues from 24 mice were examined under the transmission module of the terahertz system, and the obtained terahertz time domain information is shown in Figure 6 below. The black curve in the figure shows the air time domain signal when no sample was placed, which was used as the reference signal; the blue curve shows the time domain signal of colorectal tissue of 12 normal mice; the red curve shows the time domain signal of 12 mice with colorectal cancer. As shown in the figure, the peak terahertz intensity of the tissue paraffin samples was smaller than the reference curve, indicating that the tissue paraffin samples absorbed terahertz waves to a certain extent; the terahertz signal intensity and time domain delay of each of the 24 mice differed to different degrees, and overall, the time domain signal intensity of the intestinal cancer mice was significantly lower than that of the normal mice, and the time domain delay was larger than that of the normal mice.
[image: ]
Figure 6. Time domain spectra of terahertz transmission. The black curve is the air time domain signal when no sample is put in, which will be used as the reference signal; the blue curve is the time domain signal of colorectal tissue of 12 normal mice; the red curve is the time domain signal of 12 mice with colorectal cancer.
4. Absorption coefficient mapping of mouse colorectal tissue
[bookmark: _Hlk129042814]Based on the measured terahertz time-domain spectra of the colorectal tissues of 24 mice, the absorption coefficient profiles of the colorectal tissues of 24 mice were calculated by fast Fourier transform and the aforementioned equations, and then the absorption coefficients of the experimental and control mice were averaged to plot the absorption coefficient profiles of the colorectal tissues of the mice, respectively. Then, in order to avoid the noise interference of high frequency, we set the operating frequency of the absorption coefficient between 0.2-2 THz and finally obtained the absorption coefficient profile of mouse colorectal tissue shown in Figure 7 below. In the figure, the blue curve represents the mean absorption coefficient of 12 normal mice, and its corresponding blue shading is the standard deviation of the absorption coefficient of 12 normal mice; the red curve represents the mean absorption coefficient of 12 mice with intestinal cancer, and its corresponding red shading is the standard deviation of the absorption coefficient of 12 mice with intestinal cancer. The absorption coefficients of both normal mice and intestinal cancer mice showed a general trend of increasing and then decreasing in the range of 0.2-2Thz. The absorption coefficients of normal mice tissues were always lower than those of intestinal cancer tissues, and both tissues reached their absorption peaks between 1.6 and 1.8THz.
[image: ]
Figure 7. Absorption coefficient profiles of mouse colorectal tissues. The blue curve represents the mean absorption coefficient of 12 normal mice, and its corresponding blue shading is the standard deviation of the absorption coefficient of 12 normal mice; the red curve represents the mean absorption coefficient of 12 mice with intestinal cancer, and its corresponding red shading is the standard deviation of the absorption coefficient of 12 mice with intestinal cancer.
5. Analysis of differences in absorption coefficients by zone
In order to find the frequency band in which the absorption coefficients of normal mice and intestinal cancer mice differ most significantly, we divided the working frequency band of 0.2-2 THz into three bands of 0.2-0.8 THz, 0.8-1.4 THz and 1.4-2.0 THz based on the absorption coefficient profiles obtained above, and analyzed the mean values of absorption coefficients of normal mice and intestinal cancer mice in these three bands using t-test ± standard deviation ( The results are shown in Table 1 and Figure 8 below. The results are shown in Table 1 and Fig. 8 below. The absorption coefficients of normal mice and intestinal cancer mice in the three terahertz bands of 0.2-0.8 THz, 0.8-1.4 THz, and 1.4-2.0 THz increased gradually, and the increase of absorption coefficients of intestinal cancer mice was significantly greater than that of normal mice. The differences were statistically significant (P < 0.001), and the differences were most obvious in the 1.4-2.0 Thz region.




Table 1: Absorption coefficients in different terahertz regions of mouse colorectal tissue ()
	Category
	Terahertz band (THz)

	
	0.2-0.8
	0.8-1.4
	1.4-2.0

	Normal 
	0.83±0.28
	1.71±0.20
	2.28±0.07

	Cancer 
	2.00±0.24
	4.74±0.69
	6.84±0.66



[image: ]
[bookmark: _Hlk129130976]Figure 8. Comparison of absorption coefficients in different terahertz zones of mouse colorectal tissue. ***:P < 0.001, t-test.

6. Optimal diagnostic frequency analysis
Based on the results obtained from the analysis of the difference in absorption coefficients of the mouse intestinal tissues in each zone, we performed the next step of the specific frequency band analysis of 24 mouse intestinal tissues in the 1.4-2.0 Thz band to explore the optimal terahertz frequency for the diagnosis of intestinal cancer in mice. The results are shown in Table 2 and Figure 9 below. As shown in the figure, there were statistically significant differences in the tissue absorption coefficients between normal and intestinal cancer mice in the 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, and 2.0 THz frequency bands (P < 0.001), and the largest difference was reached between the two at 1.8 THz. Thus, we can conclude that 1.8Thz may be the best diagnostic frequency for diagnosing intestinal cancer in mice.

Table 2. Absorption coefficients of different terahertz bands in mouse colorectal tissue ()
	Category
	Terahertz band (THz)

	
	1.4
	1.5
	1.6
	1.7
	1.8
	1.9
	2.0

	Normal 
	2.01±0.54
	1.98±0.56
	2.08±0.60
	2.63±0.70
	2.34±0.68
	2.46±0.73
	2.51±0.73

	 Cancer
	5.85±1.24
	5.92±1.29
	6.34±1.37
	7.55±1.74
	7.30±2.13
	7.34±1.79
	7.25±1.69



[image: ]
Figure 9. Comparison of absorption coefficients of different terahertz bands in mouse colorectal tissue. ***:P < 0.001, t-test.


Discussion
Colorectal cancer is a common malignant tumor of the digestive system, the incidence of which has been gradually increasing in recent years. The symptoms of early colorectal cancer are often atypical and easy to be ignored, and serious symptoms will not appear until the disease is aggravated, and most of the clinical findings are in an advanced stage. Early diagnosis and treatment of colorectal cancer can improve the cure rate and reduce the pain of patients and the economic burden on families. Therefore, early diagnosis and removal of these lesions is an effective way to reduce the risk of cancer. At this stage, the following two common colorectal cancer screening methods are mainly used. One is positive rate and further tests are needed the fecal occult blood test (FOBT), which is a simple and low-cost screening method to screen colorectal cancer by detecting the presence of occult blood in the stool. However, FOBT has a high false positive rate, erahertz technology is an emerging non-destructive detection technique with high resolution, nand further tests are needed to confirm. Another type of screening is colonoscopy, which is the "gold standard" for colorectal cancer screening, usually endoscopically detecting suspected lesions and then taking pathological biopsies. However, this test requires a specialized doctor to perform and requires the patient to undergo bowel preparation. For those who are afraid of pain or cannot undergo bowel preparation, colonoscopy may not be the ideal screening method, and there are still cases of missed diagnosis and misdiagnosis in the detection of early colorectal cancer and polyps as well as the subsequent pathological examination.
[bookmark: _Hlk130415201]The rise of terahertz technology in the last decade has brought a new direction to tumor detection. Terahertz technology is an emerging non-destructive detection technique with high-resolution, non-invasive, non-ionizing radiation18, found that cytological methods using THz radiation at freezing temperature, etc. Sim YC et al.19 found that cytological methods using THz radiation at freezing temperatures can be used to detect oral cancer. Reid CB et al.20 studied cancerous, dysplastic, and normal intestinal tissues using terahertz time-domain spectroscopy and modeled the data from terahertz spectral signals of patient samples, confirming that terahertz pulse imaging can localize diseased tissue and distinguish between developmental abnormalities and normal tissue. Ji YB et al.21 investigated the feasibility of the THz time-domain reflectance method for differentiating human early gastric cancer (EGC) from normal gastric regions. Chen H et al.22 demonstrated the ability of THz imaging to diagnose human hepatocellular carcinoma by a THz fiber-optic scanning near-field imaging system. Joseph CS et al. 23 Combining polarized optics and terahertz imaging revealed the promise of terahertz imaging for the intraoperative depiction of non-melanoma skin cancer. Bowman TC et al24 used pulsed terahertz (THz) imaging to image and analyze heterogeneous breast cancer tissue and showed that THz reflection imaging modalities have a strong ability to distinguish heterogeneous regions in tumors. bowman T et al. 25 found that the use of terahertz imaging to identify tumor tissue could be used as a complement to pathological findings, thereby improving diagnostic accuracy. However, there is still a lack of terahertz studies in colitis-associated cancer (CAC). There is also a lack of studies on the optimal terahertz frequencies for terahertz absorption coefficient spectroscopy to diagnose normal and cancerous tissues.
Therefore, based on the previous research results, in this study, we successfully constructed a mouse intestinal cancer model by the combined AOM/DSS scheme, which can simulate the whole process of intestinal mucosa from normal state to inflammation state to tumorigenesis. The model tumors are mostly found in the distal colon and have pathological characteristics similar to those of human colitis-associated cancers26. Based on our mouse model of intestinal cancer, we investigated the general spectral characteristics of intestinal cancer tissue using terahertz transmission time-domain spectroscopy. The results showed that the intensity of the terahertz signal was significantly lower in the terahertz transmission time-domain spectra of mouse intestinal cancer tissues compared with normal tissues, and a certain overall time-domain delay was observed. In order to understand the difference between normal and normal tissues, we transformed the obtained terahertz time-domain spectra into frequency-domain spectra by fast Fourier transformation, and then calculated and depicted the average absorption coefficients of terahertz waves for normal and intestinal cancer mice by the aforementioned equations. Based on the average absorption coefficients, we can clearly see that the absorption of terahertz waves in mice with intestinal cancer is significantly higher than that in normal tissue at 0.2-2 THz, and there are absorption peaks between 1.6 and 1.8 THz in both groups. Our results further validate that the absorption coefficients of tumor tissues are higher at terahertz than normal tissues as found by other research groups20, 27. In fresh tissue samples due to the richer vascular supply of tumor tissue than normal tissue, the water content is higher than normal tissue, and the water in turn is strongly absorbed at THz28 Thus, the difference in water content in tissues becomes the main source of the difference in absorption coefficients between tumor and normal tissues. In the present study, after dehydrating the tissue samples and removing the effect of water content, the difference in absorption coefficients between tumor and normal tissues was still observed, and we speculate that the source of the difference may be the increased cell density, abnormal arrangement of cell size and morphology, increased vascular system, decreased lipid content, and abnormal expression of certain proteins in tumor tissues compared with normal tissues29, 30 In addition, malignant tumor cells usually have a high metabolic level, a rapid rate of their own proliferation, and a higher content of biomolecules such as nucleic acids and proteins than normal tissue cells. These factors lead to increased uptake of terahertz waves by tumor tissues. The absorption peaks between 1.6-1.8 THz in both intestinal cancer tissues and normal tissues may be due to some common biological molecules such as proteins, nucleic acids, sugars, etc., whose molecular vibration and rotation frequencies between 1.6-1.8 THz overlap with terahertz wave interactions to produce resonant absorption.
In order to find the best terahertz frequency for diagnosing intestinal cancer, we first divided 0.2-2 THz into three bands for band analysis, and the results showed that the difference in absorption coefficients between intestinal cancer tissues and normal tissues was the largest in the 1.4-2.0 THz band, and the difference was statistically significant (P < 0.001). From this, we found the largest absorption difference between intestinal cancer tissues compared to normal tissues at 1.8 THz, i.e., 1.8 THz may be the best diagnostic frequency for diagnosing intestinal cancer in mice.
In conclusion, our study confirms that the terahertz technique is still effective in differentiating normal and tumor tissues in colitis-associated cancer (CAC), and for the first time finds that 1.8 THz may be the optimal terahertz frequency for diagnosing intestinal cancer in mice. For the above differences in response between tumor and normal tissues at terahertz, after excluding the differences in water content, it is more likely to reflect the pathological changes in the tissues themselves during the cancerous process and reveals the spectral characteristics of measurable biomarkers other than water.
Conclusion
The results of this study show that terahertz spectroscopy can effectively distinguish colitis-associated cancer from normal tissue, complementing the feasibility of terahertz spectroscopy for colon cancer detection, and for the first time finding the best terahertz frequency that may be optimal for diagnosing intestinal cancer, suggesting that we can use the high sensitivity and high-resolution properties of terahertz technology for rapid diagnosis of colorectal cancer histopathology. In the future, with the continuous development and improvement of terahertz technology, the combination with clinical endoscopy technology is expected to achieve real-time detection of clinical early cancers.
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