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Simple Summary: The diagnostic approaches used to detect cancer in its early stages through the 

use of appropriate screening tests are crucial for the implementation of an effective treatment. In 

this study, we investigated the potential of the nematode Caenorhabditis elegans to detect cancer 

based on alterations in urine composition. The primary objective of this study was to determine 

whether there is a statistically significant difference in the behavior of nematodes exposed to the 

urine of cancer patients and healthy individuals. Following the exposure of worms to urine samples 

from oncology patients and healthy volunteers, the chemotactic indices for each sample were 

calculated. Statistical analysis confirmed that nematodes reacted differentially to the urine of cancer 

patients compared to healthy individuals, and this test demonstrated high sensitivity. Our findings 

indicate that C. elegans may serve as a promising tool for early cancer diagnosis, offering a non-

invasive and cost-effective method.  

Abstract: The nematode Caenorhabditis elegans, with its highly sensitive olfactory system, has 

emerged as a promising tool for testing chemotaxis. In the field of cancer diagnostics, there is a 

growing interest in the development of non-invasive screening methods for the detection of volatile 

organic compounds in a patient's urine. The objective of this study was to contribute to the existing 

body of knowledge by evaluating the ability of a Caenorhabditis elegans-based chemotaxis assay to 

discriminate between urine samples from healthy individuals and patients diagnosed with breast 

or colon cancer. Following synchronization of the developmental stages of C. elegans, nematodes 

were exposed to the urine of cancer patients and healthy individuals. Subsequently, chemotactic 

indices were calculated for each urine sample. Our results demonstrated a statistically significant 

difference in the chemotactic response of C. elegans to urine samples from cancer patients compared 

to healthy volunteers (p < 0.001). Moreover, the test exhibited promising diagnostic utility, with a 

sensitivity of 98%, a specificity of 62%, and a detection rate of 78%. Our findings expand on previous 

observations, confirming the remarkable sensitivity of C. elegans hermaphrodites to discriminating 

cancer-related volatile organic compounds in urine samples. 

Keywords: Caenorhabditis elegans; cancer; chemotaxis; chemotactic tests  

 

1. Introduction 

Caenorhabditis elegans is a non-pathogenic, free-living, microscopic nematode. In recent decades, 

it has become one of the most popular model organisms for studying human diseases because of its 

unique characteristics, including its rapid development cycle, high number of offspring, and ease of 

cultivation. A notable contribution to the molecular, cellular, developmental, and behavioral biology 
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of this nematode was made by Sydney Brenner, a Nobel Prize-winning researcher, during the 1960s 

and 1970s [1]. Furthermore, the genome of C. elegans was subsequently sequenced in 1998, and it is 

the first sequenced genome of a multicellular organism [2]. Currently, researchers engaged in a range 

of biological and medical disciplines, including the development of cancer screening tests, derive 

considerable benefit from the use of this invaluable tool. 

Cancer represents one of the most significant global causes of mortality and morbidity among 

non-communicable diseases [3]. Consequently, early diagnosis is crucial to simplify treatment and 

increase the chances of a cure. The development and implementation of cost-effective, non-invasive 

cancer screening tests could play a significant role in the effective management of this disease. The 

efficacy of oncological treatments is optimized when the disease is identified and addressed at its 

earliest stage, before the emergence of noticeable symptoms. Current research in the field of oncology 

is focused on the development of multiplex screening tests for the early detection of various types of 

cancer from a single sample. These tests analyze fragments of circulating tumor DNA, extracellular 

DNA, circulating microRNAs, or proteins released by cancer cells into the patient's bodily fluids. The 

utility of such tests for identifying early-stage cancer has been demonstrated in several studies [4–6] 

[7–9]. However, the high cost of these screening tests presents a significant obstacle to their extensive 

implementation as cancer preventive measures [10]. 

On the contrary, the use of minimally invasive tests that employ tumor markers shows a 

relatively low sensitivity for the early detection of cancer. Moreover, these markers are specific to 

tumors and therefore require a distinct evaluation for each cancer type. Previous research has 

indicated a correlation between tumor growth and the emission of volatile organic compounds 

(VOCs), which can be detected by certain vertebrate species, including canines and rodents [11,12]. 

However, the use of these animals in clinical settings presents considerable logistical challenges. For 

large-scale screening applications, it is essential to identify a suitable organism that is relatively 

simple to maintain and amenable to high-throughput processing. In this regard, the approximately 1 

mm-long nematode C. elegans appears to be a compelling candidate due to its ease of cultivation, 

well-defined nutritional requirements, rapid life cycle, and the possibility of laboratory manipulation. 

Moreover, C. elegans possesses a highly sophisticated chemosensory system that enables the detection 

of a diverse range of volatile substances [13,14]. The analysis of VOCs in urine represents a promising 

area of research with the potential to identify novel biomarkers for the early detection of cancer [15]. 

The potential of nematode-based chemotaxis assays for early cancer detection was initially 

highlighted by Hirotsu et al. (2015) [16], followed by subsequent publications that addressed this 

topic [17–20]. 

In our study, we investigated the potential of utilizing nematode-based chemotactic assays for 

the detection of cancer. The differences in chemotactic indices of C. elegans nematodes exposed to 

the urine of individuals with cancer and the urine of healthy young adults were compared. To 

evaluate the diagnostic efficacy of the assay, its sensitivity, specificity, and detection rate were 

calculated. The objective of this research was to contribute to the existing body of knowledge in the 

emerging field of cancer diagnostics. 

2. Materials and Methods 

2.1. Ethical Approval 

The study was approved by the Ethics Committee for Human Research at the Faculty of Health 

Care and Social Work, Trnava University in Trnava, Slovakia (EK-1/1K/2024). 

2.2. Urine Samples 

Urine samples were provided by Medirex, a.s., Bratislava, Slovakia, and collected over a 12-

month period, from December 2022 to December 2023. The samples were promptly frozen at -20°C 

and stored in a freezer until they were used.  

The cohort of cancer patients (n = 42, median age 66 years, interquartile range (IQR): 53-73, range: 

44-85) was diagnosed in oncological clinics in Slovakia. According to the International Classification 
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of Diseases (ICD-10), the diagnoses were classified into categories C18 (malignant neoplasm of the 

colon) and C19 (malignant neoplasm of the rectosigmoid junction), collectively referred to as 

colorectal carcinoma (n = 18, median age 58 years, IQR: 51-69, range: 45-79) and C50 (malignant 

neoplasm of the breast, including connective tissue of the breast) (n = 24, median age 68 years, IQR: 

58-75, range: 44-85). The control group consisted of healthy young volunteers who had not been 

diagnosed with the disease (n = 53, median age 21 years, IQR: 19-23, range: 18-35). 

2.3. C. elegans Strain 

The wild-type strain of C. elegans (N2) was obtained from the Carolina Biological Supply 

Company, New York, USA. The Nematode Growth Media (NGM) plates used for the cultivation of 

C. elegans were prepared according to the methodology previously described [21]. A specific strain of 

Escherichia coli OP 50, which is unable to synthesize uracil and exhibits restricted growth in NGM, 

was utilized as a food source for this nematode. 

2.4. Synchronization of Developmental Stages of C. elegans 

Given the distinctive characteristics exhibited by each stage of development of C. elegans, 

biological experiments have employed synchronization techniques to reach a single stage of 

development, thus facilitating uniformity between experimental conditions. In the present study, 

nematode synchronization was achieved by the use of the bleaching method [22]. The nematodes 

were gently removed from the NGM plate using a buffered M9 solution (5.8 g of Na2HPO4.7H2O, 3.0 

g of KH2PO4, 5.0 g of NaCl, and 0.25 g of MgSO4.7H2O dissolved in 1 L of distilled water). The 

resulting suspension was subsequently transferred to a sterile 15-ml conical bottom tube. To 

eliminate all developmental stages except for eggs, the nematodes were subjected to multiple rounds 

of centrifugation and washing with M9 solution. Subsequently, the pellet was dissolved in a freshly 

prepared bleaching solution (8.25 ml of sterile distilled water, 3.75 ml of 1 M NaOH, and 3 ml of 

bleach) for approximately 5 minutes. This treatment was effective in eliminating all stages of the 

motile worm. Finally, the isolated eggs were thoroughly washed with M9 solution to remove bleach 

residues and impurities. The suspension containing the eggs was incubated at 20°C for a period of 

approximately 24 hours with gentle agitation until the first-stage larvae (L1) hatched. 

2.5. Preparation of the Test Plates for Chemotactic Tests 

The chemotactic test was performed in accordance with the methodology previously described 

[23]. Briefly, four identical quadrants were designated on 5 cm agar plates with NGM medium. A 

circle with a radius of 0.5 cm was then marked at the point of intersection between the quadrant-

limiting lines. In each quadrant, a "T" or "C" point was marked at a distance of 2 cm from the center 

of the plate. Urine from oncology patients or control subjects (designated as "T") or sterile distilled 

water (designated as "C") was applied to these points in a volume of 2 μl, respectively. Urine samples 

were diluted 1:3 with M9 buffer. Before use, urine samples were subjected to centrifugation (5 

minutes, RCF 400) and filtration (0.22 μm, Merck Millipore). A suspension of L1 nematodes in M9 

solution, with a concentration of 25-125 nematodes/μl, was added to the center of the plates in a 

volume of 5 μl. Following the absorption of the nematode suspension and odorant drops into the 

agar, the plates were inverted and left at room temperature for 60 minutes. Subsequently, the number 

of young worms (L1) in each quadrant that had crossed the inner circle entirely was recorded. The 

chemotaxis index (CI) was calculated according to the following equation: CI = (# worms in both test 

quadrants - # worms in both control quadrants) / (total # of scored worms) [23]. 

2.6. Statistical Analysis 

R-Project version 4.3.3 was employed for the processing of data and statistical analyses. The 

fundamental characteristics of the cohort were detailed using descriptive statistics, including the 

mean, median, range, and interquartile range, to provide a robust summary of the central tendency 

and variability. A statistical analysis was performed to verify the normality of the data distribution 
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using the Shapiro test. Subsequently, assuming that the data followed a normal distribution, the 

Welch's t-test was used to compare the means of two groups, and an Anova test was employed to 

compare the means of three or more groups. A p-value of less than or equal to 0.05 was considered 

statistically significant. 

Following the examination of 42 tumor samples and 53 control samples, a threshold for elevated 

cancer risk was established, corresponding to the upper 99.5 percentile derived from the Student's t-

distribution of the tested control samples. According to the threshold mentioned above, the samples 

were classified into two categories: "low risk" and "increased risk". Furthermore, the sensitivity, 

specificity, positive predictive value, negative predictive value, and detection rate of the tests were 

calculated. 

3. Results 

A statistical analysis of the results indicated a statistically significant difference in CI between 

the control and test tumor samples (p < 0.001) (Figure 1).  

 

Figure 1. A comparative analysis of chemotactic indices (CI) was conducted between urine samples 

obtained from control subjects and patients diagnosed with breast and colon tumors. The Welch's t-

test revealed a statistically significant difference between the CI of control subjects (healthy 

individuals) and breast tumors (malignant neoplasm of the breast, including connective tissue of the 

breast) and colon tumors (colorectal carcinoma), respectively (***p < 0.001). The boxplots illustrate the 

data distribution and pivotal statistical measures of CI in individual groups, including control 

samples, breast and colon tumors, respectively. The boxplots show the interquartile range (IQR), 

which encompasses 50% of the most frequently occurring values in the data, specifically from the 25th 

percentile to the 75th percentile. The line located at the center of the box represents the median value. 

The whiskers indicate the range of 1.5 times the IQR of the quartiles. The average value of CI is 

indicated by a plus (+) symbol located at the center of the box. The red line indicates the threshold for 

elevated cancer risk, corresponding to the upper 99.5 percentile derived from the Student's t-

distribution of the tested control samples. . 
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No statistically significant differences were observed in CI values between respondents of 

working age (i.e., up to 64 years) and those of post-working age (i.e., 65 years and older) (p > 0.05). 

Moreover, a subgroup analysis was conducted on urine samples from cancer patients, categorizing 

them according to diagnoses C18 and C19 (malignant neoplasm of the colon + malignant neoplasm 

of the rectosigmoid junction) and C50 (malignant neoplasm of the breast, including connective tissue 

of the breast). A comparison of CI values between these subgroups and control subjects revealed 

statistically significant differences for both tumor types, respectively (p < 0.001). 

The threshold for elevated cancer risk was established at CI = 0.01, which corresponds to the 

upper 99.5 percentile derived from the Student's t-distribution of the control subjects examined. 

Samples with mean values less than or equal to 0.01 were classified as "low risk", indicating a lack of 

cancerous characteristics. On the contrary, values greater than 0.01 were classified as high-risk 

samples (Figure 2).  

 

Figure 2. An overview of chemotactic indices (CI) detected in samples from healthy individuals 

(control samples) and patients diagnosed with breast (malignant neoplasm of the breast, including 

connective tissue of the breast) and colon tumors (colorectal carcinoma). The dot plots demonstrate 

the CI index for each individual sample. The red line illustrates the threshold for increased risk of 

cancer, corresponding to the upper 99.5 percentile obtained from the Student's t-distribution of the 

tested samples from healthy individuals (controls). Individuals with a low risk of developing cancer 

are indicated by data points that are below the indicated threshold. On the contrary, values greater 

than 0.01 indicate samples with a high probability of cancer development. 

The test used in this study demonstrated a sensitivity of 98% and a specificity of 62% in detecting 

cancer and ruling out its presence in a sample, respectively. The test demonstrated a positive 

predictive value (PPV) of 67%, a negative predictive value (NPV) of 97%, and an overall detection 

rate of 78%. Furthermore, a comprehensive examination of these statistical parameters for breast and 

colon cancer reveals the following: breast cancer: sensitivity 96%, specificity 62%, PPV 53%, NPV 

97%, detection rate 73%; colon cancer: sensitivity 100%, specificity 62% PPV 47%, NPV 100%, 

detection rate 72%. 
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4. Discussion 

The ability of C. elegans to sense attractive or repulsive odors is primarily facilitated by three 

pairs of olfactory neurons: AWA, AWB, and AWC. In the majority of cases, worms detect attractive 

compounds using AWA and AWC olfactory neurons, while AWB neurons are responsible for sensing 

repulsive volatile compounds [24,25]. Although chemotaxis is controlled by a complex set of neural 

and cellular mechanisms, it can be objectively quantified using chemotaxis assays with C. elegans 

nematodes [13,23,26–28]. Some vertebrates have been shown to be capable of detecting tumor growth 

[12,29]; however, the use of these animals in clinical applications is not feasible due to a number of 

limitations. To facilitate potential screening, it is essential to utilize a simple model organism that is 

suitable for high-throughput analysis. C. elegans meets these criteria because it has a highly developed 

chemosensory system, which allows it to detect a broad spectrum of volatile compounds. For 

example, Hirotsu et al. (2015) conducted a study examining the chemotactic activity of C. elegans 

toward urine samples, serum, and tumor tissues of cancer patients [16]. The highest level of attractive 

chemotaxis was observed in nematodes in response to urine samples, while the lowest level was 

detected in response to serum samples. According to these findings, the researchers postulated that 

the serum of cancer patients may also contain other odors that could repel C. elegans nematodes [16]. 

Furthermore, the researchers observed that olfactory neuron-ablated nematodes were not attracted 

to cancer patient urine, indicating that C. elegans is capable of detecting specific odors present in such 

samples. This finding provides a rationale for the N-NOSE (Nematode Nose) multi-cancer screening 

test, which has been shown to exhibit high sensitivity in the detection of early-stage cancers [17–

20,30]. In addition to these findings, the objective of this study was to validate the documented results 

in the context of our institutional setting, with a particular focus on colorectal and mammary 

carcinomas. A significant difference in CI was observed between the control and tumor samples (p < 

0.001, Figure 1). A subgroup analysis of urine samples from the patients with colon, rectosigmoid 

junction (C18/C19), and breast cancer (C50) also revealed significant differences compared to controls 

(p < 0.001).  The test demonstrated high sensitivity, correctly identifying nearly all individuals with 

cancer (98% true positive results). However, the test demonstrated a lower specificity (62%), 

indicating that it correctly identified 62% of healthy individuals (i.e., true negative results). 

Conversely, 38% of individuals who tested positive in the control group did not have cancer, 

indicating a false positive result. This phenomenon can be attributed to the potential involvement of 

VOCs in non-cancerous pathologies such as tuberculosis [31], diabetes [32], or other as yet 

unidentified pathologies, which could compromise the assay's specificity. The positive predictive 

value (67%) indicates that in 67% of positive tests, the presence of cancer was confirmed. In contrast, 

the negative predictive value (97%) indicates a high degree of accuracy in the exclusion of cancer 

when the test result is negative. Taken together, the test demonstrated satisfactory performance, with 

a 78% detection rate (73% for breast cancer and 72% for colorectal cancer, respectively).  

While mammography remains the primary method for breast cancer screening in women over 

the age of 40 (e.g., the European Commission recommends mammography screening starting at the 

age of 45), its use in younger cohorts is limited [33]. The limited use of mammography in younger 

cohorts is attributed to the presence of dense glandular tissue and the potential exposure to ionizing 

radiation associated with the procedure [34]. However, the increasing prevalence of breast cancer in 

younger women and the inherently aggressive nature of breast cancer in younger patients require 

the investigation of alternative approaches to detection [35,36]. Since our results did not show a 

significant difference in CI between age groups (p > 0.05), it can be hypothesized that the 

aforementioned test could represent a potential benefit for the early detection of malignancies in all 

age categories. Furthermore, methods such as the C. elegans chemotaxis assay have the potential to 

serve as a valuable marker for breast cancer detection, even in younger women for whom 

mammography is often contraindicated. However, this assertion requires further validation through 

additional experimental studies and consideration of other important factors, such as cancer stage, 

tumor histology, patient age, and comorbidities that may influence laboratory results.  

Another prevalent malignant neoplasm in the Western population is colorectal cancer. It is the 

second most common diagnosis in women, following only breast cancer, and the third most common 
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in men, surpassed only by prostate and lung cancer [37]. Currently, fecal occult blood testing (FOBT) 

is the primary screening modality for colorectal cancer [38]. However, the limitations associated with 

FOBT have prompted researchers to explore alternative methods. These initiatives are guided by two 

key objectives: first, to foster patient participation in screening programs, and second, to minimize 

the burden of unnecessary colonoscopies resulting from false positive FOBT outcomes. Given the 

potential for increased patient compliance, urine-based assays hold significant promise. 

Consequently, scientific research is currently being conducted in order to develop new colorectal 

cancer screening tests that utilize metabolome and volatilome analyses of urine samples [39]. In a 

study by Kusumoto et al. (2020), the feasibility of using a cancer screening method based on the 

chemotaxis of C. elegans (N-NOSE tests) was evaluated in post-surgical patients with colon or 

stomach cancer [17]. The findings demonstrated that N-NOSE exhibited superior performance 

compared to conventional tests (based on the detection of carcinoembryonic and carbohydrate 

antigens) in evaluating the completeness of cancer resection. Researchers concluded that the use of 

C. elegans chemosensory responses facilitated the detection of gastrointestinal malignancies in urine 

samples with a high degree of sensitivity [17]. Similarly, Lanza et al. (2021) observed that C. elegans 

exhibited a significant preference for samples collected from women with breast cancer, while 

urinary controls demonstrated the capacity to act as avoidance-promoting chemorepellents [40]. The 

sensitivity of the test in the experiment was 75%, while the specificity was 97.22%, resulting in an 

accuracy of 86.11% [40].  

The findings of our research and numerous other studies regarding the exceptional sensitivity 

of C. elegans chemotaxis assays indicate their potential utility in the early identification of cancer, a 

critical stage for therapeutic intervention. For example, C. elegans-based detection tests demonstrated 

100% sensitivity for breast cancer and 88.9% sensitivity for colorectal cancer [19]. However, it is 

important to note, that the methodology used in the study mentioned above differed slightly from 

that used in the present study. It should be noted that the current study used a single dilution of the 

urine sample, whereas Inaba et al. (2021) used data from two dilutions (10-fold and 100-fold). 

However, our results were consistent with those of previous studies, indicating that C. elegans 

hermaphrodites can accurately identify urine samples from colorectal and breast cancers with a high 

degree of sensitivity compared to control samples. Although our study focused on the identification 

of only two distinct cancers, breast and colorectal, a novel assay that makes use of C. elegans' 

behavioral responses shows promise in the identification of a wide range of tumor types from urine 

samples [18,41,42]. Compared to current screening techniques, which are typically cancer-specific 

and require distinct tests for each form of malignancy, this could represent a paradigm shift. 

Furthermore, di Luccio et al. (2022) propose that C. elegans-based cancer screening assays offer several 

advantages over the "one-test-one-cancer" approach, including protein tumor markers and 

cfDNA/ctDNA technologies [10]. Such tests may prove to be more cost-effective and easier to 

implement on a large scale within cancer screening programs. Future research aimed at identifying 

the urinary chemoattractants responsible for the response of the helminth may provide new insights 

into the mechanisms of carcinogenesis. This is of particular importance in light of the increasing 

global prevalence of cancer, with an alarming tendency for early-stage malignancies. Early detection 

of cancer can be an effective tool, as it allows the administration of the most appropriate treatment 

before patient´s present symptoms. This indicates the potential significance of C. elegans-based 

screening in this context.         

5. Conclusions 

The early diagnosis of cancer is a key factor in the successful treatment of the disease. The 

findings of our study confirm the remarkable sensitivity of C. elegans nematodes to discriminating 

volatile organic compounds associated with cancer in urine samples. It appears that this tiny 

nematode may help in the development of a rapid, painless, and cost-effective diagnostic screening 

test for cancer detection with high sensitivity based on the simple collection of a readily available 

biological sample (urine). 
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