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Abstract

Colorectal cancer (CRC) remains a major cause of morbidity and mortality worldwide, with
its incidence and biological behavior influenced by both genetic and environmental factors.
Emerging evidence highlights notable sex differences in CRC, with men generally exhibiting
higher incidence rates and poorer prognoses, while women often display stronger immune
responses and distinct molecular profiles. Traditional screening tools, such as colonoscopy
and fecal-based tests, have improved survival through early detection but are limited
by invasiveness, cost, and adherence issues. In this context, biosensors have emerged as
innovative diagnostic platforms capable of rapid, sensitive, and non-invasive detection of
CRC-associated biomarkers, including genetic, epigenetic, and metabolic alterations. These
technologies integrate biological recognition elements with nanomaterials, microfluidics,
and digital systems, enabling the analysis of biomarkers such as proteins, nucleic acids,
autoantibodies, epigenetic marks, and metabolic or VOC signatures from blood, stool,
or breath and supporting point-of-care applications. Electrochemical, optical, piezoelec-
tric, and FET platforms enable label-free or ultrasensitive multiplexed readouts and align
with liquid biopsy workflows. Despite challenges related to standardization, robustness
in complex matrices, and clinical validation, advances in nanotechnology, multi-analyte
biosensing with artificial intelligence are enhancing biosensor performance. Integrating
biosensor-based diagnostics with knowledge of sex-specific molecular and hormonal path-
ways may lead to more precise and equitable approaches in CRC detection, selection of
therapeutic regimes and management.

Keywords: colorectal cancer; biosensors; early detection; biomarkers; precision medicine;
sex-dependent biomarkers

1. Introduction
Colorectal cancer (CRC) ranks third in terms of morbidity and fourth in terms of mortal-

ity globally, making it one of the most frequently diagnosed cancer types [1]. CRC is a major
global health burden, with over 1.9 million new cases and approximately 900,000 deaths
annually [2]. In women, it constitutes the second most prevalent malignancy after breast
cancer, whereas in men, it represents the third most prevalent after lung and prostate
cancer [3,4]. The most common symptoms of CRC are abdominal pain, altered bowel habits,
rectal bleeding, and consequent, which can also be found in several gastrointestinal disor-
ders [3]. The location of the alteration determines the clinical manifestations of colorectal
cancer [5].
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Incidence and mortality are about 25% lower in women than in men. These rates vary
geographically as well, with the highest rates found in the most developed countries [6].
Due to the modern lifestyle, colorectal cancer is predicted to increase to 2.5 million new cases
worldwide in 2035 in developing countries, whereas stabilizing and declining patterns are
observed in highly developed countries. These occurrences have primarily been attributed
to national screening programs and a general rise in colonoscopies, but dietary and lifestyle
changes may also be pivotal [7]. However, the number of patients under 50 years old
who present colorectal cancer, especially left-sided colon cancer and rectal cancer, has
increased alarmingly [8–11]. The specific reasons behind this rise are unclear, although
there is a potential correlation with genetic, lifestyle, obesity, and environmental variables.
While significant progress has been made in screening programs, early detection remains
a challenge due to the asymptomatic nature of early-stage disease. Because of its high
incidence and augmented mortality rates, colorectal cancer poses public health issues,
raising concerns regarding genetic predisposition, lifestyle and environmental factors.
This review aims to provide a comprehensive update on the genetic basis of CRC, molecular
subtypes, and emerging biomarkers based on sex differences, for biosensors development
with potential clinical applications in early detection, prognosis and treatment selection.

2. Epidemiology and Risk Factors
Colorectal cancer (CRC) development is influenced by both genetic and environmental

factors. Non-modifiable risk factors include older age, sex, and family history of CRC.
Additionally, hereditary syndromes such as Lynch syndrome and familial adenomatous
polyposis (FAP) contribute to 5–10% of CRC cases, whereas the remaining 90–95% are
classified as sporadic [12,13]. Environmental factors play a crucial role in CRC pathogenesis,
as well as obesity, high consumption of red and processed meats, smoking, alcohol intake,
and a sedentary lifestyle [14].

Colorectal cancer risk factors can be broadly divided into two categories: non-
modifiable and modifiable factors (Table 1) [14–18]. The incidence of colorectal cancer
is slightly higher in Black individuals compared to White individuals, although this differ-
ence is more likely related to factors such as access to healthcare, screening programs, diet,
income, and education, rather than genetics [15]. A recent study by Meester et al. observed
an increase in the incidence of early-onset colorectal cancer across multiple racial groups,
with a particularly significant rise among non-Hispanic individuals [18].

Table 1. Non-modifiable and modifiable risk factors for colorectal cancer.

Non Modifiable Risk Factors Modifiable Risk Factors

Ethnicity Sedentary lifestyle

Sex Obesity

Age Diet

Hereditary mutations Smoking

Inflammatory bowel diseases Alcohol consumption

Cystic fibrosis Diabetes and insulin resistance

Acromegaly Gut microbiota

Cholecystectomy

Treatment with androgen derivatives

Sex and growing age have continuously demonstrated high correlations with cancer
incidence in epidemiological research. The development of CRC is influenced by both envi-
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ronmental and genetic risk factors (Figure 1). Approximately 10–20% of all patients with
colorectal cancer appear to have a positive family history [19], with risk varying according
to the number and severity of afflicted relatives and the age at which colorectal cancer was
diagnosed [20]. The heritability of colorectal cancer is estimated to be between 12% and 35%
based on twin and family studies [21,22]. The majority of mechanisms generating heredity
are still unknown and need more research, despite the fact that multiple genome-wide as-
sociation studies of colorectal cancer have effectively identified cancer susceptibility genes
(common single-nucleotide polymorphisms) that are linked to colorectal cancer risk [23].

Figure 1. Colorectal cancer (CRC) diagnostic methodologies with a patient-centered approach.

There are two types of hereditary colorectal cancer syndromes: polyposis syndromes
and non-polyposis syndromes, which include Lynch syndrome and familial colorectal
cancer. Familial CRC affects a subpopulation of 5–7% of people with colorectal cancer [24].
A surveillance plan can be crucial for early diagnosis of CRC patients, providing them
with the best therapeutic approach and the right surveillance advice for at—risk family
members. Furthermore, patients who have a history of colorectal cancer or adenomas, as
well as those who have had inflammatory bowel disease for a long time, are more likely to
develop CRC and annual monitoring is recommended [25–27].

Polyposis syndromes characterized by numerous lesions are often readily identified.
Familial adenomatous polyposis (FAP), for example, can be diagnosed based on polyp
count alone. In contrast, Lynch syndrome is characterized by few adenomas that visually
resemble sporadic lesions, making clinical recognition difficult. Hence, Lynch syndrome is
frequently overlooked without further molecular evaluation [28].

To improve early diagnosis, guidelines currently suggest molecular testing of tissue
biopsies in all CRC patients, especially those under 70 years old, as part of systematic
screening protocols. Standard approaches include microsatellite instability (MSI) testing
and immunohistochemistry (IHC) for mismatch repair (MMR) proteins. These methods
serve as initial triage prior to germline genetic testing [29,30]. MSI, a hallmark of MMR de-
ficiency characteristic to Lynch syndrome—associated tumors, is denoted by the expansion
or contraction of microsatellite loci in tumor DNA in comparison with normal tissue [31].
Lynch-associated CRC tumors are typically MSI-high, reflecting the underlying germline
defects in MMR genes.
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Additionally, immunohistochemistry reveals a lack of mismatch repair proteins in
these tumors. Nevertheless, MSI is not exclusive to Lynch syndrome, and it is also present
in about 15% of sporadic colorectal malignancies. Patients with Lynch syndrome are recom-
mended to undergo frequent colonoscopies, one to two per year, between the ages of 20 and
25 due to the accelerated adenoma–carcinoma pathway [24,32]. Moreover, endometrial
cancer and other cancers (such as those of the small intestine, stomach, ovaries, renal pelvis,
urethra and hepatobiliary system) are more likely to occur in these patients. The risk of
CRC is enhanced by a number of environmental lifestyle variables that are modifiable,
including smoking, excessive alcohol use, increasing body weight, and consumption of red
and processed meat [33].

3. CRC Staging
Pierre Denoix created the tumor, lymph node, metastasis (TNM) nomenclature in the

1940s and 1950s, and the Union for International Cancer Control (UICC) released staging
recommendations based on this nomenclature in 1958 [34,35]. The American Joint Commit-
tee on Cancer (AJCC) (Table 2) and the UICC have now released joint consensus guides
using this standard nomenclature, placing colorectal cancer diagnosis, treatment, and prog-
nosis in the context of other malignancies found throughout the human body. Once tissue
is available, pathological staging (pTNM) typically takes precedence over imaging, which
is utilized for clinical (cTNM) or post-therapeutic (ycTNM) staging. Based on the maxi-
mum degree of local tumor invasion into the adventitia (T3), visceral peritoneum (T4a, if
intraperitoneal), muscularis propria (T2), submucosa (Tis or T1), or beyond into other
structures (T4b), the T component is determined. The number of positive regional nodes
up to ≥7 is reflected in the N stage (N4b). The number of other solid organs involved up to
≥2 (M2) is specified by M staging. As new information becomes available, these criteria are
updated frequently. Most recently, stage M1c was added to define peritoneal illness, and
stage N1c was given further specifics to identify non-nodal regional tumor deposits [36]. As
with other malignancies, colorectal cancer stages are categorized into prognostic stage
groups I–IV, with lettered subgroups meant to express increasingly poorer prognosis.

Table 2. AJCC Colorectal Cancer Staging Table (8th Edition) [35].

Stage Tumor (T) Lymph Nodes (N) Metastasis (M) Description

0 Tis N0 M0 Early cancer limited to the innermost lining (carcinoma in situ).

I T1 or T2 N0 M0 Tumor has penetrated the inner layers of the bowel wall but not the
lymph nodes or distant organs.

IIA T3 N0 M0 Tumor has extended into the outer layers of the colon/rectum
without breaking through.

IIB T4a N0 M0 Tumor has broken through the outer wall but has not invaded
nearby organs.

IIC T4b N0 M0 Tumor has grown into or adhered to nearby structures or organs.

IIIA T1–T2 or T1 N1/N1c or N2a M0 Tumor has invaded inner layers and spread to a few nearby lymph
nodes or surrounding fat.

IIIB T3–T4a or T2–T3 or
T1–T2

N1/N1c or N2a or
N2b M0 Tumor extends through outer layers and has spread to multiple

nearby lymph nodes.

IIIC T4a or T3–T4a or
T4b

N2a or N2b or
N1/N2 M0 Advanced local tumor spread and significant lymph node

involvement, but no distant metastasis.

IVA Any T Any N M1a Cancer has spread to a single distant organ or lymph node group.

IVB Any T Any N M1b Cancer has spread to more than one distant organ or
lymph node group.

IVC Any T Any N M1c Cancer has spread to the lining of the abdominal cavity
(peritoneum), possibly with other distant spread.
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3.1. Polyps of the Colon

Colorectal cancer (CRC) typically develops through a well-established adenoma-
carcinoma sequence, in which benign polyps undergo a series of genetic and histological
changes before transforming into malignant tumors. A polyp of the gastrointestinal tract is
defined as a mass that projects into the lumen of the intestine.

In their early stages, polyps often do not present symptoms, which makes them diffi-
cult to detect without regular screening. Nonetheless, their existence—particularly when
it comes to large quantities or size—represents an essential initial indicator of neoplastic
transformation in the colonic epithelium. Research has shown that over 95% of colorectal
cancers develop from preexisting adenomas, and the risk of malignancy is closely linked to
the size of the polyp, its histologic type (adenomatous, villous or tubular), and the level of
dysplasia [37].

3.2. Adenomatous Polyps

Adenomatous polyps are benign neoplasms originating from the mucosal epithelium.
They consist of crypt cells that have formed clusters on the surface, exceeding the normal
number. Many are located in the rectosigmoid region and can be detected through digital
rectal examination or sigmoidoscopy, while others may be found throughout the colon [38].

3.3. Tubular Adenomas

These polyps constitute approximately two-thirds of benign colonic polyps. They are
spherical with smooth borders and typically measure less than 2 cm in diameter. About
4% exceed 2 cm. They exhibit minor epithelial atypia but can present significant dysplastic
changes, progressing to invasive cancer in larger polyps. These dysplastic intramucosal
lesions are classified as in situ carcinomas. Any dysplastic lesion not infiltrating the muscu-
laris mucosae is considered surgically curable [39].

3.4. Villous Adenomas

These polyps are usually located in the rectosigmoid region. They are large masses
projecting into the intestinal lumen with a cauliflower-like appearance. Their size exceeds
2 cm, with diameters potentially reaching 10–15 cm. Unlike tubular adenomas, villous
adenomas often contain carcinomatous foci. Therefore, colorectal cancer often develops in
areas where polyps previously existed [39].

4. Biomarkers of CRC
4.1. Genetic Markers

Deciphering the human genome has enabled the detection of cancer-related genetic
changes in cancer with unprecedented precision. Through a systematic examination of these
changes, the sequences of human protein-coding genes with well-defined functions have
been determined. Due to the high level of genetic variation in colorectal cancer, determining
the clinical significance of specific mutations remains challenging. Evidence suggests that
some previously considered rare mutations in colon cancer are actually more common than
previously thought and may contribute to the development of other cancers [40,41].

This discovery has opened new avenues for tumor biology research and established
novel targets for diagnostics and treatment [42]. Cellular integrity depends on genome sta-
bility, and genetic instability leads to various alterations in chromosome structure. The loss
of the wild-type allele of tumor suppressor genes such as APC, P53, and SMAD4, which
normally inhibit malignant transformation, plays a crucial role in tumor development.
Chromosomal instability drives the initiation, promotion, and progression of tumors, in-
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volving environmental factors, hereditary predispositions, and acquired somatic mutations
in colorectal epithelial cells.

To date, eleven somatic mutations in these genes have been reported in approximately
130 cases of colorectal cancer. Errors in the DNA sequence of colorectal cancer patients
lead to the inactivation of repair genes, known as mismatch repair (MMR) genes. These
errors can be either inherited (as in hereditary non-polyposis colorectal cancer, HNPCC)
or acquired [43]. Lynch syndrome, caused by mutations in MLH1, MSH2, MSH6, and
PMS2, increases susceptibility to cancer. Each year, more than one million patients are
diagnosed with colorectal cancer, and approximately 3% of them have Lynch syndrome,
which predisposes them to developing HNPCC.

Oncogenes are genes whose activation contributes to the transformation of normal
cells into cancerous cells, whereas tumor suppressor genes encode proteins responsible
for maintaining normal cellular function. Oncogenes associated with colorectal cancer
include Ras, EGFR (Erb-B1), Erb-B2, TGF-α, and TGF-β1. Tumor suppressor genes involved
in colorectal cancer include APC, p53, p27, MSI, LOH 18q, the 5q allele deletion, and DNA
hypermethylation [44]. Among oncogenes, Ras is particularly significant, as its activation
promotes cell proliferation and is believed to be an early event in oncogenesis. In colorectal
cancer, Ras gene mutations contribute to approximately 40–50% of cases by encoding
proteins located on the inner surface of the plasma membrane that bind guanine nucleotides
and exhibit GTPase activity. In addition to oncogenes, tumor suppressor genes—most
notably TP53—play a critical role in solid tumors.

Recent molecular studies have revealed sex-specific pathways that contribute to CRC
pathogenesis. A key biomarker is the Y-linked gene KDM5D, which shows significant
upregulation in male patients with KRAS-mutant tumors. KDM5D promotes tumor ag-
gressiveness by weakening cell adhesion and dampening immune responses, thereby
explaining the poorer prognosis often seen in men [45]. Conversely, estrogens appear to
confer a protective role in females. Estrogen receptor beta (ERβ), highly expressed in normal
colonic epithelium, is downregulated in CRC tissues, especially in male patients. Its loss is
associated with increased inflammation, dysbiosis, and tumor progression. In women, es-
trogens also influence the gut microbiome to develop a profile that diminishes carcinogenic
potential and enhances metabolic health [46].

Further sex-influenced biomarkers consist of inflammatory and immune markers such
as IL-6, C-reactive protein (CRP), and tumor-infiltrating lymphocytes (TILs), with females
exhibiting stronger immune surveillance [11]. Moreover epigenetic mutations—like the
methylation of genes such as MLH1, CDKN2A, and APC—that exhibit sex—dependent
patterns and that affect the onset and development of CRC, as they are presented in
Table 3 [47].

4.2. Inflammatory Markers

Inflammatory markers such as interleukin-6 (IL-6), C-reactive protein (CRP) and tumor
immune infiltration (tumor-infiltrating lymphocytes, TILs) counts show sex-dependent
patterns in colorectal cancer. Several recent reviews and cohort studies report that female
CRC patients tend to display a more activated T cell compartment in the tumor microenvi-
ronment (higher activation of CD4+ and CD8+ subsets and more activated lymphocytes),
a profile that has been proposed to reflect stronger immune surveillance in women and
which may contribute to sex differences in outcome [46,48,49].

IL-6 is a pleiotropic cytokine that modulates inflammation, tumor cell proliferation
and systemic responses; IL-6 signaling and its downstream effects can differ between sexes
because of interactions with sex hormones and sex-specific receptor signaling, potentially
altering tumor behavior and cachexia syndromes in a sex-dependent way. Genetic and
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population studies also point to sex interactions for CRP (both genetically determined
CRP levels and measured CRP) in relation to CRC prognosis, although results have been
heterogeneous across cohorts [50,51]. Elevated IL-6 and a systemic inflammatory profile are
often associated with more aggressive disease, but the prognostic role of circulating CRP in
CRC is inconsistent between studies and sex can modify these associations, meaning CRP
alone is an imperfect biomarker unless analyzed with sex-stratified models or combined
immune/tumor markers. Importantly, robust prognostic value is clearer for intratumoural
immune markers, particularly in microsatellite-instable (MSI-high) tumors, where high
TILs predict better outcomes and may underlie part of the observed female survival
advantage [52,53].

4.3. Sex-Specific Biomarkers

It is fundamental to note that there is vast evidence that sex affects CRC development.
Epidemiological data consistently show that men are diagnosed more frequently and at a
younger age than women, while postmenopausal women often present with right-sided or
MSI-high tumors. These differences are not only attributed to lifestyle or hormonal factors
but also to underlying molecular and epigenetic mechanisms that shape tumor biology dif-
ferently between sexes. Understanding these differences and incorporating them into risk
models could improve both prevention and therapeutic outcomes. Customized strategies
may encompass microbiota modulation, hormonal therapy, and improved screening cam-
paigns aimed at men, who are currently underserved in existing preventive programs [54].
Epigenetic modifications, specifically DNA methylation changes, and variations between
sexes play a role in cancer research.

It is well-established that promoter hypermethylation occurs in DNA repair (MLH1),
cell-cycle regulator (CDKN2A/p16), and tumor suppressor (APC) genes in colorectal can-
cer (CRC) [55]. Numerous molecular studies and reviews indicate that the frequency of
some of these methylation changes is dependent on sex: particularly, hypermethylation
of the MLH1 promoter, leading to a sporadic MSI-high phenotype, has been more fre-
quently reported among female patients in various cohorts (which accounts for a higher
prevalence of MSI-high tumors in older women). In contrast, reports regarding methy-
lation of CDKN2A and APC show considerable variability across different studies and
populations [56]. Some data suggest slightly higher methylation rates of CDKN2A in
males, while APC methylation appears relatively balanced between sexes but remains
crucial for early adenoma formation [57]. Beyond their oncogenic effects, these methylation
events influence immune activity by altering the tumor’s neoantigen landscape and its
interaction with tumor-infiltrating lymphocytes (TILs). MSI-high tumors, often arising
through MLH1 hypermethylation, display increased immune infiltration and distinct anti-
genic profiles, which contribute to their better prognosis and higher responsiveness to
immunotherapy—phenomena more frequently observed in female patients [58–60].

Collectively, these findings emphasize that sex is not merely an epidemiological factor
but a biological variable influencing CRC initiation, molecular evolution, and immune
environment. Table 3 summarizes a selection of biomarkers for which sex-related associ-
ations have been described in CRC. It lists each biomarker’s biological function, how its
behavior varies by sex, age at diagnosis and stage association [49]. It highlights both genetic
and immunological elements—ranging from Y-linked enzymes like KDM5D to hormonal
regulators such as Estrogen Receptor β (ERβ) and inflammatory markers (IL-6/CRP) [61].
By linking these biomarkers to patient sex, age, and tumor stage, the table underscores
how biological sex modulates CRC development at multiple levels: genetic, epigenetic, and
immune [62]. This overview provides a framework for integrating sex-specific biomarkers
into future screening strategies and personalized treatment models.
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Table 3. Sex-Associated Biomarkers in CRC with Diagnostic Age and Stage.

Biomarker Biological Role Sex Association Age of Diagnosis CRC Stage Association

KDM5D [45]

Y-linked histone
demethylase; regulates

chromatin and
immune evasion

Male-specific
(Y chromosome)

Frequently <60 years
(early-onset CRC)

Advanced stages
(III–IV); linked to

metastasis

Estrogen Receptor β
(ERβ) [63]

Tumor suppressor;
maintains epithelial

homeostasis
Higher in females Protective in

premenopausal women

Downregulated in CRC;
more suppressed

in males

MLH1 (Methylation)
[64]

Mismatch repair gene;
silencing leads to

microsatellite
instability

More common in
females >60 Later onset (>60 years) Frequently stage II–III

in right-sided tumors

CDKN2A (p16)
Methylation [65]

Tumor suppressor;
involved in cell

cycle arrest
Slightly higher in males >50 years

Often in early-stage
tumors; associated with

serrated pathway

APC Mutations [66]

Wnt pathway regulator;
initiates

adenoma-carcinoma
sequence

Present in both sexes 40–70 years Early stage (I–II); key in
adenoma formation

IL-6/CRP [67]

Inflammatory
cytokines; reflect
tumor-promoting

inflammation

Elevated more in males Often associated with
advanced age

Correlates with
advanced stage and

poor prognosis

TILs
(Tumor-Infiltrating
Lymphocytes) [68]

Reflect host immune
response

More abundant in
females Variable

Associated with better
outcomes in early to
intermediate stages

4.4. Biomarkers Affected by Lifestyle and Environmental Factors

Lifestyle and environmental factors have a crucial role in tumor initiation as well as
progression. A diet rich in red meat, low in fiber or fruits and vegetables, is highly associated
with an increase in CRC risk, due to the carcinogenic compounds produced by cooking,
such as nitrosamines. In addition, obesity can lead to diabetes, insulin resistance, or chronic
inflammation, altering gut microbiota, which are in favor of colorectal carcinogenesis.
Furthermore, chronic tobacco use and alcohol consumption exacerbate DNA damage and
oxidative stress within epithelial cells of the colon. A well-balanced diet with regular
physical activity and stable body mass are recognized as protective factors for CRC. While
these general lifestyle determinants are well established, recent studies suggest that gender
specific factors may also influence the progression of the disease, giving the spark for further
studies [69,70]. Alcohol consumption and smoking pose a relatively higher risk of CRC
in men, while obesity and type 2 diabetes demonstrate stronger links in post-menopausal
women, possibly due to interactions with insulin resistance and hormonal shifts [71].

Recent epidemiological studies have correlated the contribution of risk factors to
variant age groups. In younger adults (20–39 years), behavioral determinants such as
tobacco smoking and alcohol consumption were the predominant contributors to col-
orectal cancer risk. Among middle-aged individuals (40–59 years), stronger associations
were observed with obesity-related factors, whereas in older adults (≥60 years), chronic
comorbidities—particularly diabetes and hypertension—were the most influential risk
determinants. The composite risk scores and their corresponding cut-off thresholds offer
evidence-based guidance for implementing age-tailored lifestyle interventions in colorectal
cancer prevention strategies [72].
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5. CRC Diagnostic Methodologies
Colorectal cancer screening has proven to be a cornerstone in the prevention and early

detection of this disease (Figure 1). Regular screening, combined with education on the
importance of these tests, can significantly reduce mortality rates and enhance quality of
life. By identifying precancerous polyps (adenomas) and early-stage cancers, interventions
such as polypectomy or early treatment can prevent their progression to more advanced
stages of cancer. Early detection not only improves survival rates but also helps reduce
treatment costs and the overall burden on healthcare systems.

Colorectal cancer screening is generally recommended to begin at age 45 for individ-
uals at average risk, as the incidence of CRC rises significantly after this age. Those with
a family history of colorectal cancer, genetic predispositions such as Lynch syndrome or
familial adenomatous polyposis, or personal history of inflammatory bowel disease should
begin screening earlier and may require more frequent surveillance.

Symptoms observed in the general population, suggesting the presence of CRC—
either benign or malignant—are rectal bleeding, abdominal pain and altered bowel habit.
However, the clinical significance of these symptoms is often overlooked.

5.1. FOBT and FIT

The Fecal Occult Blood Test (FOBT) and Fecal Immunochemical Test (FIT) are non-
invasive stool-based screening tools for colorectal cancer (CRC) that identify hidden blood
in feces. The guaiac-based FOBT (gFOBT) detects the heme component of hemoglobin
through a chemical reaction with guaiac resin, requiring dietary restrictions to reduce
false-positive results. Conversely, FIT utilizes antibodies that specifically bind to human
hemoglobin, offering greater sensitivity and specificity for lower gastrointestinal bleeding
without dietary limitations. Due to its superior accuracy, ease of use, and the need for only
a single stool sample, FIT is generally preferred over gFOBT, which often requires multiple
samples for reliable detection [73].

Both tests are recommended as annual screening methods for individuals at average
risk of CRC, with positive findings necessitating a follow-up colonoscopy for definitive
diagnosis. While effective for early detection, both tests can directly identify polyps and
both are subject to false-positive and false-negative results. Nonetheless, their affordability,
accessibility, and non-invasive nature make them essential tools in CRC screening programs
and prevention strategies [74].

5.2. Colonoscopy

Colonoscopy, the gold standard method for colorectal cancer (CRC) screening, involves
the use of a flexible tube with an attached camera to provide a direct view of the colon and
rectum. This procedure facilitates both the detection and removal of polyps, making it an
effective diagnostic and preventive tool. For individuals at average risk, colonoscopy is
recommended every 10 years [75].

Beyond CRC screening, colonoscopy is widely used for diagnosing and managing var-
ious colonic conditions, including polyps and inflammatory bowel disease (IBD). The proce-
dure involves inserting a flexible video colonoscope through the rectum and advancing it to
the cecum under real-time visualization, allowing for both diagnostic assessment and thera-
peutic interventions. Proper bowel preparation, typically achieved with polyethylene glycol
(PEG) or a split-dose regimen, is crucial for optimal mucosal evaluation, as inadequate
preparation can significantly reduce diagnostic accuracy [76].

Sedation practices vary, with options ranging from moderate sedation using midazo-
lam and fentanyl to deep sedation with propofol, which is associated with better patient
comfort and higher adenoma detection rates (ADR). To enhance luminal distension and
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improve lesion detection, insufflation with either air or carbon dioxide is employed. Ad-
ditionally, high-definition imaging and chromoendoscopy techniques further increase
diagnostic precision. A withdrawal time of at least six minutes is recommended to opti-
mize ADR. Various polypectomy techniques, such as cold snare polypectomy for small
polyps and endoscopic mucosal resection (EMR) for larger lesions, help reduce CRC risk.
When necessary, biopsies are taken for histopathological evaluation [73].

Despite its high diagnostic accuracy, colonoscopy has certain limitations. The proce-
dure carries a small risk of complications, including perforation (<0.1%), post-polypectomy
bleeding (0.3–1%), and adverse reactions to sedation. Additionally, incomplete examina-
tions, operator-dependent variability, and the potential for missed lesions highlight the
need for quality improvement initiatives. Advancements such as artificial intelligence-
assisted polyp detection and robotic colonoscopy are being developed to enhance proce-
dural accuracy and efficiency. Overall, colonoscopy remains a cornerstone of colorectal
disease management, with continuous technological advancements improving its safety,
effectiveness, and diagnostic capabilities [77].

5.3. Flexible Sigmoidoscopy

Flexible sigmoidoscopy is a minimally invasive endoscopic procedure designed to
examine the rectum and lower colon, typically extending up to about 60 cm from the anal
verge. This test involves inserting a flexible fiber-optic or video sigmoidoscope through the
anus to directly visualize the mucosa, facilitating the detection of polyps, inflammation,
bleeding, and other abnormalities. Unlike colonoscopy, flexible sigmoidoscopy is usually
performed without sedation, and bowel preparation generally consists of enemas or low-
volume laxatives. To enhance visualization, insufflation with air or carbon dioxide is
used, while biopsy forceps or snares allow for tissue sampling and polyp removal when
necessary [78].

Compared to full colonoscopy, flexible sigmoidoscopy offers a lower-risk, quicker
alternative for colorectal cancer (CRC) screening, particularly for lesions in the distal colon.
Although it does not examine the entire colon, studies have demonstrated its effectiveness
in reducing CRC incidence and mortality when performed every five years in average-risk
individuals [73].

5.4. CT Colonography

CT colonography, also known as virtual colonoscopy, is a non-invasive imaging
technique that uses low-dose computed tomography (CT) to generate detailed three-
dimensional images of the colon and rectum. This method facilitates the detection of
polyps and malignancies without the need for sedation. However, adequate bowel prepara-
tion is still required to ensure clear imaging. While CT colonography is a viable alternative
to traditional colonoscopy, it may be less effective in identifying smaller lesions, and
any abnormalities detected require follow-up colonoscopy for definitive diagnosis [79].
The information presented above is comprehensively summarized in Table 4.

Table 4. Major colorectal cancer (CRC) diagnostic methodologies.

Method Description Time to Result Purpose Notes

Fecal Occult Blood
Test (FOBT) [75]

A stool-based test detecting
heme in hemoglobin via
guaiac resin reaction. Requires
dietary restrictions to reduce
false positives.

1–7 days

Early detection of
hidden (occult) blood
indicating possible
CRC or polyps.

Annual screening;
limited sensitivity
multiple samples
needed.
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Table 4. Cont.

Method Description Time to Result Purpose Notes

Fecal
Immunochemical Test
(FIT) [9]

Uses antibodies to
detect human
hemoglobin; more
specific to lower GI
bleeding. No dietary
restrictions required.

1–3 days
Preferred stool-based
test for early CRC
detection.

Annual screening;
higher specificity than
gFOBT; single sample
sufficient.

Colonoscopy [75]

Direct visualization of
colon via a flexible
scope. Allows detection
and removal of polyps
and biopsy.
High-definition
imaging and
chromoendoscopy can
enhance detection.

Immediate
(preliminary); biopsy
results: 3–7 days

Gold standard for both
screening and
diagnosis of CRC and
colonic diseases.

Every 10 years for
average risk; requires
bowel prep and
sedation; risks include
perforation and
bleeding.

Flexible
Sigmoidoscopy [9]

Endoscopic exam of
rectum and lower colon
(up to ~60 cm). No
sedation is typically
required. Can remove
polyps and
biopsy tissue.

Immediate
(preliminary); biopsy
results: 3–7 days

Screening tool
especially for distal
colon lesions.

Less invasive than
colonoscopy;
performed every
5 years. Limited to
lower colon.

5.5. Stool DNA Tests

Stool DNA tests, such as the multitarget stool DNA (mt-sDNA) test (e.g., Cologuard),
offer a non-invasive approach to CRC screening by detecting genetic and molecular mark-
ers associated with colorectal neoplasia in stool samples. These tests are recommended
every three years for average-risk individuals and provide the advantage of requiring no
bowel preparation or dietary restrictions. However, while convenient, stool DNA tests
have a lower sensitivity for identifying precancerous polyps compared to colonoscopy.
Furthermore, positive results necessitate a follow-up colonoscopy to confirm findings
and guide further management [80]. Both CT colonography and stool DNA tests expand
screening options, particularly for individuals unable or unwilling to undergo traditional
colonoscopy. However, each method has limitations that must be considered in clinical
decision-making.

6. Biosensors as Alternatives to Traditional Diagnostic Methods
Biosensors are analytical tools that integrate a biological sensing component with a

physical transducer to identify specific biological or chemical targets. These devices gener-
ate a measurable output when they encounter substances such as DNA, proteins, cells, or
metabolic compounds. Their use has expanded significantly across various fields, including
clinical diagnostics, environmental assessment, food quality control, and biotechnological
research [81,82].

A typical biosensor comprise three essential parts (Figure 2): (i) a biological recognition
element, such as enzymes, antibodies, nucleic acids, aptamers, or whole cells that binds
specifically to the target analyte, (ii) a transducer that transforms this interaction into a
detectable signal and (iii) a processing unit or display system that enhances and presents
the signal. Depending on the nature of the signal conversion, biosensors are commonly
divided into categories like electrochemical, optical, piezoelectric, thermal, and electronic
types [81].
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Figure 2. Schematic illustration of biosensor components and applications.

6.1. Electrochemical Biosensors

Electrochemical biosensors represent one of the most mature and widely applied
classes of analytical platforms in biomedical diagnostics. Their operation relies on convert-
ing biochemical recognition events into quantifiable electrical signals, typically involving
changes in current, potential, or impedance at the electrode interface. Due to their high
sensitivity, cost-effectiveness, and ease of miniaturization, these devices have become
indispensable tools for early cancer detection, including colorectal cancer (CRC) [83,84].

6.1.1. Amperometric Biosensors

Amperometric biosensors detect current alterations resulting from oxidation or re-
duction reactions of electroactive species at the electrode surface. This type of sensor
measures the electron transfer rate generated during a redox process, producing a signal
proportional to analyte concentration. Amperometric devices are commonly employed
in glucose sensors but have recently been adapted for detecting tumor markers relevant
to CRC [83]. For instance, polypyrrole-based amperometric biosensors have been devel-
oped for the highly sensitive detection of carcinoembryonic antigen (CEA) and methylated
*Septin9* DNA, achieving exceptional analytical performance due to the conductive and
biocompatible nature of the polymer [85]. Similarly, the integration of gold nanoparticles
(AuNPs) and carbon nanotubes (CNTs) onto amperometric electrodes enhances surface
area and facilitates electron transfer, leading to improved sensitivity in biomarker quantifi-
cation [84]. Another [86] study reports the development of a pioneering electrochemical
immunoplatform employing gold–silica nanoconjugates (Au@SiO2NCs) functionalized
with biotinylated antibodies and horseradish peroxidase (HRP) for the ultrasensitive de-
tection of chemokine ligand-12 (CXCL12), a key biomarker in colorectal cancer (CRC)
progression. The nanoconjugates act as multifunctional labels, enhancing signal ampli-
fication through high enzyme loading and optimized antibody orientation, enabling a
detection limit of 22 pg/mL and a fourfold increase in sensitivity over conventional assays.
Easily fabricated using commercial materials, the platform accurately quantified CXCL12
in plasma from CRC patients and healthy individuals.

Furthermore, a recent work [87] presents the first electrochemical bioplatform specifi-
cally designed to quantify both the total and N6-methyladenosine (m6A)-methylated forms
of target microRNAs, exemplified by miRNA let-7a, a key regulator implicated in colorectal
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cancer (CRC) development and progression. The platform operates through the hybridiza-
tion of miRNA with a synthetic biotinylated DNA probe, followed by magnetic microcarrier-
based capture and selective antibody recognition—either for the DNA/miRNA hetero-
hybrid or for the m6A epimark—using horseradish peroxidase (HRP)-labeled secondary
antibodies to enable amperometric detection on disposable electrodes. This integrated,
highly sensitive system completes analysis in less than 75 min and successfully differenti-
ates between healthy and cancerous tissues, as well as metastatic potential, demonstrating
for the first time the viability of assessing miRNA methylation electrochemically as a novel
prognostic and diagnostic approach for CRC.

6.1.2. Potentiometric Biosensors

Potentiometric biosensors measure the potential difference between two electrodes
under negligible current flow, typically employing ion-selective or enzyme-modified mem-
branes. These devices are particularly advantageous for their rapid response and low
power consumption.

In CRC research, potentiometric transducers have been used to quantify ions or
charged biomolecules associated with tumor metabolism. Their miniaturization allows on-
chip integration for real-time and point-of-care analysis. Although less frequently applied
than amperometric systems, potentiometric sensors show promise for detecting pH or
ionic variations linked to tumor microenvironment changes, a characteristic feature of CRC
progression [83,88].

Additionally, DPV-based biosensors utilizing T7 endonuclease I for mismatch-specific
cleavage and horseradish peroxidase (HRP) for signal amplification have enabled precise
detection of *KRAS* mutations, allowing the identification of low-abundance mutant
allele [89].

Electrochemical biosensors have proven particularly effective in nucleic acid and
miRNA detection, crucial for early CRC diagnosis. Using DNA or RNA aptamers as recog-
nition elements, these devices transduce hybridization or binding events into measurable
electrochemical signals [90]. Platforms targeting miR-21 and miR-92a, both closely associ-
ated with CRC progression, have demonstrated exceptional sensitivity and reproducibil-
ity [91,92]. For instance, a urinary miRNA biosensor employing redox-active methylene
blue tags achieved detection limits in the femtomolar range [92].

6.1.3. Impedimetric Biosensors

Impedimetric biosensors monitor changes in the electrical impedance caused by
biomolecular binding at the electrode surface. This approach offers a label-free detec-
tion mechanism with high specificity and reproducibility [93].

An exemplary application is the label-free impedimetric immunosensor for the early
detection of Colorectal Cancer-Specific Protein-2 (CCSP-2). The sensor uses a monoclonal
antibody immobilized on a gold electrode, detecting impedance shifts upon antigen–
antibody binding in patient serum samples. This platform demonstrated remarkable
sensitivity and analytical reproducibility, providing a promising avenue for minimally
invasive CRC diagnosis [94].

Another variation, the electrolyte–insulator–semiconductor (EIS) biosensor, enables
detection of *KRAS* and *BRAF* mutations with excellent stability and minimal drift, allow-
ing accurate genotyping from clinical samples [95]. Such systems are particularly useful in
personalized medicine, guiding targeted therapies for CRC. Another work [96] introduces
a label-free electrochemical aptasensor for interleukin-6 (IL-6) built on a glassy carbon
electrode sequentially modified with p-aminobenzoic acid, p-aminothiophenol, and gold
nanoparticles, where a 3′-thiolated IL-6 aptamer is immobilized via Au–S bonds. The plat-
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form transduces IL-6 binding by electrochemical impedance spectroscopy, delivering a
wide linear range (5 pg mL−1–100 ng mL−1), ultra-low detection limit (~1.6 pg mL−1), and
high selectivity against common interferents, thanks to AuNP-enabled surface area and sta-
ble aptamer anchoring. Clinically, it quantified IL-6 in serum from colorectal cancer patients
with recoveries validated by CLIA, operating near physiological cut-offs (≈4–6 pg mL−1)
and demonstrating promise for sensitive CRC screening and monitoring.

Finally, a label-free impedimetric biosensor combining Ti3C2TX MXene and an im-
printed ortho-phenylenediamine (o-PD) polymer for the rapid and sensitive detection of
carcinoembryonic antigen (CEA) was also reported. The MXene-modified disposable silver
electrode enhances conductivity, surface area, and protein immobilization, while the molec-
ularly imprinted polymer ensures selective CEA recognition. Demonstrating a detection
limit of 9.41 ng/mL, a linear range of 10–100 ng/mL, and high reproducibility, this cost-
effective, 10 min assay shows excellent agreement with immunoassay results, positioning it
as a powerful point-of-care tool for cancer diagnosis and treatment monitoring.

6.1.4. Novel Multiplexed and Integrated Electrochemical Biosensing Platforms

Recent developments focus on multiplexed systems capable of detecting several CRC-
related biomarkers simultaneously. Platforms designed to measure multiple epigenetic
modifications (5-methylcytosine, 5-hydroxymethylcytosine, DNA N6-methyladenine, RNA
N6-methyladenosine) allow accurate differentiation between tumor and normal tissues [89].

An innovative electrochemical immunosensing [97] platform was designed for the
simultaneous detection of eight colorectal cancer (CRC)-associated autoantibodies, enabling
both easy- and difficult-to-express tumor-associated antigens (TAAs) to be integrated into a
single diagnostic device. The system employs HaloTag fusion proteins produced through
an in vitro transcription/translation method, covalently immobilized onto magnetic mi-
crobeads that capture disease-specific autoantibodies from plasma samples. By coupling
this biorecognition process with amperometric detection at disposable screen-printed
carbon electrodes, the platform demonstrated high sensitivity, reproducibility, and clear
discrimination between CRC patients, high-risk individuals, and healthy or non-CRC
controls. In addition, another study presented [98] a simple and highly sensitive dual
electrochemical immunoplatform for the simultaneous detection of mucin 1 (MUC1) and
mucin 16 (MUC16), two biomarkers associated with colorectal cancer (CRC) progression
and minimal residual disease. The platform employs functionalized magnetic beads and
amperometric detection at dual screen-printed carbon electrodes, achieving remarkable
detection limits of 50 pg/mL for MUC1 and 1.81 pg/mL for MUC16 without the need
for nanomaterials.

Moreover, another study [99] presents the first electrochemical bioplatforms capable
of individually or simultaneously detecting all four cytosine methylation marks—5mC,
5hmC, 5fC, and 5caC—central to the DNA methylation-demethylation cycle and pivotal in
cancer epigenetics. Using direct competitive immunoassays on magnetic microbeads and
amperometric detection at disposable electrodes, the platforms achieved picomolar sensi-
tivity and enabled rapid, selective, and multiplexed analysis of these epimarks. Applied to
genomic DNA from paired healthy and colorectal tumor tissues, the technology revealed
distinct methylation patterns and inter-epimark correlations, offering groundbreaking
insight into tumor biology and potential applications for precise cancer diagnosis and
surgical outcome assessment.

Integration of electrochemical sensors with microfluidic chips and AI-assisted data
analysis further enhances detection accuracy and allows portable, automated operation.
An electrochemiluminescence biosensor combining Ag3PO4 nanoparticles with MoS2

nanosheets has achieved sensitive detection of *KRAS* genes in both tumor and adjacent
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normal tissue, offering a valuable complement to liquid biopsy for early CRC screen-
ing [89,100].

Collectively, electrochemical biosensors integrate molecular, genetic, and clinical in-
sights into a unified, non-invasive diagnostic platform for colorectal cancer. Their adapt-
ability, low cost, and analytical precision make them indispensable for early detection,
disease monitoring, and therapeutic assessment. Ongoing integration with nanotechnology,
microfluidics, and artificial intelligence promises to transform them into next-generation
point-of-care systems, capable of real-time and multiplexed CRC diagnostics [94,95,101].

6.2. Optical Biosensors

Optical biosensors have emerged as powerful analytical tools in biomedical research
because of their exceptional sensitivity, real-time response, and potential for miniaturization.
These devices detect subtle variations in optical properties that occur when a target molecule
interacts with a specific biological recognition element. A typical optical biosensor includes
a bioreceptor, such as an antibody, enzyme, aptamer, or nucleic acid sequence, which
provides molecular specificity; a transducer that converts this recognition event into an
optical signal; and a detection system that quantifies the resulting signal [102,103].

Depending on the sensing mechanism, the optical response may involve changes in
fluorescence, luminescence, absorbance, refractive index, or surface plasmon resonance
(SPR). In fluorescence-based biosensors, target binding may lead to quenching or enhance-
ment of emitted light. At the same time, in SPR systems, adsorption of biomolecules at a
metal–dielectric interface causes a measurable shift in the resonance wavelength. These fun-
damental principles enable label-free, highly sensitive, and rapid detection of analytes [104].
Owing to their versatility and compatibility with micro- and nanostructured materials, opti-
cal biosensors have become particularly relevant for the early detection of colorectal cancer
(CRC) biomarkers, where accurate and rapid quantification of disease-related molecules
can significantly improve diagnostic outcomes [105].

6.2.1. Fluorescence-Based Biosensors

Fluorescence detection remains one of the most widely used optical strategies for CRC
biomarker analysis, offering excellent sensitivity and ease of integration into portable for-
mats. A variety of fluorescence-based lateral flow immunoassays (LFIAs) and nanomaterial-
assisted platforms have been reported for the detection of key CRC markers. Li et al. have
presented several examples, including a quantum-dot-based LFIA employing CdSe@ZnS
nanocrystals, which achieved a detection limit of approximately 2 pg/mL for interleukin-6
(IL-6) [106]. In another study, europium(III)-chelate-doped nanoparticles (EuNPs) served
as fluorescent reporters for IL-6 quantification, reaching a limit of detection of 0.37 pg/mL.
Comparable precision was observed when results were benchmarked against standard
chemiluminescence assays. Similarly, a colorimetric LFIA using Fe3O4–CNT composites
for CA19-9 detection achieved a detection limit near 1.75 U/mL, demonstrating the po-
tential of magnetic nanomaterials to enhance signal clarity and specificity in complex
biological matrices.

Beyond serum-based testing, optical biosensing has also been applied to tissue diag-
nostics. Wu et al. designed a fluorescence sensor array built from nanoscale metal–organic
frameworks (NMOFs) that could distinguish normal, adenomatous, and cancerous col-
orectal tissues [107]. The array employed three structurally distinct NMOFs—copper-,
iron-, and zirconium-based—as quenchers for fluorescently labeled DNA reporters. When
exposed to tissue extracts, each framework generated a unique fluorescence pattern. Linear
discriminant analysis of these optical fingerprints allowed accurate classification of tissue
types, achieving diagnostic accuracy comparable to histopathological assessment. This ap-
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proach demonstrates how optical biosensing can capture global proteomic differences,
offering a rapid, label-free adjunct to conventional pathology.

6.2.2. Plasmonic and Surface Plasmon Resonance (SPR) Biosensors

Plasmonic biosensors, relying on surface plasmon resonance (SPR) or localized surface
plasmon resonance (LSPR), are distinguished by their ability to monitor biomolecular inter-
actions in real time without labeling. Ahmadzadeh-Raji et al. [108] presented an optically
transparent aptamer-based biosensor that combined electrodeposited gold nanoparticles
(AuNPs) with an indium tin oxide (ITO) substrate. This nanostructured ITO/AuNP layer
not only offered high electrical conductivity and optical transmittance (>80%) but also
served as an efficient platform for aptamer immobilization via thiol–gold bonding. Upon
target binding, distinct shifts in optical absorbance and impedance confirmed successful
dual-mode optical–electrochemical sensing. The system displayed a linear detection range
in the picomolar-to-nanomolar regime with rapid response times under five minutes.

Additional developments in this field include aptamer-based SPR biosensors for
proteins associated with CRC, such as heterogeneous nuclear ribonucleoprotein A1 (hn-
RNP A1) and carcinoembryonic antigen (CEA) [106]. An SPR device using a CEA-specific
aptamer achieved a detection limit of 17.8 pg/mL, while another targeting hnRNP A1
demonstrated sensitivity down to 0.22 nM in plasma samples. These findings underline
the precision and reproducibility of plasmonic detection, especially when paired with
high-affinity binding molecules.

A complementary advancement is the use of Affimers, engineered small protein
scaffolds that mimic antibody binding. Shamsuddin et al. identified three Affimer binders
specific to CEA and demonstrated their strong and selective binding to both native and
deglycosylated CEA forms. Due to their compact structure and stability, Affimers can be
densely immobilized on sensor surfaces, resulting in enhanced signal uniformity. Their
adaptability and reproducibility make them promising alternatives to traditional antibodies
for the next generation of optical biosensors targeting colorectal cancer biomarkers [109].

6.2.3. Surface-Enhanced Raman Scattering (SERS) Biosensors

Surface-enhanced Raman scattering (SERS) biosensors amplify molecular vibrational
signals by exploiting the strong electromagnetic fields generated at metallic nanostructures.
These sensors can achieve single-molecule sensitivity while retaining the molecular finger-
print information characteristic of Raman spectroscopy. Li et al. [106] reported a highly
sensitive SERS-based immunosensor for CEA detection that utilized Fe3O4@Au/Ti3C2Tx
MXene composites as magnetic capture substrates and MoS2–Au nanoflower hybrids as
Raman tags. Using 4-mercaptobenzoic acid as a reporter molecule, the device provided
a detection range from 0.1 pg/mL to 100 ng/mL, with a limit of detection as low as
0.033 pg/mL.

Such systems highlight the remarkable analytical power of SERS biosensing, capable
of detecting extremely low concentrations of CRC biomarkers in biological fluids. The main
limitations involve the complexity of nanostructured substrate fabrication and potential
spectral variability [110]. Nevertheless, ongoing advances in reproducible nanofabrication
are rapidly improving the reliability of this method for clinical applications.

6.2.4. Optical Imaging and Endoscopic Biosensing

Recent innovations have extended the concept of optical biosensing to real-time
imaging systems capable of operating inside the gastrointestinal tract. Fontana et al. [111]
designed a magnetically navigable spherical capsule equipped with a miniaturized CMOS
camera and concentric LED illumination. The capsule, measuring 26 mm in diameter
and weighing only 12.7 g, transmitted 320 × 320 pixel images at 1.5 frames per second
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via Bluetooth. Data were processed in real time by an onboard FPGA chip, which also
performed image compression, while wireless inductive charging enabled reusability. This
device demonstrated high-quality mucosal visualization and represents a significant step
toward minimally invasive optical diagnostics for CRC.

In a related development, Gerald et al. [112] created a soft optical blood sensor de-
signed to detect minute traces of bleeding during colonoscopy. The sensor integrates
dual-wavelength LEDs and a photodiode within a flexible PDMS matrix, operating via
diffuse reflectance photometry. It distinguishes hemoglobin and oxyhemoglobin based on
their absorption spectra at 540–560 nm and 650–700 nm, respectively. Ex vivo testing on
porcine colon tissue revealed a linear correlation between optical reflectance and blood
concentration, with detection sensitivity down to 0.1% blood volume. The sensor’s confor-
mal, soft design minimizes tissue trauma and ensures stable optical coupling, making it
compatible with robotic or capsule-based endoscopic systems.

Together, these imaging innovations exemplify the integration of optical biosensing
principles into active diagnostic platforms, enabling both visualization and quantitative
analysis of physiological changes associated with colorectal lesions [113].

The growing family of optical biosensors, including fluorescence-based assays, plas-
monic and SPR systems, SERS platforms, and imaging devices, offers a broad spectrum of
analytical capabilities for CRC detection [114]. Each modality provides distinct advantages:
fluorescence assays deliver rapid and low-cost quantification suitable for point-of-care test-
ing; plasmonic and SPR sensors allow label-free, real-time monitoring with sub-nanomolar
precision; and SERS achieves unparalleled sensitivity with molecular specificity. Imaging-
based optical sensors extend these principles into in vivo applications, allowing clinicians
to detect and visualize lesions in real time [115].

Given the multifactorial nature of colorectal cancer, reliance on a single biomarker
remains insufficient for reliable diagnosis. Future efforts are expected to focus on multi-
plexed optical biosensors capable of simultaneously detecting multiple molecular targets
such as CEA, CA19-9, IL-6, IL-8, VEGF, and EGFR. Combining these detection platforms
with microfluidic integration, AI-assisted data interpretation, and soft photonic materials
could enable truly portable, autonomous systems for early CRC screening and ongoing
disease monitoring.

6.3. Piezoelectric Biosensors

Piezoelectric biosensors operate by detecting minute mass changes at the sensor sur-
face, which affect the resonance frequency of a piezoelectric crystal—typically quartz.
This principle enables highly sensitive, label-free detection of molecular interactions, such
as antigen–antibody binding or nucleic acid hybridization, real-time response, and com-
patibility with miniaturized and portable platforms [116]. Despite their sensitivity, these
devices are susceptible to environmental variables like vibration and temperature, which
can affect performance [117]. By embedding such sensors into endoscopic tips or flexible
catheters, clinicians can obtain real-time feedback on tissue elasticity and surface texture,
complementing visual imaging for improved lesion characterization. New approaches
focused on integrating piezoelectric tactile sensors into endoscopic instruments to enhance
diagnostic capabilities [118,119]. These systems successfully distinguished between soft
and hard tissue regions, allowing for enhanced polyp classification accuracy compared to
standard visual methods alone. This approach highlights the potential of tactile sensing to
reduce misdiagnosis rates and improve the sensitivity of early cancer detection.

An inflatable vision-based tactile sensing balloon (VTSB) designed to enhance col-
orectal cancer (CRC) polyp detection during colonoscopy has been proposed by Kara et al.
(2023) [119]. The VTSB integrates with standard colonoscopes to provide radiation-free,

https://doi.org/10.3390/ph19010013

https://doi.org/10.3390/ph19010013


Pharmaceuticals 2026, 19, 13 18 of 43

high-resolution texture and morphology mapping of polyps, demonstrating strong poten-
tial to improve early CRC diagnosis [119]. In another study, an innovative quartz crystal mi-
crobalance (QCM) immunosensor has been reported for the detection of carcinoembryonic
antigen (CEA) in serum from colorectal cancer patients, utilizing an L-cysteine-modified
gold electrode. Monoclonal anti-CEA capture antibodies were immobilized and employed
in a sandwich-type assay with horseradish peroxidase (HRP) nanoparticle enhancers that
catalyze 4-chloro-1-naphthol oxidation, producing an insoluble precipitate upon CEA de-
tection. The resulting precipitation-induced mass changes on the QCM probe enabled
sensitive and efficient frequency-based quantification (Chi et al., 2020) [120]. Following a
similar concept, graphene oxide–gold nanoparticles (GO–AuNPs) were synthesized in situ,
on a QCM electrode surface, and monoclonal anti-CEA antibodies (from mouse) were cova-
lently immobilized on this layer as bioreceptors. The biosensor effectively recognized and
bound to CEA biomolecules (Jandas et al., 2020) [121]. A QCM has been applied for the sen-
sitive detection of the colorectal cancer biomarker miR-221miRNA, presenting a detection
limit at 6.9 fM, employing a biotin-modified DNA probe and a streptavidin@metal–organic
framework complex for recognition elements and signal amplification (Ma et al., 2020) [122].

Furthermore, another subcategory of piezoelectric sensors, surface acoustic wave
(SAW) sensors [123,124], which operate based on the propagation of acoustic waves along
piezoelectric substrates, have demonstrated significant potential for cancer biomarker
detection due to their strong sensitivity to alterations in mass loading and viscoelastic
properties at the sensor surface [124–126]. SAW sensors are highly versatile, enabling the
detection of a broad range of biomarkers, from volatile organic compounds (VOCs) to
larger biomolecules such as proteins and DNA.

For gastrointestinal cancer detection, a Love wave sensor functionalized with a molec-
ularly imprinted polymer (MIP) using adenosine monophosphate (AMP) as a model target
molecule has been proposed [127]. Love wave devices are based on their guided nature in
a thin layer, which ensures a high confinement of acoustic energy near the sensing surface.
By comparing responses from MIP-coated, NIP-coated, and bare sensors, the study pro-
vides insights into the thin-film morphology, porosity, and imprinting effects. The results
demonstrate good reproducibility of the polymer films and show that MIP coatings enhance
sensor sensitivity by a factor of 3–4 relative to NIP-coated or uncoated devices. The com-
bined use of highly selective MIP layers and sensitive Love wave devices proves effective,
and future work will focus on detecting nucleoside colorectal cancer biomarkers using
newly synthesized MIPs integrated with microfluidic systems. Moreover, a sensitive and
rapid immunofluorescence sensor combining metal-enhanced fluorescence with Rayleigh
surface acoustic waves was proposed for detecting carcinoembryonic antigen (CEA) [128].
Silver nanocubes significantly amplify fluorescence signals, lowering the detection limit to
below 1 ng/mL, while acoustic streaming improves mixing, removes nonspecific binding,
and greatly reduces incubation times. Together, these effects enable fast and reliable CEA
detection at clinically relevant concentrations and identify key parameters for optimizing
sensor performance.

6.4. Electronic (FET-Based) Biosensors

Electronic biosensors, particularly those based on field-effect transistors (FETs), detect
changes in surface electrical properties—such as charge distribution—that occur when
target analytes bind to the transistor’s gate area. Owing to their ability to offer real-
time, label-free detection and their suitability for miniaturization and integration into
lab-on-a-chip systems, FET-based biosensors show significant potential for point-of-care
diagnostics. They are increasingly being used in the detection of cancer biomarkers and in
identifying infectious agents [129]. An electrical double layer (EDL)-gated AlGaN/GaN
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high electron mobility transistor (HEMT) biosensor array was developed and characterized
to monitor transmembrane potential changes in cells. Designed for detecting and counting
circulating tumor cells (CTCs) in colorectal cancer, the platform enables real-time study of
cellular bioelectric signals under physiological conditions without complex automation.
The sensor response correlates with membrane potential variations in captured cells, and its
performance was evaluated under changing ion concentrations and cadmium-induced ion
channel blocking. This EDL FET biosensor shows promise as an electrophysiological probe
and a rapid point-of-care diagnostic tool for disease screening [130]. An electric-field effect
colorectal sensor (E-FECS), designed as a dual-gate ion-sensitive field-effect transistor with
a nanostructured surface, was developed to directly quantify Colon cancer secreted protein-
2 (CCSP-2) from patient blood samples. The sensor’s performance was verified in 7 controls
and 7 CRC samples and clinically validated across 30 controls, 30 advanced adenomas, and
81 CRC cases. The E-FECS system effectively detected CCSP-2 across various disease stages,
including early-stage CRC, highlighting its potential as a reliable diagnostic tool for blood-
based CRC screening [131]. Pan et Liao developed a YbTixOy-based electrolyte–insulator–
semiconductor (EIS) biosensor for detecting KRAS and BRAF gene mutations in colorectal
cancer patients [132]. The EIS field-effect transistor (FET) structure allows direct interaction
with biological fluids, offering high sensitivity to variations in ion concentration and pH.
This design enables label-free, real-time genetic detection, providing a simpler and faster
alternative to conventional molecular assays. The YbTixOy EIS biosensor demonstrates
strong potential for clinical applications in colorectal cancer diagnosis and personalized
treatment monitoring. A portable detection platform based on a planar-gate graphene
field-effect transistor functionalized with a polydopamine self-assembled film (PDA-GFET)
was developed for rapid colon cancer identification [89]. The biosensor detects the EpCAM
protein, expressed on colon cancer-derived exosomes, directly from clinical samples within
10 min. The PDA coating enhances the functionalization area and minimizes non-specific
adsorption, achieving an ultralow detection limit of 112 particles/mL. Clinical testing
revealed significant differences between healthy and cancer patient samples (p < 0.001).
The PDA-GFET platform demonstrates strong potential as a rapid, sensitive, and non-
invasive tool for early colon cancer diagnosis.

6.5. Nanomaterials for Sensor-Based Applications

Nanotechnology offers a diverse range of nanomaterials with significant diagnostic
and therapeutic potential. Materials and formulations such as carbon nanotubes, den-
drimers, liposomes, silica nanoparticles, gold nanoparticles, graphene oxide, metal–organic
frameworks, core–shell polymeric nanostructures, and nanoemulsion systems have been
explored for targeted anticancer drug delivery and diagnostic applications in CRC [133].
These materials increase the electrode’s surface area, improve conductivity, and provide
sites for covalent attachment of biomolecules [134]. Recent studies demonstrated graphene
oxide nanocomposite-based electrochemical sensors capable of detecting CEA at ultralow
concentrations, relevant to CRC diagnosis [135]. Another example involves MXene/Au
hybrid systems, which enhance redox activity and reduce background noise, thereby
improving detection precision for protein and nucleic acid biomarkers [136]. Such nano-
engineered electrodes enable the measurement of biomarkers, including VEGF, miRNA-21,
and ATP, facilitating high-resolution molecular profiling of CRC progression [84].

Nonetheless, conducting polymers, especially polypyrrole (PPy) and polyaniline
(PANI), have been extensively explored as transducer materials for electrochemical biosen-
sors due to their conductivity, stability, and tunable surface chemistry. PPy-based platforms
have demonstrated significant potential for CRC biomarker detection, enabling simultane-
ous monitoring of CEA and methylated DNA biomarkers with high precision [85]. The com-
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bination of PPy matrices with nanostructured metals or oxides enhances the electrode’s
electrocatalytic activity and provides more binding sites for biomolecular immobiliza-
tion. These hybrid architectures support reproducible and low-noise signal transduction,
essential for reliable CRC diagnostics [90].

Nanomaterial-based sensors are able to identify miRNA and DNA mutations (such as
those in the KRAS and BRAF genes), even when using small sample volumes, which facili-
tates minimally invasive liquid biopsies [137]. MicroRNA-21 (miR-21), a well-established
oncogenic regulator, stands out as a key molecular target in colorectal cancer (CRC).
A multivariate-gated catalytic hairpin assembly (CHA) nanosensor was introduced by
Zhang et al. [138], which amplifies imaging of miR-21 in human CRC tissues. By combining
endogenous glutathione and exogenous near-infrared (NIR) gating with CHA probes, this
nanosensor enhanced signal intensity and reduced background noise, resulting in a 1.6-fold
increase in signal-to-background ratio compared to conventional CHA techniques. Simi-
larly, an NIR-II-Luminescence (NIR-II-L, 1500–1900 nm) sensor for CRC was developed,
based on the synergizing of DNAzyme-driven signal amplification with a lanthanide–
dye hybrid system [139]. This method enabled non-invasive visualization of orthotopic
colorectal cancer via rectal delivery, achieving an exceptionally low detection limit of
1.26 pM and allowing diagnosis up to two weeks earlier than standard histology. Extend-
ing miRNA detection capabilities, a Mn2+-modified black phosphorus (BP@Mn2+/DNA)
hybrid nanosensor has been proposed that detects exosomal miRNAs and exosomes from
CRC cells [140]. This ultra-thin two-dimensional sensor could autonomously penetrate ex-
osome membranes and distinguish CRC-derived exosomes from those of healthy intestinal
epithelial cells based on miRNA profiles. Functionalization with an epithelial cell adhesion
molecule (EpCAM) aptamer allowed differentiation between plasma exosomes from CRC
patients and healthy individuals, showcasing its dual function in molecular and vesicular
biomarker detection.

Beyond miRNAs, DNA methylation profiling has emerged as a powerful diagnostic
approach. By employing a single-molecule Natural Killer cell DNA analysis with an
ultrasensitive Nickel 3D nanosensor combined with Raman spectroscopy, researchers
identified distinct CRC-specific methylation patterns in NK cells by comparing those
associated with CRC to healthy counterparts [141]. These epigenetic markers were then
integrated into a machine learning framework to develop a predictive model for CRC
diagnosis. Luo et al. proposed a nanoparticle-coupling and site-specific oxidation strategy
for quantitative DNA methylation assessment without requiring amplification. Their
nanosensor demonstrated ultra-high sensitivity with a detection limit of 3.2 × 10−16 M and
could detect methylation levels as low as 0.001%, outperforming the clinically approved
Septin 9 assay [142]. This capability enables precise monitoring of CRC progression and
therapeutic outcomes. A genosensor has been proposed for detecting the methylation status
of a BMP3 gene fragment, an important epigenetic biomarker used in the FDA-approved
sDNA test for colorectal cancer screening. Signal amplification and increased sensitivity
were achieved using polyethyleneimine-stabilized silver nanoparticles (PEI-AgNPs) as non-
specific nanolabels. The genosensor showed a linear response across a target concentration
range from 1 fM to 100 nM, with a detection limit of 1 fM, allowing accurate differentiation
between methylated and unmethylated sequences [143].

Nanosensors have also targeted protease activity, a hallmark of tumor progression.
Holt et al. developed a nanoparticle–substrate protease sensor for matrix metallopro-
teinase 9 (MMP9), where peptide substrates cleaved by MMP9 release fluorescent mark-
ers into urine for non-invasive quantification [144]. Building on this, Van Heest et al.
an activity-based nanosensors with DNA barcodes released by tumor-associated proteases
was introduced, detected via CRISPR nucleases for multiplexed urine-based protease ac-
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tivity readouts [145]. This field was further advanced by the creation of a multimodal
nanosensor incorporating tumor-targeting via acidosis, protease responsiveness, and op-
tional PET imaging [146]. This platform enabled concurrent urinary protease detection
and pH-dependent PET scans for comprehensive, longitudinal tumor monitoring and
therapeutic evaluation.

Recent advances display the integration of nanosensing with microbiome-related
biomarkers, opening novel diagnostic possibilities for CRC. Feng et al. developed a colori-
metric aptasensor targeting Parvimonas micra, a bacterium enriched in CRC tissues and
stools. Using whole-bacterium SELEX to select high-affinity aptamers linked to Au@Fe3O4

nanoparticles, this system sensitively and linearly detected P. micra at 11 CFU/mL and
successfully distinguished CRC patient samples from healthy controls, emphasizing the
diagnostic relevance of microbial dysbiosis [147].

6.6. VOC-Based Biosensors

VOC-based biosensors aim at detecting metabolic by-products of tumorigenic pro-
cesses in breath or stool samples, offering a new and patient-friendly approach to CRC
screening [85,148]. Recent studies have investigated the use of volatile organic compounds
(VOCs) analysis as a diagnostic tool for cancer detection, with a special focus on colorectal
cancer (CRC). Breath sampling combined with sensor platforms like gold nanoparticle
(GNP) and metal oxide (MOX) sensors has shown promising results. For example, one
study assessed a tabletop breath analyzer using MOX sensors and reported strong diagnos-
tic accuracy when the data were analyzed via supervised machine learning models [149].
Further research has explored nanosensors based on transition metal dichalcogenides
(TMDs), particularly tungsten diselenide (WSe2) and tungsten ditelluride (WTe2) mono-
layers, which demonstrated high sensitivity to CRC-related VOCs such as benzaldehyde,
indole, and propan-2-ol, detecting concentrations from ppm to ppt levels. These results
highlight the potential of nanoscale sensors for early CRC diagnosis [150].

Chemoresistive nanosensors have also been utilized to monitor VOCs from blood
samples of CRC patients during a one-year follow-up. A device integrating four metal
oxide sensors successfully distinguished samples at different treatment phases, achieving
93% sensitivity and 82% specificity when differentiating pre-surgery from long-term post-
surgery samples, indicating utility in patient monitoring and relapse detection [151]. A later
study expanded this approach to a three-year follow-up, exploring gender-related patterns
and reinforcing the feasibility of nanostructured gas sensors for detecting CRC relapse [101].

Additional research employed portable electronic nose (e-nose) systems with multiple
metal oxide sensors to analyze VOCs in biological fluids. For instance, the PEN3 e-nose
combined with gas chromatography–time-of-flight mass spectrometry (GC-TOF-MS) char-
acterized urinary metabolites in CRC patients [152]. Similarly, urine samples assessed by
metal oxide gas sensors coupled with solid-phase microextraction were analyzed using
a radial basis function neural network trained to distinguish CRC patients from healthy
controls [153]. Another study focused on sweat VOCs for CRC detection, utilizing GC-
MS alongside a custom-developed e-nose equipped with 14 gas sensors. The analysis of
136 sweat samples from 68 participants demonstrated the system’s capability to identify
VOC patterns indicative of CRC [154]. Collectively, these studies highlight the growing
potential of VOC-based diagnostics using advanced sensor technologies and machine
learning for the non-invasive detection and monitoring of colorectal cancer.

6.7. Microfluidic and Lab-on-a-Chip Biosensors

Recent advances in biosensor miniaturization have accelerated the development of lab-
on-chip (LoC) platforms for cancer diagnostics. Microfluidic and lab-on-a-chip biosensors
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offer compact platforms that integrate sample preparation and analysis, efficiently isolat-
ing and detecting targets such as CTCs, exosomes, and nucleic acids directly from whole
blood. These systems are especially promising for point-of-care CRC diagnostics when
combined with technologies like CRISPR, isothermal amplification, or nanoparticle-based
detection [155,156]. Yapeter et al. have demonstrated the feasibility of detecting the BRAF
p.V600E mutation, a key colorectal cancer (CRC) biomarker, using loop-mediated isother-
mal amplification (LAMP) reactions integrated with ion-sensitive field-effect transistor
(ISFET) sensors [157]. The lab-on-chip (LoC) system demonstrated reliable performance in
detecting cancer-associated mutations and shows potential for adaptation to multi-reaction
sensing. In particular, the LAMP reactions performed on the LoC device showed allele-
specific detection with results comparable to those from a qPCR machine. The system
achieved a limit of detection of 500 copies/µL and a time-to-positive under 15 min, confirm-
ing its potential for rapid, on-chip genetic analysis in CRC diagnostics. A portable lateral
displacement patterned, pump-free (LP) microfluidic chip incorporating CoPt3 nanozyme
probes was developed for CCSC capture and detection in blood and fecal samples. The sys-
tem combines magnetic separation with colorimetric readout via peroxidase-mimicking
activity, enabling visual and smartphone-based quantification with a detection limit as
low as 3 cells/mL. Preliminary clinical studies demonstrated its potential for predicting
CRC progression and poor prognosis [158]. A related approach integrated a biocompatible
microelectrode with a wireless microfluidic chip to enable real-time monitoring of hydrogen
sulfide (H2S) and hydrogen peroxide (H2O2) secretion from living cells. The device dis-
tinguished cancerous from normal cells and evaluated chemotherapeutic efficacy through
simultaneous detection of both molecules at micromolar levels [159]. Cell-free nucleic acids
(cfNAs) have also emerged as promising biomarkers. A dimethyl dithiobispropionimidate
(DTBP)-based microchannel platform achieved rapid cfNA capture within 15 min, enabling
detection of KRAS and BRAF mutations in plasma and tissue samples from CRC patients.
The method correlated highly with whole-genome sequencing results and could be in-
tegrated with various downstream detection techniques, offering a simple and low-cost
approach for circulating tumor DNA analysis [160].

6.8. Integration with Liquid Biopsy

The integration of biosensor technology with liquid biopsy has opened new avenues
for non-invasive cancer diagnostics, particularly in the early detection and monitoring
of colorectal cancer (CRC). Electrochemical biosensors have been tailored to identify cir-
culating biomarkers such as ctDNA, miRNAs, and exosomal components in body fluids
like plasma and serum. Advanced nanostructured materials such as gold nanoparticles
and graphene-modified electrodes significantly enhance detection sensitivity, enabling
the identification of low-abundance biomarkers, including methylated SEPT9 DNA and
miR-21 in CRC patients [161]. Label-free electrochemical systems further allow for the
direct detection of ctDNA hybridization via impedance or current measurements. Optical
biosensors, including those based on surface plasmon resonance (SPR) and fluorescence,
have demonstrated high specificity in detecting exosomal surface proteins such as CD63
and EpCAM, as well as oncogenic mutations like KRAS and BRAF in ctDNA [162].

Recent research has focused on creating advanced biosensing platforms for efficient
detection and characterization of exosomes and EVs. Microfluidic technologies are be-
ing developed to replace conventional isolation methods, offering integrated detection
with minimal sample volumes. For example, a hollow-fiber flow field-flow fractionation
system combined with a luminescence immunoassay successfully isolated and analyzed
exosomes for colon cancer diagnosis [163]. Additionally, ultrasensitive mid-infrared plas-
monic nanoantenna arrays have been designed for EV detection and molecular profiling,
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linking EV protein signatures to tumor malignancy [164]. A lateral flow immunoassay
targeting the CD147 antigen on circulating EVs showed promise as a rapid, point-of-care
screening tool for CRC [165]. Moreover, a label-free method using nanoengineered 3D
surface-enhanced Raman spectroscopy (SERS) sensors enabled simultaneous detection of
cancer stem cell–derived EVs, demonstrating high diagnostic accuracy across several can-
cers, including CRC [166]. Together, these innovations indicate that EV-based biosensing
technologies have the potential to transform non-invasive cancer diagnosis and monitoring,
but despite these advances, challenges persist in the translation of biosensor technologies
into clinical practice. Challenges, including the complexity of matrices, reproducibility, and
cross-platform standardization, need to be tackled prior to broad implementation.

6.9. Advantages and Limitations of Biosensors in CRC Diagnosis

Biosensors have become potent instruments for the early identification of colorec-
tal cancer (CRC), providing high sensitivity and specificity along with quick analysis.
These devices can detect a range of CRC-related biomarkers—including genetic muta-
tions (e.g., KRAS, BRAF), epigenetic changes (e.g., methylated SEPT9), protein markers
like carcinoembryonic antigen (CEA), microRNAs (miRNAs), and volatile organic com-
pounds (VOCs)—often from minimally invasive samples such as blood, serum, feces, or
breath [80,88,125,167–169]. Electrochemical biosensors represent a major advancement,
employing signal amplification methods and nanomaterials like graphene, polypyrrole and
quantum dots to achieve low detection limits and facilitate multiplex detection [88,91,170].
Furthermore, nanosensors targeting miRNA signatures have demonstrated significant po-
tential in identifying early molecular changes with high precision [91]. Biosensors capable
of detecting VOCs provide a novel approach to identifying unique metabolic signatures
generated by cancer cells, thus enabling non-invasive breath analysis [80].

The appeal of biosensors is further enhanced by their portability, low cost, and poten-
tial for point-of-care use (as they are presented in Figure 3), particularly in resource-poor
environments where traditional approaches such as colonoscopy are constrained by fi-
nancial and infrastructural factors [137]. Even with these advantages, difficulties persist.
Issues with reproducibility, intricate sample matrices, absence of standardization, and the
necessity for thorough clinical validation continue to limit their current clinical use [91].

As aforementioned, biosensors represent a powerful class of analytical tools that
combine biological specificity with physicochemical detection. Each category offers dis-
tinct advantages and limitations depending on the intended application. The continued
development and integration of nanomaterials, microfluidics, and digital platforms are
expected to further enhance the performance, affordability, and accessibility of biosensor
technologies in the near future. One of the fastest-growing fields for biosensor application
is cancer detection, designed to analyze biomarkers present in body fluids such as blood,
plasma, serum, saliva, or urine, without the need for invasive tissue biopsies, known as
liquid biopsy.

In the context of cancer, this approach focuses on identifying a variety of biomarkers
that reflect the presence and progression of tumors. Key targets include circulating tumor
DNA (ctDNA), circulating tumor cells (CTCs), microRNAs (miRNAs), as well as exosomes,
extracellular vesicles, specific proteins, and metabolites. These components provide valu-
able insights into tumor biology and have emerged as promising tools for early diagnosis,
monitoring treatment response, and detecting recurrence.
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Figure 3. Comparison of CRC biosensors’ performance [85,125,168–170].

7. Biosensors in CRC Therapeutic Drug Monitoring (TDM)
Effective cancer therapy requires not only precise medication but also the ability to

track the effectiveness of those treatments in real time. Current monitoring tools, such as
MRI, CT scans, and biopsies, offer delayed and indirect insights into therapeutic response.
These techniques are heavily dependent on capturing anatomical changes rather than
early molecular signals, making it difficult to detect whether a drug is losing effectiveness,
whether resistance is emerging, or whether dosing needs adjustment. As a result, treatment
decisions often occur after the cancer has already adapted. On the other hand, laboratory
tests can provide meaningful data but display limitations in sensitivity, especially for
precancerous polyps and early-stage tumors, sample instability, lack of automation and
may be invasive [55,171].

Biosensors offer a breakthrough approach in clinical use, especially in oncology, due to
their ability to provide continuous monitoring during chemotherapy, immunotherapy, and
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targeted molecular treatments. These minimally invasive systems provide continuous, high-
sensitivity measurement of circulating chemotherapeutic agents, tumor-derived nucleic
acids (ctDNA, miRNA), immune checkpoint proteins, and metabolic markers. By delivering
molecular-level data at the point of care, they make it possible to evaluate whether a therapy
is effective in real time. Moreover, these biosensors can be incorporated into portable,
wearable, or implantable devices as they can be integrated with microfluidics, wireless
communication, advanced materials, and AI-driven analytics. This enables clinicians to
adjust dosing, detect resistance mechanisms early, and intervene before treatment failure
occurs. By transforming drug efficacy assessment from slow and reactive to continuous and
predictive, electrochemical biosensors create a foundation for more adaptive, personalized,
and successful cancer therapy.

7.1. Early Detection of Therapeutic Resistance and Drug Metabolites to Assess Drug Efficacy
and Toxicity

The monitoring of therapeutic efficacy, for early detection of resistance, toxicity, or
relapse, is essential for clinical oncology. Chemoresistance, driven by genetic and epigenetic
alterations, metabolic reprogramming, and survival mechanisms such as enhanced drug
efflux [172,173] and activation of alternative signaling pathways, can be a major challenge
in cancer treatment. In this context, cutting-edge approaches such as phenotypic screening,
analyzing the molecular profile of a patient’s tumor, and pooled CRISPR-based strategies
are increasingly employed to uncover previously unidentified targets, mechanisms of
resistance, and side effects [174,175]. Current advances in biosensing technologies can
revolutionize real-time monitoring of treatment responses and resistance, since biosensors,
unlike traditional assays, can swiftly convert biomolecular interactions into electrical signals
with high sensitivity and portability, offering immediate insight into the evolving state of
disease. As a result, emerging resistance or early signs of toxicity can be identified sooner,
moving oncology toward a proactive, personalized approach in which interventions are
guided by timely molecular indicators [176,177]. Nevertheless, nowadays, most biosensing
platforms are applied towards biomarker detection for diagnosis and prognosis of CRC [90],
but there are only a few biosensors proposed for continuous monitoring of chemoresistance
or cancer recurrences.

To address limitations of conventional assays, such as low sensitivity, high cost, and
long turnaround times, a novel electrochemical DNA biosensor was developed for specific
detection of the KRAS G12D mutation. The detection of KRAS mutations is critical for
guiding colorectal cancer (CRC) therapy, as these alterations drive resistance to anti-EGFR
(epidermal growth factor receptor) treatments. The platform uses an rGO/ZIF-8 nanocom-
posite synthesized via an in situ growth method, forming a porous, high–surface-area struc-
ture that supports efficient probe immobilization and rapid charge transfer. Comprehensive
structural and electrochemical characterization confirmed these properties. The biosensor
achieved a low detection limit of 35 fM, a broad linear range (100 fM–20 nM), and high
selectivity, effectively distinguishing mutant sequences from wild-type and mismatched
targets [178]. A nucleic-acid sensor [179] was developed to detect miR-21, a microRNA
consistently implicated in colorectal cancer across oncogenesis, proliferation, invasion, and
treatment resistance. The platform incorporates fluorescein isothiocyanate (FITC) labeled
and biotinylated probes to enable the detection of urinary miR-21, recognized as relevant
biomarkers in colorectal cancer, to study disease oncogenesis, proliferation, invasion, and
treatment resistance. These probes were immobilized on a modified screen-printed carbon
electrode (SPCE), translating target–probe interactions into measurable electrochemical
signals using chronoamperometry and cyclic voltammetry. Interleukin-6 (IL-6) is elevated
in colorectal cancer (CRC) tissues and serves as a predictive biomarker for stages I–III
CRC. High IL-6 levels are associated with advanced disease, poor survival, and tumor-
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promoting effects mediated through IL-6 trans-signaling, which drives tumor growth,
angiogenesis, metastasis, and therapy resistance. To enable sensitive detection of IL-6,
researchers developed an LSCF-based interdigitated microelectrode (IDME) sensor using
aptamer-conjugated gold nanoparticles. This design enhances aptamer immobilization and
allows IL-6 detection down to 1 pg/mL. The sensor also demonstrated high selectivity,
successfully measuring IL-6 in spiked serum samples without interference [180].

A MOX [101] nanosensor (SCENT B2) has demonstrated the capability to detect col-
orectal cancer relapses from patients’ blood samples over a three-year follow-up period,
with indications of gender-related variations. Its effectiveness in distinguishing blood
from tumor-affected individuals versus healthy subjects—even within a complex follow-up
protocol—underscores its potential to strengthen cancer screening strategies and enhance
the reliability of patient monitoring. The same approach was applied to detect colorectal
cancer biomarkers by gas sensors for supporting clinical follow-up and relapse monitor-
ing [151].

7.2. Detection of Circulating Tumor DNA (ctDNA), Exosomes, or Protein Biomarkers as Indicators
of Treatment Response

Liquid-biopsy biomarkers such as circulating tumor DNA (ctDNA), exosomes and
serum proteins provide dynamic information on tumor burden and therapeutic efficacy
in colorectal cancer (CRC) [181,182]. Although clinical monitoring currently depends on
laboratory-based assays, recent advances in microfluidic, electrochemical and nanomaterial-
enhanced systems have enabled the development of biosensors capable of detecting these
biomarkers with the sensitivity and frequency required for real-time therapy monitor-
ing [183]. A number of these devices have been explicitly proposed for postoperative
surveillance, recurrence detection or monitoring of treatment progress in CRC.

A notable example is an immunomagnetic bead–integrated microfluidic biosensor
designed for rapid isolation of cell-free nucleic acids (including ctDNA) from plasma using
dimethyl dithiobispropionimidate (DTBP)–modified magnetic beads [184]. The system
enriches cfDNA within approximately fifteen minutes and is explicitly described as suit-
able for patients at high risk of CRC, postoperative recurrence monitoring and efficacy
assessment. Following on-chip isolation, the enriched ctDNA can be analyzed for clinically
relevant CRC mutations (e.g., KRAS, BRAF) or methylation patterns, enabling repeated
sampling throughout therapy [185]. In parallel, a lateral-flow DNA biosensor has been
developed for multiplex detection of KRAS mutations at codons 12 and 13 from synthetic
targets, CRC cell lines, tissue specimens and liquid biopsy material [186]. Although initially
validated for diagnostic purposes, the platform’s rapid operation and compatibility with
circulating DNA support its potential use in serial monitoring of mutant ctDNA dynamics
during systemic treatment, where decline or re-emergence of KRAS mutations may reflect
therapeutic response or resistance. Broader families of electrochemical ctDNA biosensors,
employing nanostructured electrodes and hybridisation probes to detect CRC-associated
mutations at femtomolar concentrations, further demonstrate the feasibility of liquid-biopsy
biosensing for therapy monitoring [187]. Several studies emphasize that such platforms
offer a pathway toward real-time, minimally invasive monitoring of treatment response
and minimal residual disease. Despite this promise, most ctDNA biosensors remain at the
proof-of-concept stage, and longitudinal CRC studies correlating biosensor readouts with
therapeutic outcomes are still limited [187,188].

Exosomes are rich sources of tumor-derived proteins, lipids and nucleic acids, and
their cargo changes dynamically with tumor evolution and treatment exposure. An ad-
vanced example relevant to CRC is an integrated field-flow fractionation (FFF)–assisted
microfluidic biosensor, which separates small extracellular vesicles and quantifies exosomal
biomarkers for colon-cancer liquid biopsy [163,189]. Although primarily evaluated for
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diagnostic use, this device processes small blood volumes and supports repeated measure-
ments of exosomal signatures, making it technically suitable for longitudinal assessment of
exosomal proteins or miRNAs associated with chemoresistance [190]. Additional microflu-
idic and electrochemical exosome biosensors employing aptamers or antibodies against
CD63, CD9, CD81, EpCAM, and other tumor markers have demonstrated sensitive detec-
tion of tumor-derived exosomes, with several reviews highlighting their value for disease
monitoring and evaluation of treatment efficacy [191,192]. Exosomal miRNAs implicated
in CRC chemoresistance—including miR-21, miR-17-5p and related oncogenic signatures—
represent promising targets for these platforms. While longitudinal therapeutic monitoring
in CRC patients has not yet been performed at scale, the underlying technology clearly
supports serial analysis suitable for treatment-response assessment.

Protein markers such as carcinoembryonic antigen (CEA) remain widely used for
monitoring CRC, and the development of biosensors has significantly improved analytical
sensitivity. A representative platform is a microfluidic surface-enhanced Raman scattering
(SERS) biosensor using Au@SiO2 substrates and Ag nanocubes for the detection of serum
biomarkers, including CEA. This device achieves detection limits as low as 0.28 pg/mL
and is explicitly proposed for early diagnosis, postoperative monitoring and screening
of patients with colorectal cancer [193]. Such sensitivity far exceeds that of standard
clinical assays and can, in principle, detect subtle fluctuations in CEA during treatment or
early recurrence.

Complementary to this, a smartphone-integrated electrochemical immunosensor
based on CuO nanoparticles, carbon nanotubes and graphene oxide has been described for
ultra-sensitive, rapid and point-of-care CEA detection. The system achieves sub-pg/mL
detection limits and is designed for use in outpatient or low-resource settings, supporting
frequent monitoring of CEA kinetics, which are often used as surrogates for tumor burden
in CRC management [194].

Multiplex microfluidic immunosensors employing immunomagnetic bead trapping
have also been demonstrated for simultaneous measurement of CEA and other serum
proteins, with applications described in routine follow-up, postoperative evaluation and
repeated monitoring scenarios. Such platforms could be adapted for multi-marker CRC
panels (e.g., CEA, CA19-9), potentially increasing the predictive value for therapy re-
sponse [195,196].

7.3. Assessment of Targeted Therapy: Drugs That Target Specific Molecular Changes in
Cancer Cells

The HER family of receptors—especially EGFR, HER2, and HER3 [197]—drives key
signaling pathways that promote colorectal cancer (CRC) growth and survival, making
them important targets for therapies such as cetuximab, panitumumab, trastuzumab, and
various HER-targeting tyrosine kinase inhibitors [198–201]. These treatments have im-
proved outcomes in selected patients, particularly those with RAS wild-type metastatic
CRC [202], and ongoing developments such as dual [203]—or pan [204]-HER in-
hibitors, antibody–drug conjugates, and bispecific antibodies aim to further expand
therapeutic options.

Expression of HER family members in colorectal cancer (CRC) is highly variable, with
large inconsistencies reported for EGFR, HER2, HER3, and HER4 due to differences in de-
tection methods, antibodies, scoring criteria, tumor heterogeneity, and discordance between
primary and metastatic sites. EGFR expression, for example, ranges from 8 to 100% across
studies [205,206] and has shown little predictive value for response to anti-EGFR therapies,
partly because commonly used assays do not distinguish wild-type from mutated EGFR.
HER2 expression is also inconsistent (1.8–70%) and often discordant between primary
and metastatic tumors [207,208], though recent work links membranous HER2 to poorer
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progression-free survival on anti-EGFR treatment [205]. HER3 is frequently expressed
and associated with aggressive behavior, anti-EGFR resistance, and activation of com-
pensatory signaling [209], whereas HER4’s role is less clear, showing context-dependent
tumor-promoting or tumor-suppressive effects [210]. Furthermore, resistance to targeted
therapy remains a major clinical challenge.

Genetic alterations, including KRAS, NRAS, BRAF, and PIK3CA mutations, PTEN loss,
and HER2 or MET amplification often lead to primary resistance to anti-EGFR agents [211].
A miniaturized biosensor approach using a lab-on-chip (LoC) device with integrated ion-
sensitive field-effect transistors (ISFETs) to run loop-mediated isothermal amplification
(LAMP) assays targeting the key CRC biomarker mutation BRAF p.V600E [157] has been
developed. The LAMP reactions, both on a regular qPCR machine and on the LoC device,
were allele-specific and achieved a limit of detection of ~500 copies/µL and a time-to-
positive under 15 min. Parallel control and non-specific reactions exhibited distinct signal
trends, and a signal-processing method was developed to rapidly distinguish positive vs.
negative outputs. The LoC system proved robust for mutation detection and holds promise
for adaptation to multiplexed assays. In addition, another study addressed the challenge
of detecting single-nucleotide polymorphisms (SNPs) during cancer therapy, specifically
the PIK3CA E545K mutation [212], where the mutant and wild-type DNA differ by only
one base. The authors developed a highly selective and sensitive method using locked
nucleic acid (LNA)-modified primers combined with hairpin-shaped primers in real-time
PCR. They successfully detected the PIK3CA E545K mutation in cell-free DNA with a
selectivity of 0.1% and a limit of detection of 10 aM (0.12 fg). The method was validated
in clinical samples from a colorectal cancer patient and compared to digital droplet PCR
with favorable results. Nonetheless, a novel small-molecule fluorescent probe, Crizotinib-
PEG4-MPA has been developed for the specific targeting of the receptor tyrosine kinase
c-Met (overexpressed in CRC) for molecular fluorescence imaging [213]. In vitro binding
confirmed its specificity with a dissociation constant (Kd) of ~3.86 µM. In vivo in tumor-
bearing mice, the tumor/normal signal ratio reached ~4.23 at 6 h. In a colitis-associated
colon adenoma model, the probe achieved a significantly higher fluorescence intensity
in adenoma versus normal colon (p < 0.001). Immunofluorescence of biopsy samples
confirmed its targeting of c-Met and its ability to distinguish adenoma from normal tissue.

In addition, non-genetic mechanisms—such as overexpression of EGFR or HER3
ligands that sustain downstream signaling—contribute to acquired resistance [214]. Tumour
cells may also compensate by activating HER2 and HER3, enabling bypass signaling despite
EGFR inhibition [205].

8. Discussion
Colorectal cancer received limited global attention in prior decades but is now rec-

ognized as one of the most lethal and prevalent malignancies worldwide. Today, it ranks
as the fourth most lethal cancer globally and the third most diagnosed [73]. Although the
effectiveness of systematic screening varies greatly by country in Europe and by patient age,
several efficient healthcare programs offer early diagnosis and better survival rates than
those with advanced cancer. Systematic screening has also reduced mortality rates [148,215].
The majority of patients are around fifty years old, and colorectal cancer is rarely identified
before the age of forty. The disease is caused by an adenoma [216]. The majority of young
patients have many symptoms, including rectal bleeding, followed by abdominal pain and
changes in bowel habits, despite the fact that screening is crucial to the diagnosis [217].

Extensive evidence demonstrates that biological sex significantly influences colorectal
cancer (CRC) development and progression. Men are diagnosed more often and earlier
than women, while postmenopausal women tend to develop right-sided, MSI-high tu-
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mors associated with MLH1 hypermethylation. These sex-specific differences arise from
hormonal, molecular, and epigenetic mechanisms that shape tumor biology and immune
responses. Recognizing and integrating these distinctions into screening, prevention, and
treatment strategies—such as microbiota modulation, hormonal therapy, and targeted
immunotherapies—can enhance personalized care. Ultimately, incorporating sex-specific
biomarkers into CRC research and clinical practice offers a pathway toward more precise
and effective patient management.

The pathogenesis of CRC involves multiple genetic and epigenetic alterations, includ-
ing mutations in tumor suppressor genes (APC, TP53, SMAD4), oncogenes (KRAS, BRAF),
and mismatch repair (MMR) genes [218]. Microsatellite instability (MSI), chromosomal
instability (CIN), and CpG island methylator phenotype (CIMP) are key molecular path-
ways driving tumor progression. Advances in genomic research have enabled molecular
classification of CRC, improving personalized treatment strategies. Advances in screening,
molecular profiling, and treatment strategies have significantly improved patient outcomes.

Nowadays, research is focused on improving early detection, identifying new thera-
peutic targets, and advancing precision medicine approaches. Artificial intelligence (AI)-
assisted colonoscopy, liquid biopsy for early diagnosis, novel immunotherapeutic agents
are promising areas of development and advancements in biosensor technology for can-
cer detection. Efforts to reduce CRC disparities through public awareness and access to
screening remain crucial [219,220].

In this perspective, biosensors have developed into very promising instruments that
provide rapid detection of a wide variety of CRC biomarkers at low cost and with high
sensitivity [221]. This includes genetic mutations (e.g., KRAS, BRAF), epigenetic changes
(e.g., methylated SEPT9, SHOX2) [125], proteins (e.g., carcinoembryonic antigen [CEA]),
microRNAs (e.g., miR-21, miR-92a) [222], and volatile organic compounds (VOCs) linked
to tumor metabolism. Particularly, electrochemical biosensors have demonstrated extraor-
dinary sensitivity and specificity when combined with nanomaterials like polypyrrole, gold
nanoparticles, and carbon nanotubes, which improve electron transfer and the immobiliza-
tion of biomolecules [223,224].

Recent developments in VOC-based biosensing offer a new non-invasive method for
CRC diagnostics by analyzing exhaled breath or fecal emissions [81]. These methods take
advantage of the changed metabolic environment of cancer cells and their relationship
with gut microbiota, providing a diagnostic solution that is both patient-friendly and
scalable [225]. Nanosensors have also enhanced detection limits and made it possible
to create portable, multiplexed platforms that are appropriate for point-of-care (POC)
applications [226]. In addition, biosensors are considered cost-effective tools by minimizing
dependence on pricey imaging like MRI or CT scans, extensive lab setups, and skilled staff.
They support point-of-care testing with tiny reagent amounts and promote early detection
to cut future treatment expenses. Plus, their disposable, mass-producible nature drives
down costs per test dramatically [227].

Several biosensors have undergone clinical validation across diverse medical applica-
tions, highlighting their translational potential in healthcare. A noninvasive tear-glucose
sensor demonstrated clinical feasibility as an alternative to finger-prick testing for dia-
betes [228]. A fiber-optic SPR biosensor tested plasma from ten individuals to identify
breast-cancer–specific extracellular vesicles [229] while a piezoelectric quartz biosensor
detected alpha-fetoprotein in patient serum samples. Electrochemical biosensors have
also been clinically validated for the detection of methylglyoxal in subjects with type-2
diabetes [230]. In oncology, a saliva-based electrochemical/printed circuit board (PCB)
biosensor detected breast cancer biomarkers HER2 and CA15-3 in 29 human saliva samples
with ultra-high sensitivity, effectively distinguishing disease states [231]. An electrochemi-
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cal biosensor for miRNA-21 was tested on 40 human clinical samples (lung cancer patients
and healthy controls), successfully differentiating cancerous from non-cancerous speci-
mens [232]. Similarly, an electrochemical miRNA-31 biosensor was evaluated in human
serum samples for oral cancer detection, demonstrating high sensitivity and specificity [233].
For colorectal cancer, clinical validation has been reported in various cases, such as a nanos-
tructured gas sensor using 398 fecal samples from Fecal Immunochemical Test-positive
individuals, achieving 84.1% and 82.4% specificity compared with colonoscopy [234].
An electrochemical biosensor based on a covalent organic framework probe was developed
for detecting CRC-derived exosomes. It demonstrated excellent analytical performance
with a low detection limit of 160 particles/µL and was successfully applied to clinical
serum samples [235]. Additionally, an electronic nose (eNose) breath sensor was tested
in 105 CRC patients and 186 non-cancer controls, distinguishing CRC from controls with
an area under the curve (AUC) of approximately 0.734 [236]. Collectively, these studies
underscore the growing clinical support for biosensors in noninvasive diagnostics and
cancer detection [237].

Although the recent advances in biosensor technologies have demonstrated their abil-
ity to detect complex cancer biomarkers with high analytical sensitivity, several challenges
must be addressed before these platforms can be broadly adopted in clinical practice [218].
Most evaluations to date have shown exceptional analytical performance only under con-
trolled laboratory conditions often in small, single-center cohorts [238]), and have not fully
accounted for matrix effects in clinical samples [239] or variables such as patient demo-
graphics, sex, and age [240,241]. These limitations hinder cross-platform comparability and
restrict the evidence required to establish clinical utility [242,243]. Additional challenges
include differences in sample preparation, the absence of standardization, sensor stability,
and selectivity in complex biological fluids [219,220]. The lack of standardized protocols,
calibration procedures, and variability in fabrication methods further complicates clinical
translation. Regulatory approval demands rigorous demonstration of safety, efficacy, and
clinical utility through well-designed clinical trials, which involve complex validation
processes [244]. Interdisciplinary collaboration among biologists, chemists, physicists,
engineers, and data specialists is essential but presents logistical challenges. Integration
with digital health platforms, such as cloud systems and mobile applications, adds another
layer of complexity and remains a major research focus [245]. Most biosensors have been
validated in cross-sectional or early translational studies, but large-scale longitudinal trials
directly linking bios—particularly in colorectal cancer—are still lacking. The necessity of
sex-stratified biosensor validation highlights a key direction for future research, especially
as the field moves toward precision real-time monitoring of cancer therapy. To overcome
these barriers, harmonized validation frameworks, standardized sample handling and
calibration procedures, and large, multicenter prospective trials benchmarking biosensors
against established diagnostic workflows are increasingly needed [246–248]. By align-
ing research designs with regulatory requirements for analytical and clinical validity,
and by demonstrating clear clinical utility across diverse patient cohorts, next-generation
biosensors hold significant potential to transform early cancer detection and personalized
oncology diagnostics [249–251].

Colorectal cancer continues to pose a major global health challenge, as increasing inci-
dence and death rates highlight the urgent requirement for effective and widely available
early diagnostic methods [6,252]. The timely diagnosis of colorectal cancer is fundamental
to its management, as early-stage detection is strongly associated with better treatment
outcomes and higher survival rates [253]. Nonetheless, the current screening methods,
although they work well, often have drawbacks related to sensitivity, invasiveness, cost,
and patient compliance [254]. This has led to an urgent need for the creation of innovative
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diagnostic tools that are minimally invasive and highly sensitive [255]. New technologies
such as molecular biomarker assays, biosensors, and non-invasive sampling methods show
great promise for advancing CRC diagnostics [256]. The goal of these advancements is to
improve detection accuracy and reduce procedural burden, but also to enhance patient
compliance and increase access to screening, especially in low-resource environments [9].
To fully harness the potential of these new diagnostic modalities and to effectively address
the global burden of colorectal cancer, ongoing interdisciplinary research, technological
innovation, and clinical validation are crucial [257].
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ADR Adenoma Detection Rate
AI Artificial Intelligence
AJCC American Joint Committee on Cancer
APC Adenomatous Polyposis Coli
AuNPs Gold Nanoparticles
Au@SiO2 Gold-Coated Silica Nanoparticles
BRAF v-Raf Murine Sarcoma Viral Oncogene Homolog B1
CA Carbohydrate Antigen
CA19-9 Carbohydrate Antigen 19-9
CEA Carcinoembryonic Antigen
CFU Colony Forming Unit
CLIA Chemiluminescent Immunoassay
CNT Carbon Nanotube
CNTs Carbon Nanotubes
CuO Copper Oxide
CRC Colorectal Cancer
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CRP C-Reactive Protein
CT Computed Tomography
ctDNA Circulating Tumor DNA
CTCs Circulating Tumor Cells
DNA Deoxyribonucleic Acid
DTBP Dimethyl Dithiobispropionimidate
EGFR Epidermal Growth Factor Receptor
EIS Electrolyte–Insulator–Semiconductor
EpCAM Epithelial Cell Adhesion Molecule
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ERβ Estrogen Receptor Beta
EV Extracellular Vesicle
FAP Familial Adenomatous Polyposis
FET Field-Effect Transistor
FFF Field-Flow Fractionation
FIT Fecal Immunochemical Test
FITC Fluorescein Isothiocyanate
FOBT Fecal Occult Blood Test
GC Gas Chromatography
GFET Graphene Field-Effect Transistor
GO Graphene Oxide
HER Human Epidermal Growth Factor Receptor Family
HER2 Human Epidermal Growth Factor Receptor 2
HER3 Human Epidermal Growth Factor Receptor 3
HER4 Human Epidermal Growth Factor Receptor 4
HEMT High Electron Mobility Transistor
HNPCC Hereditary Nonpolyposis Colorectal Cancer
HRP Horseradish Peroxidase
IHC Immunohistochemistry
IDME Interdigitated Microelectrode
IL-6 Interleukin 6
ISFET Ion-Sensitive Field-Effect Transistor
KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog
Kd Dissociation Constant
LAMP Loop-Mediated Isothermal Amplification
LED Light Emitting Diode
LNA Locked Nucleic Acid
LoC Lab-on-a-Chip
LSPR Localized Surface Plasmon Resonance
LSCF Lanthanum Strontium Cobalt Ferrite
miRNA MicroRNA
MMR Mismatch Repair
MOX Metal Oxide (Sensor)
MRI Magnetic Resonance Imaging
MSI Microsatellite Instability
MSI-H Microsatellite Instability High
MT Microtubule
MXene Transition Metal Carbide/Nitride (2D Material)
NIR Near-Infrared
NK Natural Killer (Cell)
NMOF Nanoscale Metal–Organic Framework
PDMS Polydimethylsiloxane
PEG Polyethylene Glycol
PET Positron Emission Tomography
PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
QCM Quartz Crystal Microbalance
qPCR Quantitative Polymerase Chain Reaction
RAS Rat Sarcoma (Oncogene Family)
RNA Ribonucleic Acid
rGO Reduced Graphene Oxide
SCENT B2 Metal-Oxide Nanosensor Platform (Product Name)
SERS Surface-Enhanced Raman Scattering
SNP Single-Nucleotide Polymorphism
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SPCE Screen-Printed Carbon Electrode
SPR Surface Plasmon Resonance
TDM Therapeutic Drug Monitoring
TGF Transforming Growth Factor
TILs Tumor-Infiltrating Lymphocytes
TNM Tumor Node Metastasis
VEGF Vascular Endothelial Growth Factor
VOC Volatile Organic Compound
VTSB Vision-Based Tactile Sensing Balloon
ZIF-8 Zeolitic Imidazolate Framework-8
c-Met Mesenchymal–Epithelial Transition Factor (Receptor Tyrosine Kinase)
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67. Czajka-Francuz, P.; Cisoń-Jurek, S.; Czajka, A.; Kozaczka, M.; Wojnar, J.; Chudek, J.; Francuz, T. Systemic Interleukins’ Profile in
Early and Advanced Colorectal Cancer. Int. J. Mol. Sci. 2021, 23, 124. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19010013

https://doi.org/10.1186/s12964-024-01549-2
https://doi.org/10.3390/cancers5020676
https://doi.org/10.1097/JS9.0000000000000214
https://doi.org/10.1007/s12094-024-03801-0
https://doi.org/10.1016/j.bbadis.2014.12.015
https://www.ncbi.nlm.nih.gov/pubmed/25555992
https://doi.org/10.1002/ijc.33897
https://www.ncbi.nlm.nih.gov/pubmed/34888857
https://doi.org/10.1186/s12885-022-09778-9
https://doi.org/10.1016/s2468-1253(24)00091-8
https://www.ncbi.nlm.nih.gov/pubmed/38734024
https://doi.org/10.1097/coc.0b013e318282a830
https://doi.org/10.1038/s41392-024-01953-7
https://doi.org/10.1186/s12885-017-3244-2
https://doi.org/10.1038/ng1834
https://doi.org/10.1093/annonc/mdn782
https://doi.org/10.4161/epi.27956
https://doi.org/10.1016/j.prp.2024.155786
https://doi.org/10.1093/ibd/izac094
https://doi.org/10.1016/j.jgo.2023.101655
https://doi.org/10.3389/fendo.2023.1187259
https://doi.org/10.1186/s12967-024-04869-6
https://doi.org/10.1038/bjc.2013.251
https://doi.org/10.4143/crt.2023.415
https://doi.org/10.3390/ijms23010124
https://www.ncbi.nlm.nih.gov/pubmed/35008550
https://doi.org/10.3390/ph19010013


Pharmaceuticals 2026, 19, 13 36 of 43

68. Nielsen, A.T.; Saqi, I.K.; Justesen, T.F.; Madsen, M.T.; Gögenur, I.; Orhan, A. The prognostic impact of tumor mutations and
tumor-infiltrating lymphocytes in patients with localized pMMR colorectal cancer—A systematic review and meta-analysis.
Crit. Rev. Oncol. Hematol. 2025, 211, 104714. [CrossRef]

69. Veettil, S.K.; Wong, T.Y.; Loo, Y.S.; Playdon, M.C.; Lai, N.M.; Giovannucci, E.L.; Chaiyakunapruk, N. Role of Diet in Colorectal
Cancer Incidence: Umbrella Review of Meta-analyses of Prospective Observational Studies. JAMA Netw. Open 2021, 4, e2037341.
[CrossRef] [PubMed]

70. Vanella, G.; Archibugi, L.; Stigliano, S.; Capurso, G. Alcohol and gastrointestinal cancers. Curr. Opin. Gastroenterol. 2019,
35, 107–113. [CrossRef] [PubMed]

71. Joo, H.J.; Lee, H.S.; Jang, B.I.; Kim, D.B.; Kim, J.H.; Park, J.J.; Kim, H.G.; Baek, I.H.; Lee, J.; Kim, B. Sex-specific differences in
colorectal cancer: A multicenter retrospective cohort study. Cancer Rep. 2023, 6, e1845. [CrossRef]

72. Seo, W.; Jung, S.Y.; Jang, Y.; Lee, K. Lifestyle factors and colorectal cancer prediction: A nomogram-based model. BMC Cancer
2025, 25, 1240. [CrossRef]

73. Dekker, E.; Tanis, P.J.; Vleugels, J.L.A.; Kasi, P.M.; Wallace, M.B. Colorectal cancer. Lancet 2019, 394, 1467–1480. [CrossRef]
74. Lin, J.S.; Piper, M.A.; Perdue, L.A.; Rutter, C.; Webber, E.M.; O’Connor, E.; Smith, N.; Whitlock, E.P. Screening for Colorectal Cancer:

A Systematic Review for the U.S. Preventive Services Task Force; NBK373584; Agency for Healthcare Research and Quality: Rockville,
MD, USA, 2016.

75. Rex, D.K.; Boland, C.R.; Dominitz, J.A.; Giardiello, F.M.; Johnson, D.A.; Kaltenbach, T.; Levin, T.R.; Lieberman, D.; Robertson, D.J.
Colorectal Cancer Screening: Recommendations for Physicians and Patients from the U.S. Multi-Society Task Force on Colorectal
Cancer. Am. J. Gastroenterol. 2017, 112, 1016–1030. [CrossRef]

76. Johnson, D.A.; Barkun, A.N.; Cohen, L.B.; Dominitz, J.A.; Kaltenbach, T.; Martel, M.; Robertson, D.J.; Boland, C.R.; Giardello, F.M.;
Lieberman, D.A.; et al. Optimizing adequacy of bowel cleansing for colonoscopy: Recommendations from the U.S. multi-society
task force on colorectal cancer. Gastrointest. Endosc. 2014, 80, 543–562. [CrossRef] [PubMed]

77. Rutter, M.D.; Beintaris, I.; Valori, R.; Chiu, H.M.; Corley, D.A.; Cuatrecasas, M.; Dekker, E.; Forsberg, A.; Gore-Booth, J.; Haug,
U.; et al. World Endoscopy Organization Consensus Statements on Post-Colonoscopy and Post-Imaging Colorectal Cancer.
Gastroenterology 2018, 155, 909–925.e903. [CrossRef]

78. Atkin, W.; Wooldrage, K.; Parkin, D.M.; Kralj-Hans, I.; MacRae, E.; Shah, U.; Duffy, S.; Cross, A.J. Long term effects of once-only
flexible sigmoidoscopy screening after 17 years of follow-up: The UK Flexible Sigmoidoscopy Screening randomised controlled
trial. Lancet 2017, 389, 1299–1311. [CrossRef] [PubMed]

79. Pickhardt, P.J.; Kim, D.H. Colorectal cancer screening with CT colonography: Key concepts regarding polyp prevalence, size,
histology, morphology, and natural history. AJR Am. J. Roentgenol. 2009, 193, 40–46. [CrossRef] [PubMed]

80. Golfinopoulou, R.; Hatziagapiou, K.; Mavrikou, S.; Kintzios, S. Unveiling Colorectal Cancer Biomarkers: Harnessing Biosensor
Technology for Volatile Organic Compound Detection. Sensors 2024, 24, 4712. [CrossRef]

81. D’Orazio, P. Biosensors in clinical chemistry. Clin. Chim. Acta 2003, 334, 41–69. [CrossRef]
82. Turner, A.P. Biosensors: Sense and sensibility. Chem. Soc. Rev. 2013, 42, 3184–3196. [CrossRef]
83. Grieshaber, D.; MacKenzie, R.; Vörös, J.; Reimhult, E. Electrochemical Biosensor—Sensor Principles and Architectures. Sensors

2008, 8, 1400–1458. [CrossRef]
84. El Aamri, M.; Yammouri, G.; Mohammadi, H.; Amine, A.; Korri-Youssoufi, H. Electrochemical Biosensors for Detection of

MicroRNA as a Cancer Biomarker: Pros and Cons. Biosensors 2020, 10, 186. [CrossRef]
85. Zhang, X.; Tan, X.; Wang, P.; Qin, J. Application of Polypyrrole-Based Electrochemical Biosensor for the Early Diagnosis of

Colorectal Cancer. Nanomaterials 2023, 13, 674. [CrossRef]
86. Cabrero-Martín, A.; Santiago, S.; Serafín, V.; Montero-Calle, A.; Pingarrón, J.M.; Barderas, R.; Campuzano, S. Gold-silica hybrid

nanolabels decorated with recognition and signaling bioreagents for enhanced electrochemical immunodetection of chemokine
ligand-12 in colorectal cancer early diagnosis and monitoring. Mikrochim. Acta 2025, 192, 377. [CrossRef] [PubMed]

87. Povedano, E.; Ruiz-Valdepeñas Montiel, V.; Sebuyoya, R.; Torrente-Rodríguez, R.M.; Garranzo-Asensio, M.; Montero-Calle,
A.; Pingarrón, J.M.; Barderas, R.; Bartosik, M.; Campuzano, S. Bringing to Light the Importance of the miRNA Methylome in
Colorectal Cancer Prognosis Through Electrochemical Bioplatforms. Anal. Chem. 2024, 96, 4580–4588. [CrossRef]

88. Zhang, W.; Xiao, G.; Chen, J.; Wang, L.; Hu, Q.; Wu, J.; Song, M.; Qiao, J.; Xu, C. Electrochemical biosensors for measurement of
colorectal cancer biomarkers. Anal. Bioanal. Chem. 2021, 413, 2407–2428. [CrossRef] [PubMed]

89. Zhang, C.; Jin, L.; Wang, F. Applications and development trend of biosensors in the detection and diagnosis of gastrointestinal
tumors. BioMed. Eng. OnLine 2025, 24, 68. [CrossRef] [PubMed]

90. Mikaeeli Kangarshahi, B.; Naghib, S.M.; Rabiee, N. DNA/RNA-based electrochemical nanobiosensors for early detection of
cancers. Crit. Rev. Clin. Lab. Sci. 2024, 61, 473–495. [CrossRef]

91. Girigoswami, K.; Girigoswami, A. A Review on the Role of Nanosensors in Detecting Cellular miRNA Expression in Colorectal
Cancer. Endocr. Metab. Immune Disord. Drug Targets 2021, 21, 12–26. [CrossRef]

https://doi.org/10.3390/ph19010013

https://doi.org/10.1016/j.critrevonc.2025.104714
https://doi.org/10.1001/jamanetworkopen.2020.37341
https://www.ncbi.nlm.nih.gov/pubmed/33591366
https://doi.org/10.1097/MOG.0000000000000502
https://www.ncbi.nlm.nih.gov/pubmed/30550381
https://doi.org/10.1002/cnr2.1845
https://doi.org/10.1186/s12885-025-14674-z
https://doi.org/10.1016/S0140-6736(19)32319-0
https://doi.org/10.1038/ajg.2017.174
https://doi.org/10.1016/j.gie.2014.08.002
https://www.ncbi.nlm.nih.gov/pubmed/25220509
https://doi.org/10.1053/j.gastro.2018.05.038
https://doi.org/10.1016/S0140-6736(17)30396-3
https://www.ncbi.nlm.nih.gov/pubmed/28236467
https://doi.org/10.2214/AJR.08.1709
https://www.ncbi.nlm.nih.gov/pubmed/19542393
https://doi.org/10.3390/s24144712
https://doi.org/10.1016/S0009-8981(03)00241-9
https://doi.org/10.1039/c3cs35528d
https://doi.org/10.3390/s80314000
https://doi.org/10.3390/bios10110186
https://doi.org/10.3390/nano13040674
https://doi.org/10.1007/s00604-025-07232-8
https://www.ncbi.nlm.nih.gov/pubmed/40425890
https://doi.org/10.1021/acs.analchem.3c05474
https://doi.org/10.1007/s00216-021-03197-8
https://www.ncbi.nlm.nih.gov/pubmed/33666711
https://doi.org/10.1186/s12938-025-01371-y
https://www.ncbi.nlm.nih.gov/pubmed/40462128
https://doi.org/10.1080/10408363.2024.2321202
https://doi.org/10.2174/1871530320666200515115723
https://doi.org/10.3390/ph19010013


Pharmaceuticals 2026, 19, 13 37 of 43

92. Chen, C.Y.; Zhang, J.Q.; Li, L.; Guo, M.M.; He, Y.F.; Dong, Y.M.; Meng, H.; Yi, F. Advanced Glycation End Products in the Skin:
Molecular Mechanisms, Methods of Measurement, and Inhibitory Pathways. Front. Med. 2022, 9, 837222. [CrossRef]

93. Štukovnik, Z.; Bren, U. Recent Developments in Electrochemical-Impedimetric Biosensors for Virus Detection. Int. J. Mol. Sci.
2022, 23, 15922. [CrossRef]

94. Paul, R.; Morales-Lozada, Y.; Sánchez Colón, B.J.; Hernandez, A.R.; Roy, S.; Cabrera, C.R. Colorectal Cancer Label-Free Impedi-
metric Immunosensor for Blood-Based Biomarker CCSP-2. ACS Meas. Sci. Au 2025, 5, 87–95. [CrossRef]

95. Chowdhury, P.; Cha, B.S.; Kim, S.; Lee, E.S.; Yoon, T.; Woo, J.; Park, K.S. T7 Endonuclease I-mediated voltammetric detection of
KRAS mutation coupled with horseradish peroxidase for signal amplification. Mikrochim. Acta 2022, 189, 75. [CrossRef]

96. Tertis, M.; Leva, P.I.; Bogdan, D.; Suciu, M.; Graur, F.; Cristea, C. Impedimetric aptasensor for the label-free and selective detection
of Interleukin-6 for colorectal cancer screening. Biosens. Bioelectron. 2019, 137, 123–132. [CrossRef]

97. Nguyen, V.B.C.; Reut, J.; Rappich, J.; Hinrichs, K.; Syritski, V. Molecularly Imprinted Polymer-Based Electrochemical Sensor for
the Detection of Azoxystrobin in Aqueous Media. Polymers 2024, 16, 1394. [CrossRef]

98. Tejerina-Miranda, S.; Blázquez-García, M.; Serafín, V.; Montero-Calle, A.; Garranzo-Asensio, M.; Reviejo, A.J.; Pedrero, M.;
Pingarrón, J.M.; Barderas, R.; Campuzano, S. Electrochemical biotool for the dual determination of epithelial mucins associated to
prognosis and minimal residual disease in colorectal cancer. Int. J. Biol. Macromol. 2023, 248, 125996. [CrossRef] [PubMed]

99. Povedano, E.; Pérez-Ginés, V.; Torrente-Rodríguez, R.M.; Rejas-González, R.; Montero-Calle, A.; Peláez-García, A.; Feliú, J.;
Pedrero, M.; Pingarrón, J.M.; Barderas, R.; et al. Tracking Globally 5-Methylcytosine and Its Oxidized Derivatives in Colorectal
Cancer Epigenome Using Bioelectroanalytical Technologies. ACS Sens. 2025, 10, 2049–2059. [CrossRef] [PubMed]

100. Guo, Y.; Nie, Y.; Liang, Z.; Peilin, W.; Ma, Q. Ag3PO4 NP@MoS2 nanosheet enhanced F, S-doped BN quantum dot electrochemilu-
minescence biosensor for K-ras tumor gene detection. Talanta 2021, 228, 122221. [CrossRef]

101. Astolfi, M.; Zonta, G.; Malagù, C.; Anania, G.; Rispoli, G. MOX Nanosensors to Detect Colorectal Cancer Relapses from Patient’s
Blood at Three Years Follow-Up, and Gender Correlation. Biosensors 2025, 15, 56. [CrossRef] [PubMed]

102. Naresh, V.; Lee, N. A Review on Biosensors and Recent Development of Nanostructured Materials-Enabled Biosensors. Sensors
2021, 21, 1109. [CrossRef]

103. Chen, C.; Wang, J. Optical biosensors: An exhaustive and comprehensive review. Analyst 2020, 145, 1605–1628. [CrossRef]
[PubMed]

104. Fan, X.; White, I.M.; Shopova, S.I.; Zhu, H.; Suter, J.D.; Sun, Y. Sensitive optical biosensors for unlabeled targets: A review.
Anal. Chim. Acta 2008, 620, 8–26. [CrossRef]

105. Kaur, B.; Kumar, S.; Kaushik, B.K. Recent advancements in optical biosensors for cancer detection. Biosens. Bioelectron. 2022, 197,
13805. [CrossRef]

106. Li, J.; Si, Y.; Lee, H.J. Electrochemical and Optical Biosensors for Colorectal Cancer Protein Biomarkers: A Review. Appl. Chem.
Eng. 2021, 32, 253–259.

107. Wu, S.; Han, Y.; Wang, L.; Li, J.; Sun, Z.; Zhang, M.; Liu, P.; Li, G. Sensor Array Fabricated with Nanoscale Metal-Organic
Frameworks for the Histopathological Examination of Colon Cancer. Anal. Chem. 2019, 91, 10772–10778. [CrossRef] [PubMed]

108. Ahmadzadeh-Raji, M.; Ghafar-Zadeh, E.; Amoabediny, G. An Optically-Transparent Aptamer-Based Detection System for Colon
Cancer Applications Using Gold Nanoparticles Electrodeposited on Indium Tin Oxide. Sensors 2016, 16, 1071. [CrossRef]

109. Shamsuddin, S.H.; Jayne, D.G.; Tomlinson, D.C.; McPherson, M.J.; Millner, P.A. Selection and characterisation of Affimers specific
for CEA recognition. Sci. Rep. 2021, 11, 744. [CrossRef]

110. Avram, L.; Stefancu, A.; Crisan, D.; Leopold, N.; Donca, V.; Buzdugan, E.; Craciun, R.; Andras, D.; Coman, I. Recent advances
in surface-enhanced Raman spectroscopy based liquid biopsy for colorectal cancer (Review). Exp. Ther. Med. 2020, 20, 213.
[CrossRef]

111. Fontana, R.; Mulana, F.; Cavallotti, C.; Tortora, G.; Vigliar, M.; Vatteroni, M.; Menciassi, A. An Innovative Wireless Endoscopic
Capsule with Spherical Shape. IEEE Trans. Biomed. Circuits Syst. 2017, 11, 143–152. [CrossRef]

112. Gerald, A.; Na Ayuddhaya, K.P.; McCandless, M.; Hsu, P.; Pang, J.; Mankad, A.; Chu, A.; Aihara, H.; Russo, S. Ex Vivo Evaluation
of a Soft Optical Blood Sensor for Colonoscopy. Device 2024, 2, 100422. [CrossRef] [PubMed]

113. Moorthy, D.N.; Dhinasekaran, D.; Rebecca, P.N.B.; Rajendran, A.R. Optical Biosensors for Detection of Cancer Biomarkers:
Current and Future Perspectives. J. Biophotonics 2024, 17, e202400243. [CrossRef] [PubMed]

114. Tai, J.; Fan, S.; Ding, S.; Ren, L. Gold Nanoparticles Based Optical Biosensors for Cancer Biomarker Proteins: A Review of the
Current Practices. Front. Bioeng. Biotechnol. 2022, 10, 877193. [CrossRef]

115. Azab, M.Y.; Hameed, M.F.O.; Obayya, S.S.A. Overview of Optical Biosensors for Early Cancer Detection: Fundamentals,
Applications and Future Perspectives. Biology 2023, 12, 232. [CrossRef]

116. Li, W.; Liu, H.-Y.; Jia, Z.-R.; Qiao, P.-P.; Pi, X.-T.; Chen, J.; Deng, L.-H. Advances in the Early Detection of Lung Cancer using
Analysis of Volatile Organic Compounds: From Imaging to Sensors. Asian Pac. J. Cancer Prev. APJCP 2014, 15, 4377–4384.
[CrossRef] [PubMed]

117. Mascini, M.; Tombelli, S. Biosensors for biomarkers in medical diagnostics. Biomarkers 2008, 13, 637–657. [CrossRef]

https://doi.org/10.3390/ph19010013

https://doi.org/10.3389/fmed.2022.837222
https://doi.org/10.3390/ijms232415922
https://doi.org/10.1021/acsmeasuresciau.4c00073
https://doi.org/10.1007/s00604-021-05089-1
https://doi.org/10.1016/j.bios.2019.05.012
https://doi.org/10.3390/polym16101394
https://doi.org/10.1016/j.ijbiomac.2023.125996
https://www.ncbi.nlm.nih.gov/pubmed/37499706
https://doi.org/10.1021/acssensors.4c03290
https://www.ncbi.nlm.nih.gov/pubmed/40007152
https://doi.org/10.1016/j.talanta.2021.122221
https://doi.org/10.3390/bios15010056
https://www.ncbi.nlm.nih.gov/pubmed/39852107
https://doi.org/10.3390/s21041109
https://doi.org/10.1039/C9AN01998G
https://www.ncbi.nlm.nih.gov/pubmed/31970360
https://doi.org/10.1016/j.aca.2008.05.022
https://doi.org/10.1016/j.bios.2021.113805
https://doi.org/10.1021/acs.analchem.9b02381
https://www.ncbi.nlm.nih.gov/pubmed/31331164
https://doi.org/10.3390/s16071071
https://doi.org/10.1038/s41598-020-80354-6
https://doi.org/10.3892/etm.2020.9342
https://doi.org/10.1109/TBCAS.2016.2560800
https://doi.org/10.1016/j.device.2024.100422
https://www.ncbi.nlm.nih.gov/pubmed/39678941
https://doi.org/10.1002/jbio.202400243
https://www.ncbi.nlm.nih.gov/pubmed/39442779
https://doi.org/10.3389/fbioe.2022.877193
https://doi.org/10.3390/biology12020232
https://doi.org/10.7314/APJCP.2014.15.11.4377
https://www.ncbi.nlm.nih.gov/pubmed/24969857
https://doi.org/10.1080/13547500802645905
https://doi.org/10.3390/ph19010013


Pharmaceuticals 2026, 19, 13 38 of 43

118. Kenet, A.; Mahadevan, E.; Elangovan, S.; Yan, J.; Siddiq, K.; Liu, S.; Ladwa, A.; Narayanan, R.; Dakkak, J.; Benassi, T.; et al.
Flexible piezoelectric sensor for real-time image-guided colonoscopies: A solution to endoscopic looping challenges in clinic.
In Proceedings of the SPIE, Medical Imaging 2020: Image-Guided Procedures, Robotic Interventions, and Modeling, Huston, TX,
USA, 16 March 2020. [CrossRef]

119. Kara, O.C.; Kim, H.; Xue, J.; Mohanraj, T.G.; Hirata, Y.; Ikoma, N.; Alambeigi, F. Design and Development of a Novel Soft and
Inflatable Tactile Sensing Balloon for Early Diagnosis of Colorectal Cancer Polyps. arXiv 2023, arXiv:2309.09651v1. Erratum
in IEEE Sens. J. 2024, 24, 26564–26573. https://doi.org/10.1109/jsen.2024.3423773. PMID: 37791107; PMCID: PMC10543017.
[CrossRef]

120. Chi, L.; Xu, C.; Li, S.; Wang, X.; Tang, D.; Xue, F. amplified QCM immunoassay for carcinoembryonic antigen with colorectal cancer
using horseradish peroxidase nanospheres and enzymatic biocatalytic precipitation. Analyst 2020, 145, 6111–6118. [CrossRef]

121. Jandas, P.J.; Luo, J.; Quan, A.; Li, C.; Fu, C.; Fu, Y.Q. Graphene oxide-Au nano particle coated quartz crystal microbalance
biosensor for the real time analysis of carcinoembryonic antigen. RSC Adv. 2020, 10, 4118–4128. [CrossRef]

122. Ma, D.; Zheng, S.R.; Fan, J.; Cai, S.L.; Dai, Z.; Zou, X.Y.; Teng, S.H.; Zhang, W.G. A new QCM signal enhancement strategy based
on streptavidin@metal-organic framework complex for miRNA detection. Anal. Chim. Acta 2020, 1095, 212–218. [CrossRef]

123. Rayleigh, L. On Waves Propagated along the Plane Surface of an Elastic Solid. Proc. Lond. Math. Soc. 1885, 1, 4–11. [CrossRef]
124. Tang, Z.; Wu, W.; Yang, P.; Luo, J.; Fu, C.; Han, J.-C.; Zhou, Y.; Wang, L.; Wu, Y.; Huang, Y. A review of surface acoustic wave

sensors: Mechanisms, stability and future prospects. Sens. Rev. 2024, 44, 249–266. [CrossRef]
125. Bergheim, J.; Semaan, A.; Gevensleben, H.; Groening, S.; Knoblich, A.; Dietrich, J.; Weber, J.; Kalff, J.C.; Bootz, F.; Kristiansen,

G.; et al. Potential of quantitative SEPT9 and SHOX2 methylation in plasmatic circulating cell-free DNA as auxiliary staging
parameter in colorectal cancer: A prospective observational cohort study. Br. J. Cancer 2018, 118, 1217–1228. [CrossRef] [PubMed]

126. Mandal, D.; Banerjee, S. Surface Acoustic Wave (SAW) Sensors: Physics, Materials, and Applications. Sensors 2022, 22, 820.
[CrossRef]

127. Hallil, H.; Omar-Aouled, N.; Plano, B.; Delépée, R.; Agrofoglio, L.A.; Dejous, C.; Rebière, D. Love Wave Sensor Based on Thin
Film Molecularly Imprinted Polymer: Study of VOCs Adsorption. J. Integr. Circuits Syst. 2014, 9, 118–122. [CrossRef]

128. Liu, J.; Li, S.; Bhethanabotla, V.R. Integrating Metal-Enhanced Fluorescence and Surface Acoustic Waves for Sensitive and Rapid
Quantification of Cancer Biomarkers from Real Matrices. ACS Sens. 2018, 3, 222–229. [CrossRef]

129. Poghossian, A.; Schöning, M.J. Capacitive Field-Effect EIS Chemical Sensors and Biosensors: A Status Report. Sensors 2020, 20,
5639. [CrossRef]

130. Pulikkathodi, A.K.; Sarangadharan, I.; Chen, Y.H.; Lee, G.Y.; Chyi, J.I.; Lee, G.B.; Wang, Y.L. Dynamic monitoring of trans-
membrane potential changes: A study of ion channels using an electrical double layer-gated FET biosensor. Lab. Chip 2018,
18, 1047–1056. [CrossRef]

131. Jeun, M.; Lee, H.J.; Park, S.; Do, E.J.; Choi, J.; Sung, Y.N.; Hong, S.M.; Kim, S.Y.; Kim, D.H.; Kang, J.Y.; et al. A Novel Blood-Based
Colorectal Cancer Diagnostic Technology Using Electrical Detection of Colon Cancer Secreted Protein-2. Adv. Sci. 2019, 6, 1802115.
[CrossRef]

132. Pan, T.-M.; Liao, P.-Y. High sensitivity and rapid detection of KRAS and BRAF gene mutations in colorectal cancer using YbTixOy
electrolyte-insulator-semiconductor biosensors. Mater. Today Chem. 2022, 25, 100979. [CrossRef]

133. Gogoi, P.; Kaur, G.; Singh, N.K. Nanotechnology for colorectal cancer detection and treatment. World J. Gastroenterol. 2022,
28, 6497–6511. [CrossRef]

134. Yaseen, F.; Khan, M.H.; Jilani, S.; Jafry, A.T.; Yaqub, A.; Ajab, H. Revolutionary Advances in Nanomaterial-Based Electrochemical
Biosensors for Precise Cancer Biomarker Analysis. Talanta Open 2025, 12, 100509. [CrossRef]

135. Tao, C.; Rouhi, J. A biosensor based on graphene oxide nanocomposite for determination of carcinoembryonic antigen in colorectal
cancer biomarker. Environ. Res. 2023, 238, 117113. [CrossRef]

136. Chen, Y.; Zhang, X.; Liu, Y.; Liu, Z.; Li, Z.; Chen, X.; Liu, J.; Chen, Z.; Mo, G.; Xia, Y.; et al. A Gold Nanoparticles and
MXene Nanocomposite Based Electrochemical Sensor for Point-of-Care Monitoring of Serum Biomarkers. ACS Nano 2025,
19, 16980–16994. [CrossRef] [PubMed]

137. Bergengren, O.; Pekala, K.R.; Matsoukas, K.; Fainberg, J.; Mungovan, S.F.; Bratt, O.; Bray, F.; Brawley, O.; Luckenbaugh, A.N.;
Mucci, L.; et al. 2022 Update on Prostate Cancer Epidemiology and Risk Factors—A Systematic Review. Eur. Urol. 2023, 84,
191–206. [CrossRef]

138. Zhang, X.; Chen, W.; Wan, S.; Qu, B.; Liao, F.; Cheng, D.; Zhang, Y.; Ding, Z.; Yang, Y.; Yuan, Q. Spatially Selective MicroRNA
Imaging in Human Colorectal Cancer Tissues Using a Multivariate-Gated Signal Amplification Nanosensor. J. Am. Chem. Soc.
2025, 147, 6679–6687. [CrossRef] [PubMed]

139. Zhai, F.; Yun, B.; Ming, J.; Yu, T.; Li, B.; Liu, X.; Wang, X.; Chen, Z.H.; Song, C.; Zhao, M.; et al. Non-Invasive Diagnosis of Early
Colorectal Cancerization via Amplified Sensing of MicroRNA-21 in NIR-II Window. Adv. Mater. 2025, 37, e2501378. [CrossRef]

140. Xia, Q.; Zheng, J.; Bu, J.; Li, R.; Li, X.; Fan, S.; Ling, K.; Jiang, H. Mn2+-modified black phosphorus nanosensor for detection of
exosomal microRNAs and exosomes. Microchim. Acta 2023, 190, 295. [CrossRef]

https://doi.org/10.3390/ph19010013

https://doi.org/10.1117/12.2548873
https://doi.org/10.1109/jsen.2024.3423773
https://doi.org/10.48550/arXiv.2309.09651
https://doi.org/10.1039/D0AN01399D
https://doi.org/10.1039/C9RA09963H
https://doi.org/10.1016/j.aca.2019.10.034
https://doi.org/10.1112/plms/s1-17.1.4
https://doi.org/10.1108/SR-02-2024-0165
https://doi.org/10.1038/s41416-018-0035-8
https://www.ncbi.nlm.nih.gov/pubmed/29610456
https://doi.org/10.3390/s22030820
https://doi.org/10.29292/jics.v9i2.397
https://doi.org/10.1021/acssensors.7b00876
https://doi.org/10.3390/s20195639
https://doi.org/10.1039/C7LC01305A
https://doi.org/10.1002/advs.201802115
https://doi.org/10.1016/j.mtchem.2022.100979
https://doi.org/10.3748/wjg.v28.i46.6497
https://doi.org/10.1016/j.talo.2025.100509
https://doi.org/10.1016/j.envres.2023.117113
https://doi.org/10.1021/acsnano.5c03194
https://www.ncbi.nlm.nih.gov/pubmed/40262058
https://doi.org/10.1016/j.eururo.2023.04.021
https://doi.org/10.1021/jacs.4c16001
https://www.ncbi.nlm.nih.gov/pubmed/39933117
https://doi.org/10.1002/adma.202501378
https://doi.org/10.1007/s00604-023-05880-2
https://doi.org/10.3390/ph19010013


Pharmaceuticals 2026, 19, 13 39 of 43

141. Ishwar, D.; Venkatakrishnan, K.; Tan, B.; Haldavnekar, R. DNA Methylation Signatures of Tumor-Associated Natural Killer Cells
with Self-Functionalized Nanosensor Enable Colorectal Cancer Diagnosis. Nano Lett. 2023, 23, 4142–4151. [CrossRef] [PubMed]

142. Luo, B.; Zhou, J.; Li, Z.; Song, J.; An, P.; Zhang, H.; Chen, Y.; Lan, F.; Ying, B.; Wu, Y. Ultrasensitive DNA Methylation Ratio
Detection Based on the Target-Induced Nanoparticle-Coupling and Site-Specific Base Oxidation Damage for Colorectal Cancer.
Anal. Chem. 2022, 94, 6261–6270. [CrossRef]

143. Hadian-Ghazvini, S.; Dashtestani, F.; Hakimian, F.; Ghourchian, H. An electrochemical genosensor for differentiation of fully
methylated from fully unmethylated states of BMP3 gene. Bioelectrochemistry 2021, 142, 107924. [CrossRef]

144. Holt, B.A.; Mac, Q.D.; Kwong, G.A. Nanosensors to Detect Protease Activity In Vivo for Noninvasive Diagnostics. J. Vis. Exp.
2018, 307, 57937. [CrossRef]

145. Van Heest, A.E.; Deng, F.; Zhao, R.T.; Harzallah, N.S.; Fleming, H.E.; Bhatia, S.N.; Hao, L. CRISPR-Cas-mediated Multianalyte
Synthetic Urine Biomarker Test for Portable Diagnostics. J. Vis. Exp. 2023, 202, e66189. [CrossRef]

146. Hao, L.; Rohani, N.; Zhao, R.T.; Pulver, E.M.; Mak, H.; Kelada, O.J.; Ko, H.; Fleming, H.E.; Gertler, F.B.; Bhatia, S.N.
Microenvironment-triggered multimodal precision diagnostics. Nat. Mater. 2021, 20, 1440–1448. [CrossRef]

147. Feng, S.; Zhang, P.; Chen, H.; Zhou, B.; Qin, Y.; Fan, T.; Sun, Q.; Chen, Y.; Jiang, Y. Au@Fe3O4 Nanoparticle-Based Colorimetric
Aptasensor for Noninvasive Screening of Colorectal Cancer via Detection of Parvimonas micra. ACS Sens. 2025, 10, 1053–1062.
[CrossRef] [PubMed]

148. Ding, D.; Han, S.; Zhang, H.; He, Y.; Li, Y. Predictive biomarkers of colorectal cancer. Comput. Biol. Chem. 2019, 83, 107106.
[CrossRef] [PubMed]

149. Pol,aka, I.; Mežmale, L.; Anarkulova, L.; Kononova, E.; Vilkoite, I.; Veliks, V.; L, eščinska, A.M.; Stonāns, I.; Pčolkins, A.; Tolmanis,
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