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ABSTRACT

Cancer is one of the leading causes of morbidity and
mortality worldwide. Early diagnosis and continuous
treatment monitoring plays a critical role in
improving patient survival and outcomes.
Conventional diagnostic approaches such as the
imaging techniques and tissue biopsy are invasive,
time-consuming, and limited in their ability to detect
malignancies at early or molecular stages. In recent
years, biosensor technology has emerged as a
promising alternative, offering rapid, sensitive, and
cost-effective platforms for the detection of cancer
biomarkers such as circulating tumour DNA
(ctDNA), microRNAs, tumour-associated proteins,
circulating tumour cells (CTCs), and exosomes. This
review provides a comprehensive overview of
biomarkers for cancer biomarker detection,
encompassing electrochemical, optical, piezoelectric,
and field-effect transistor (FET) based platforms. It
provides description about the biosensor applications
in major cancer types, including breast, lung,
prostate, and colorectal cancers along with a
comparative evaluation of key performance
parameters such as sensitivity, specificity, and limit
of detection. It explores the integration of biosensors
with liquid biopsy techniques, microfluidic and lab-
on-chip systems, and artificial intelligence for
multiplexed, real-time, and point-of-care diagnostics.
Along with the technological advances, challenges
related to reproducibility, biological matrix
interference, regulatory approval, and clinical
translation continue to hinder widespread adoption. It
also gives the detailed explanation of current
progress, limitations, and emerging trends in
biosensor development making their potential to
transform early cancer diagnosis and treatment
monitoring. Nanotechnology, bioengineering and
clinical oncology are essential to accelerate the
translation of biosensor platforms from laboratory
research into routine clinical practice.

KEYWORDS: Biomarker, Biosensor, Circulating
tumour DNA, Cancer

I. INTRODUCTION

Cancer remains one of the leading causes of
morbidity and mortality worldwide, accounting for
nearly 20 million new cases and approximately 10
million deaths annually. Early detection is widely
recognized as the most effective strategy for
improving survival rates, as localized tumours are far
more amenable to curative treatment than advanced
or metastatic disease. Conventional diagnostic
approaches, including imaging modalities (CT, MRI,
PET), histopathological examination of tissue
biopsies, and certain serological assays, often suffer
from limited sensitivity for early-stage or
asymptomatic cancers, invasiveness, high cost, and
impracticality for repeated screening or real-time
monitoring. These limitations underscore the urgent
need for alternative diagnostic platforms that are
rapid, sensitive, cost-effective, and minimally
invasive.

Cancer biomarkers including proteins (e.g.,
PSA, CEA, CA-125, HER2), circulating tumour
DNA (ctDNA), microRNAs, circulating tumour cells
(CTCs), and exosomes offer molecular signatures of
tumorigenesis that can be detected in accessible
biofluids such as blood, urine, or saliva. Liquid
biopsy strategies based on these markers provide a
systemic and dynamic view of tumour biology.
However, the extremely low abundance of many
biomarkers in early disease stages demands
analytical technologies with exceptional sensitivity
and specificity. Biosensors, which integrate highly
selective biorecognition elements such as the
antibodies, aptamers, nucleic acid probes, or enzymes
with physicochemical transducers like
electrochemical, optical, piezoelectric, or field-
effect, have emerged as powerful tools capable of
converting  biomarker-binding  events  into
quantifiable signals with limits of detection reaching
the femtomolar or even attomole range.

This review provides a comprehensive
overview of recent advances in biosensor
technologies for the detection of cancer biomarkers,
with particular emphasis on their application to early
diagnosis, prognostic stratification, treatment-
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response monitoring, and precision oncology. Key
biosensor platforms, nanomaterial enhancements,
multiplexing strategies, point-of-care formats are
discussed, alongside current challenges and future
perspectives for clinical translation.

II. BIOMARKERS

According to National Cancer Institute, a
biomarker is a biological molecule found in blood,
other body fluids, or tissues that is a sign of a normal
or abnormal process, or of a condition or disease.
Biomarker helps to check whether the body responds
to a treatment for a disease or condition. Also called
molecular marker and signature molecule

2.1 TYPES OF BIOMARKERS

The biomarkers used today in medicine and
research generally fall into several categories.
Molecular biomarkers, also called molecular markers
or biochemical markers, are one of the most common
types. These are often genes or proteins, such as
HER-2/neu in breast cancer. However, as we’ve seen,
physiologic processes such as blood pressure and
blood flow are also used as biomarkers, as are some
anatomic structures such as the size of a brain area.

2.1.1 MOLECULAR OR BIOCHEMICAL
BIOMARKERS

Molecular or biochemical markers are
biological molecules found in body fluids or tissues.
In cancer, molecular biomarkers are often genes or
gene products such as proteins. An example is
prostate specific antigen. Prostate specific antigen is
a protein produced by prostate cells that is normally
found in low levels in the blood of men. Increased
levels of prostate specific antigen are used as a
diagnostic biomarker for prostate cancer, although
high levels can also indicate inflammation of the
prostate or other conditions. Molecular biomarkers
are no longer confined to a single molecule. Instead,
they may consist of a panel of different biochemical
entities that together serve as a biomarker signature.

2.1.2 PHYSIOLOGIC BIOMARKERS
Physiologic biomarkers are those that have to do with
the functional processes in the body. Blood flow in
brain areas affected by stroke is being investigated as
a potential indicator of treatment. As imaging
techniques become more advanced, we are likely to
see an increase in the investigation and use of
physiologic biomarkers.

2.1.3 ANATOMIC BIOMARKERS

Anatomic biomarkers are those that have to do with
the structure of an organism and the relation of its
parts. Structure of various organs such as liver and
brain include anatomic biomarkers. For example, the
size of certain brain structures in relation to one
another is a biomarker for a movement disorder
known as Huntington disease. Anatomic biomarkers
were developed by the various imaging techniques.

2.2.1 DIFFERENT TYPES OF CANCER
BIOMARKERS

2.2 Cancer Biomarkers

Cancer biomarkers can include DNA, mRNA,
proteins, metabolites, or processes like apoptosis,
angiogenesis, or proliferation. These markers are
produced either by the tumour itself or by other
tissues in response to the presence of cancer or related
conditions, such as inflammation. Such biomarkers
can be found in various fluids, tissues, and cell lines.
An ideal tumour marker should be easy, reliable, and
cost-effective to measure using an assay with high
sensitivity and specificity. Additionally, the marker
should be present in detectable amounts during early
or preclinical stages, and its levels should accurately
reflect the tumour's size or severity. In reality, cancer
biomarkers are more than just indicators of the
disease; they play multiple roles in the battle against
cancer. Recent advancements in technology,
particularly in genomics and proteomics, have made
it easier to identify numerous biomarkers
simultaneously through high-throughput screening.
However, validating these biomarkers determining
their clinical significance and practical use remains a
significant challenge. Many questions still exist about
how new tests will be developed, assessed, and
incorporated into clinical practice.

A. PROTEIN BIOMARKERS

Protein biomarkers in cancer are proteins that can be
detected in the body and can indicate whether cancer
is present, how far it has progressed, and how it might
respond to treatment. These biomarkers are used in
various aspects of cancer management, including
screening, diagnosis, predicting disease outcome,
choosing the right treatment, and tracking the
recurrence of cancer or how well a treatment is
working. They can reflect different stages or
characteristics of cancer, such as early detection, how
aggressive a tumour is, its ability to spread, and how
it responds to therapy. In practice, these proteins are
often measured in samples taken from blood, urine,
saliva, or tissue because cancer cells can release them
into bodily fluids. Some commonly used examples
include PSA for prostate cancer, HER2 for breast
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cancer, AFP for liver cancer, CA-125 for ovarian
cancer, CEA for colorectal cancer, and EGFR for
non-small cell lung cancer. While these biomarkers
can aid in diagnosing cancer, they are also used to
direct targeted therapies and to monitor how the
disease is progressing. Protein biomarkers are
valuable because they can help detect cancer earlier

and make more personalized treatment decisions
compared to relying solely on imaging or symptoms.
However, many potential proteins have not yet
become standard clinical tests, as cancer is a complex
disease and developing reliable and specific
biomarker panels remains a challenge.

Protein Biomarker

Specific Cancer

CA-125 Ovarian cancer
CA19-9 Pancreatic cancer
EGFR Non-small cell lung cancer, colorectal cancer, head

and neck cancers

BCR-ABL fusion protein

Chronic myelogenous leukaemia

Cyclin D1 Breast cancer, prostate cancer, lymphoma
S100B Malignant melanoma
IL-6 Elevated in several cancers; prognostic marker, not
cancer-specific
IL-8 Early lung cancer biomarker
PSA Prostate cancer

CEA (Carcinoembryonic antigen)

Colorectal cancer, lung cancer, pancreatic cancer,
breast cancer

HER2

Breast cancer, gastric cancer

AFP (Alpha-fetoprotein)

Liver cancer / hepatocellular carcinoma, germ cell
tumours

B. NUCLEIC ACID BIOMARKERS

Nucleic acid biomarkers refer to changes in
DNA or RNA, such as mutations, copy number
variations, DNA methylation, circulating tumour
DNA, mRNA, and microRNA, that can be found in
tissues or bodily fluids. These biomarkers are used
for cancer screening, diagnosis, predicting disease
outcomes, selecting appropriate treatments, and
tracking the effectiveness of therapy over time. Since
they reflect specific genetic and epigenetic changes
associated with tumours, they are especially useful in

liquid biopsy methods. Liquid biopsy is a minimally
invasive approach that allows for monitoring tumour
levels and how well treatment is working. In cancer,
biomarkers like circulating tumour DNA,
microRNAs, and RNA fragments from tumours are
valuable because they can detect specific genetic
mutations, changes in gene activity, and signs of
disease returning, all from a simple blood sample.
They play a key role in early detection, predicting
patient outcomes, choosing the right treatment, and
assessing treatment response

Nucleic acid Biomarker Specific cancer
ctDNA with EGFR exon 19 deletion Non-small cell lung cancer
ctDNA Breast cancer, prostate cancer, pancreas cancer, colon cancer,
thyroid cancer, skin cancer
miR-141 Prostate cancer / ctDNA-associated monitoring
miRNA panels Gastrointestinal cancers, hematologic cancers, lung cancer,
prostate cancer, testicular cancer
miR-126 Metastatic colorectal cancer
miR-148a Recurrent platinum-resistant ovarian cancer

C. EPIGENETIC BIOMARKERS

Epigenetic biomarkers in cancer refer to
changes in how genes are regulated without changing
the actual DNA sequence. These changes mainly
involve DNA methylation, modifications to histones,

and non-coding RNA molecules like miRNAs and
IncRNAs. These biomarkers are significant because
they often occur early in the development of cancer,
can show how cancer is progressing and spreading,
and can be found in liquid biopsies such as blood,
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urine, stool, or sputum. In real-world applications,
epigenetic biomarkers assist in diagnosing cancer,
predicting its outcome, and determining the best

treatment approach. For example, methylation
markers like SEPT9 in colorectal cancer and MGMT
in brain tumours are used to guide clinical decisions.

EPIGENETIC BIOMARKER

SPECIFIC CANCER

SEPT9 promoter methylation

Colorectal cancer

GSTP1 promoter methylation

Prostate cancer

SHOX2 hypermethylation

Lung cancer

MGMT promoter methylation

Oligodendroglioma and oligoastrocytoma

HOXA9 and HIC1 methylation

Ovarian cancer

D. CELLULAR BIOMARKERS

Cellular biomarkers used in cancer include
circulating tumour cells (CTCs) and exosomes. These
are released by tumour into the blood and other
bodily fluids and can be used for non-invasive
diagnosis, prediction of disease progression, and
monitoring of treatment. CTCs are complete cancer
cells that provide information about whether the
tumour has spread and its ability to form new tumours
elsewhere. Exosomes are tiny vesicles that contain
DNA, RNA, proteins, and lipids, and they reflect the
molecular characteristics of the tumour cells they
originate from. Because they can be collected

multiple times and offer real-time insights into the
tumour's biology, they play a key role in liquid biopsy
methods used in precision cancer care. CTCs and
exosomes are particularly useful because they can
represent the diversity within a tumour better than a
single tissue sample, as they may show changes from
different parts of the tumour or even from metastatic
sites. In both research and clinical practice, they are
being increasingly studied for early cancer detection,
predicting how well a treatment will work, and
tracking the development of resistance, especially in
cancers such as lung, breast, colorectal, prostate, and
liver cancer.

EPIGENETIC BIOMARKER SPECIFIC CANCER
SEPT9 promoter methylation Colorectal cancer
MGMT promoter methylation Glioblastoma

GSTP1 methylation

Prostate cancer

SHOX2 methylation

Lung cancer

RB1 hypermethylation

Retinoblastoma

E. METABOLIC BIOMARKERS

Metabolic biomarkers are small molecules
that can be measured, such as glucose, lactate,
pyruvate, amino acids, lipids, and organic acids.
These markers indicate changes in metabolism that
occur in diseases, particularly cancer. In the field of
oncology, these biomarkers are valuable for
diagnosing cancer, predicting its progression,
monitoring treatment effectiveness, and
understanding how cancer cells alter their
metabolism. Cancer cells often exhibit changes in
their use of glucose, processing of amino acids, and
metabolism of lipids. Some examples include higher

levels of pyruvate in oesophageal and non-small cell
lung cancer, lactic acid in osteosarcoma, ceramides in
ovarian cancer, and glycocholic acid in colon cancer,
hepatocellular carcinoma, and pancreatic cancer.
These biomarkers are also useful for liquid biopsies
because they can be detected in bodily fluids like
blood, urine, and saliva. This makes them helpful for
cancer screening and tracking the disease without the
need for invasive procedures. The primary benefit of
metabolic biomarkers is that they reflect the actual
functioning of the tumour, allowing them to be used
alongside genetic, protein, and cellular biomarkers to
create a more comprehensive diagnostic approach.

METABOLIC BIOMARKER SPECIFIC CANCER
Glucose Kidney cancer, diffuse large lymphoma, prostate cancer
Pyruvate Oesophageal cancer, non-small cell lung cancer, prostate cancer

Lactic acid

Osteosarcoma, kidney cancer, prostate cancer, renal cell
carcinoma

Myoinositol

Prostate cancer, kidney cancer, lung cancer, pancreatic cancer,
renal cell carcinoma
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| Glutamic acid

| Cancer-associated metabolic change in serum/plasma |

III.  USES OF BIOMARKERS IN
CANCER

3.1 Risk assessment

The use of biomarkers in cancer medicine
can begin before any disease becomes noticeable.
Some genetic mutations can increase the chance of
eventually developing cancer. These biomarkers are
said to make someone more likely to get cancer.
Examples include the BRCA1 and BRCA2 genes.
Harmful changes in these genes can raise the risk of
breast and other cancers in both men and women.
People with these mutations may have more frequent
cancer screenings, which can help find cancer earlier
when it is easier to treat. In the future, drugs that stop
these mutations from causing cancer may be
available, making risk assessment biomarkers even
more useful.

3.2 Diagnosis

Biomarkers can also help in diagnosing
cancer. Although many cancers are diagnosed by
examining cells under a microscope, it can be hard to
tell where the cancer started, especially if it has
spread to multiple areas. Biomarkers may help with
this. For example, in the late 1990s, researchers at
Johns Hopkins wanted to know if a lung tumour was
the original cancer or a spread from another part of
the body. They compared the chromosome structure
of cells in the lung tumour and the original tumour.
They found similar changes in the chromosomes
when the lung tumour was a spread, and different
changes when it was not. Based on this, they used the
chromosome information to help determine the
diagnosis or the original type of tumour.

3.3 Prognosis

Another way biomarkers are used in cancer
medicine is for predicting the course of the disease
after a diagnosis. Prognosis refers to how the disease
might progress without treatment. Some cancers
grow quickly and others more slowly. Knowing this
can help guide treatment. If a biomarker can tell the
difference between fast-growing and slow-growing
cancers, patients with these different types may get
different treatments. Patients with slow-growing
cancers may avoid harsh treatments. An example is a
protein named tissue inhibitor of metalloprotease-1,
or TIMP-1. In a study at the University of Athens,
TIMP-1 levels in the blood were checked in 55
patients newly diagnosed with multiple myeloma, a
type of blood cancer. Lower levels of TIMP-1 were
linked to a better outlook, while higher levels were

linked to a worse one. More research is needed before
TIMP-1 can be used regularly for prognosis.
However, this study shows how researchers are
looking for biomarkers to help predict cancer
outcomes. If biomarkers can reliably distinguish
aggressive cancers from less aggressive ones,
treatment can be tailored accordingly. That means
patients with more aggressive cancers may need more
intense treatments.

3.4 Prediction of treatment response

Biomarkers can also help predict how well
someone will respond to treatment. Even cancers in
the same area can behave differently from person to
person, which affects how they react to treatment.
One example is the HER2/neu gene. HER2 stands for
human epidermal growth factor receptor 2. About
one in four breast cancers have too many copies of
this gene, which leads to too much HER2 protein.
Breast cancers with this feature may respond to
trastuzumab, a drug that stops the activity of the
HER2 protein. In contrast, trastuzumab is not
recommended for breast cancers without extra copies
of HER2/neu.

3.5 Pharmacokinetics or predicting drug doses

Pharmacokinetics, which is the study of how
a drug moves through the body. It involves looking at
how the drug is absorbed, distributed, broken down,
and removed. In cancer research, this usually means
studying how drug levels vary based on how the body
processes the drug. Because of differences in our
genes, some people process drugs differently. In
some cases, slower processing leads to higher drug
levels in the body, which can make the drug's effects
stronger and longer-lasting, and may cause more side
effects. If we know the genetic changes that lead to
slower drug processing, we can start with a lower
dose to reduce side effects.
3.6 Monitoring treatment response

Biomarkers can also be used to check if a
treatment is working. For example, the protein S100-
beta is used to track how the body responds to
malignant melanoma. Melanoma is a type of skin
cancer that affects melanocytes, which are the cells
responsible for producing the pigment that gives skin
its colour. Melanocytes produce a protein known as
S100-beta, which is present in higher concentrations
in the blood of individuals with a large number of
cancer cells. A positive response to treatment is
associated with decreased levels of S100-beta in the
blood of melanoma patients.
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3.7 Recurrence

Another application of biomarkers is to
predict or track the return of cancer. Oncotype DX®
is a test that helps determine the likelihood of breast
cancer coming back. This test is used for women with
early-stage (Stage I or II), node-negative, oestrogen
receptor-positive (ER+) invasive breast cancer who
are receiving hormone therapy. Oncotype DX®
examines the activity of 21 genes in cells taken from
a tumour biopsy. The results are provided as a
recurrence score, which indicates the probability of
cancer returning within 10 years. A higher score
suggests a greater chance of recurrence. This test can
also assist in predicting whether a patient might
benefit from chemotherapy. Oncotype DX® is
unique because it analyses a group of 21 genes rather
than a single gene or protein. However, not all
biomarkers used to predict recurrence are effective in
real-world situations. An example is CA 125, a
protein found in the blood that has been associated
with ovarian cancer. Elevated levels of CA 125 are
often seen before the return of symptoms in ovarian
cancer. It seems reasonable to think that individuals
without cancer symptoms but with high CA 125
levels might benefit from early treatment. However,
a study involving over 1000 patients with ovarian
cancer in remission did not support this idea. The
study found that patients who received early
treatment when CA 125 levels were high did not live
longer than those who began treatment when
symptoms of recurring cancer appeared. These
results led the researchers to conclude that CA 125 is
not a reliable marker for predicting the recurrence of
ovarian cancer.

IV.  BIOSENSORS FOR CANCER
DETECTION
4.1 BIOSENSORS ELECTROCHEMICAL
In essence, electrochemical sensors are
electrochemical transducers that translate ion or
chemical concentrations into electrical voltage
(potentiometric), electrical current (amperometric),

or electrical resistance/conductance
(conductometric). Electrochemical sensors become
electrochemical biosensors when they are combined
with bioreceptors (enzymes or antibodies). One well-
known example is the glucose biosensor used in the
treatment of diabetes, in which glucose oxidase
catalyses the oxidation of glucose and the subsequent
electron transfer is detected as current proportional to
glucose concentration. These devices are frequently
utilized in medical diagnostics, environmental
monitoring, food safety testing, and biodefense
applications because of their high sensitivity,
specificity, comparatively low cost, quick reaction
times, and potential for miniaturization and
portability.

Prostate-specific antigen (PSA) for prostate
cancer, carcinoembryonic antigen (CEA) for
colorectal and other cancers, CA-125 for ovarian
cancer, HER2 for breast cancer, and alpha-
fetoprotein (AFP) for liver cancer are examples of
cancer-specific biomarkers that are identified using
immunosensors, which use immobilized antibodies
on the electrode surface to selectively bind these
protein markers and produce a detectable
electrochemical signal proportional to their
concentration.  Beyond  protein  biomarkers,
electrochemical genosensors use complementary
DNA probes that hybridize with target sequences to
detect circulating tumour DNA  (ctDNA),
microRNAs, and specific gene mutations linked to
cancer. Aptamer-based sensors and those that
incorporate nanomaterials such as carbon nanotubes,
graphene, or gold nanoparticles further improve
sensitivity by amplifying the signal and making it
possible to detect circulating tumour cells (CTCs)
and exosomes from blood samples. Electrochemical
biosensors are becoming more and more useful for
point-of-care cancer screening, particularly in
settings with limited resources. These developments
support minimally invasive "liquid biopsy"
approaches, which enable clinicians to monitor
tumour progression, treatment response, and
recurrence  straightforward blood or saliva tests
instead of more invasive tissue biopsies.
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Blood [ serum [ saliva
L /
Contains biomarkj' (e.g. PSA, ctDNA)

p
Bioreceptor layer

Antibody, aptamer or DNA probe immabilized on electrode

Electrode transducer
Converts binding into electrical change

- /

Target binds selectively to receptor

Potentiostat
Measures current, voltage or impedance

- /

J

Signal readout
Proportional to biomarker level

4.2 OPTICAL BIOSENSORS

An optical biosensor is an analytical tool
that uses an optical transducer in conjunction with a
biological recognition element, such as an enzyme,
antibody, DNA probe, or aptamer, to identify a target
analyte by changes in light characteristics, such as
absorbance, fluorescence, luminescence, or
refractive index, as opposed to electrical signals.
Common detection principles include surface
plasmon resonance (SPR), which measures shifts in
refractive index near a metal surface as molecules
bind, fluorescence-based sensors, which detect light
emitted by labelled molecules, and colorimetric
sensors, which display visible colour changes. When

-
f

the target binds to the immobilized bioreceptor, it
causes a measurable optical change, which is then
captured and converted into a readable signal
proportional to analyte concentration. These
biosensors are highly regarded in medical diagnostics
including cancer biomarker and pathogen detection,
environmental monitoring, food safety testing, and
drug discovery research because of their high
sensitivity, capacity to detect extremely low analyte
concentrations, resistance to electromagnetic
interference, potential for label-free and real-time
detection, and suitability for miniaturization into
portable or wearable devices.

~ - Sensor surface ~ -
Light source Bioreceptors on chip Detector
LED or laser [ ] Measures light change
. _/ . _/
Analyte binds, shifting signal
L )
. ™
Signal processor
Converts shift into data
. J >y
e ™
Signal readout
Proportional to analyte level
. /
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4.3 IMMUNOSENSORS

An immunosensor is a kind of biosensor that
relies on the specific way antibodies bind to their
matching antigens as the key part for recognizing the
target substance. This binding process is then turned
into a measurable signal, such as an electrical or
optical reading, which relates to the amount of the
target substance present. In most immunosensors,
antibodies are attached to a special surface, such as
an electrode, optical fibre, or piezoelectric crystal.
When a sample containing the target antigen for
example, a virus, toxin, hormone, or cancer marker
flows over this surface, the antigen attaches
specifically to the antibody. This attachment causes a
detectable change, like an increase in mass, a shift in
charge, or a change in light properties, which the
sensor detects and converts into a measurable output.
Immunosensors are generally divided into two main
types: labelled and label free sensors use extra

Sample
Blood or serum

J

Antibody-antigen binding

Antibodies immobilized on tra nsdl{er

Transducer
Detects mass, charge or optical shift

4.3 APTASENSORS

An aptasensor is a kind of biosensor that
uses aptamers short, single-stranded DNA or RNA
molecules that are created in the lab to take on
specific three-dimensional shapes and attach to target
substances with strong affinity and precision as the
part of the sensor that recognizes the target. In most
cases, the aptamers are attached to a surface that
detects changes, such as an electrical, optical, or
piezoelectric device. When the target substance like
a protein, small molecule, toxin, cell, or even a full
pathogen binds to the aptamer, it changes the shape
of the aptamer or causes a shift in position, which
affects a measurable signal. The device then changes
this signal into an electrical or optical reading that
shows how much of the target substance is present.

markers, such as enzymes, fluorescent materials, or
radioactive substances, to make the signal stronger,
similar to how ELISA tests work. Label-free sensors,
on the other hand, detect the binding event directly
by measuring the physical changes it causes, as seen
in techniques like surface plasmon resonance or
impedance sensing. These sensors can also be
grouped based on how they convert the signal,
including electrochemical, optical, piezoelectric, or
thermometric methods. Because of the strong and
specific way antibodies bind to antigens,
immunosensors are very sensitive and selective, even
when analysing complex mixtures like blood or
serum. This makes them useful in many areas,
including medical testing for pregnancy, disease, and
cancer markers, checking food for harmful
substances, monitoring the environment, and
ensuring the quality of medicines.

Antigen binds to matching antibody

Signal processor
Amplifies and conwverts signal

]

Signal readout
Proportional to antigen level

\ }

Compared to sensors that use antibodies, aptasensors
have several benefits.

They can be made in a lab with high
consistency and less variation between batches. They
are also more stable and can work well across
different temperatures and pH levels. They can be
easily altered with additional chemicals or markers,
and they can be made to target substances that are
hard to use with antibodies, such as toxins or small
molecules. Because of their precision, stability, and
adaptability, aptasensors are now being used more in
areas like medical tests for cancer markers and
pathogens, checking food safety for toxins and
contaminants, monitoring the environment, and
testing drugs. Aptasensors are becoming important
tools in detecting cancer, offering high sensitivity and
accuracy for identifying cancer-related markers.
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They are commonly used to find proteins like PSA in
prostate cancer, CEA in colorectal cancer, HER2 and
MUCI in breast cancer, and AFP in liver cancer.
These aptamers are usually created through a process
called SELEX, which helps them attach to their
targets with almost the same strength as antibodies,
but with better stability and consistency. One
important use is detecting and capturing circulating
tumour cells (CTCs) from blood samples. Here,
aptamers that target markers on the surface of cells,
like EpCAM, are used in liquid biopsy systems to
find cancer cells even when they are present in very

s Y
Sample
Blood or serum
\\_ _J
- J
Aptamer binding layer
Aptamers immobilized on transducer
[ 4
N VN TN
A
' 7
Transducer
Detects conformational shift
. _/
4.5 NANOBIOSENSORS

A nanobiosensor is a type of biosensor that
uses nanomaterials, such as gold nanoparticles,
carbon nanotubes, graphene, quantum dots, magnetic
nanoparticles, or nanowires, in its components that
detect or measure signals. This integration
significantly improves the sensor's ability to detect
small amounts of substances, making it more
sensitive, selective, and effective compared to
traditional biosensors. These nanomaterials have a
very large surface area relative to their size, which
allows more biological molecules like antibodies,
aptamers, enzymes, or DNA probes to be attached to
the sensor surface. This increases the chances of
capturing the target molecules and results in a
stronger, more detectable signal, even at very low
concentrations, sometimes as low as femtomolar or
attomolar levels. Nanomaterials also provide unique
electrical, optical, and catalytic properties. For
example, gold nanoparticles improve electrical
conductivity and generate clear optical signals, which
are used in colorimetric and surface plasmon
resonance (SPR) sensors. Carbon nanotubes and
graphene help in faster and more accurate electrical
detection. Quantum dots offer bright and stable

low amounts. This helps with early detection,
tracking treatment effectiveness, and finding cancer
that has spread or come back. Aptasensors are also
being developed to detect cancer-related genetic
material such as microRNAs and circulating tumour
DNA. They are increasingly paired with materials
like gold nanoparticles, graphene oxide, and quantum
dots to make the signal stronger and to create very
sensitive, affordable, and easy-to-use devices for
cancer screening. These devices are especially useful
in areas where traditional methods like biopsies or
imaging are hard to access.

Target binds, folding aptamer around it

Signal processor
Amplifies and converts signal

]

Signal readout
Proportional to target level

\ }

fluorescence, making them useful for optical sensing.
Due to these improvements, nanobiosensors are
being increasingly used in various applications, such
as early cancer detection, analysing single molecules
or cells, diagnosing infectious diseases, including
viral infections, point-of-care testing, monitoring
environmental pollutants, and ensuring food safety.
They provide quicker results, are more portable, and
can detect biomarkers that conventional biosensors
might miss.

The development of nanobiosensors has
greatly improved cancer diagnostics by enabling the
detection of cancer biomarkers at extremely low
concentrations, helping identify cancer at an earlier,
more treatable stage than traditional methods.
Sensors that use gold nanoparticles are often used to
detect protein biomarkers like PSA, CEA, CA-125,
and HER2 by enhancing electrochemical or
colorimetric ~ signals. Carbon nanotubes and
graphene-based electrodes increase the sensitivity of
immunosensors and genosensors used to detect
circulating tumour DNA (ctDNA), microRNAs, and
specific genetic mutations directly from blood
samples. Quantum dot-based fluorescent
nanobiosensors allow for the detection of multiple
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cancer biomarkers or cancer cell types at the same
time, which is especially useful for identifying
different  cancer  subtypes and  planning
individualized treatments. Magnetic nanoparticle-
based platforms are also used to capture and isolate
rare circulating tumour cells (CTCs) and exosomes
from blood, which supports non-invasive monitoring

Sample
Blood or serum

]

Nanomaterial-modified surface
Bioreceptors on gold NPs, CNTs or graphene
. . [} .

e o o o
A
-~
Transducer
Detects amplified signal
-

4.6 FET BASED BIOSENSORS

A field-effect transistor (FET) based
biosensor, also known as a BioFET, is a type of
biosensor that uses a semiconductor transistor as the
transducer. Instead of a traditional metal gate
electrode, the gate region is coated with a biological
recognition element such as an antibody, aptamer, or
enzyme. When the target molecule binds to this
biological component, it causes a change in the
surface charge or electrical potential near the gate.
This change affects the conductivity of the
semiconductor channel between the source and drain
electrodes, resulting in a measurable shift in current
or threshold voltage. This shift is directly related to
the concentration of the target analyte. BioFETs,
which include types like silicon nanowire FETs,
carbon nanotube FETs, and graphene FETs, offer
several advantages such as label-free detection, real-
time monitoring, high sensitivity (detecting
concentrations as low as femtomolar or even single
molecules), quick response times, low power
requirements, and compatibility with standard
semiconductor manufacturing techniques. These
features make them ideal for use in small, portable
diagnostic tools.

of cancer progression, treatment effectiveness, and
early detection of cancer spread or recurrence. These
nanobiosensors are especially important in areas with
limited access to advanced medical imaging or tissue
biopsies, making them a valuable tool in precision
oncology.

Nanoparticles amplify binding signal

- 7
Signal processor
Converts and processes signal
- _J _/

Ultra-sensitive readout

In cancer diagnostics, FET-based biosensors
are utilized to detect protein biomarkers such as PSA,
CEA, CA-125, and HER2 directly from blood or
serum, using gate surfaces modified with antibodies
or aptamers. This allows for early detection without
the need for fluorescent or enzymatic markers. Silicon
nanowire and graphene FET biosensors are especially
useful for detecting circulating tumour DNA
(ctDNA) and cancer-related microRNAs at very low
concentrations. Even a single base pair mismatch in
DNA can produce a noticeable change in the
electrical signal, which helps identify specific genetic
mutations and cancer subtypes with high accuracy.
These biosensors are also employed to detect and
study circulating tumour cells (CTCs) and exosomes,
supporting applications in liquid biopsies for non-
invasive tracking of cancer development and
treatment effectiveness. Their compatibility with
CMOS fabrication technology enables the
development of compact, multiplexed lab-on-chip
devices that can simultaneously test multiple cancer
biomarkers. This makes FET-based biosensors a
promising option for fast, affordable, point-of-care
cancer diagnostics, especially in early detection and
in areas with limited resources.
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V. CHALLENGES

Although biosensors show great potential
for detecting cancer biomarkers, they still face major
obstacles before they can be widely used in clinical
settings. Biological samples such as blood, serum,
and saliva contain a vast number of proteins,
enzymes, and other molecules that can interfere with
sensor readings. These interfering substances can
lead to false positives or negatives by causing
nonspecific binding, which reduces the sensor's
ability to distinguish between relevant and irrelevant
signals. Many cancer biomarkers are present at very
low levels, especially in the early stages of the
disease, which requires a high level of sensitivity.
However, most sensors struggle to consistently detect
these low levels in real-world conditions outside of
controlled lab environments.

Reproducibility is another problem,
particularly with antibody-based sensors, as the
process of attaching biological recognition elements
to the sensor surface can vary between batches. This
makes it hard to ensure consistent performance across
different batches. Additionally, over time, these
biological components can degrade, leading to a
decline in sensor performance during storage or with
repeated use, which limits how long the sensors can
be stored and how often they can be used. Beyond the
technical challenges, moving biosensors from the lab
to real-world clinical use involves other hurdles.

Getting regulatory approval requires
thorough testing across many different patient groups
to show that the biosensors are reliable. This process
is time-consuming and expensive, especially for new

types of biosensors that use nanomaterials or can
detect multiple biomarkers at once. Manufacturing
biosensors on a large scale while keeping costs low
and ensuring consistent quality is also difficult,
particularly for devices designed for use in areas with
limited resources Implementing biosensors in clinical
settings also comes with other challenges, such as
integrating sensor data into existing healthcare
systems and making sure that the data can work with
electronic  health records. Training medical
professionals to properly interpret sensor results is
another practical issue that needs to be addressed.
Overcoming these technical, regulatory, and
logistical challenges is essential for biosensors to
have a real impact in clinical practice.
VI. FUTURE PROSPECTIVES
The future of cancer biosensing is likely to
be driven by combining different methods for
recognizing and detecting biomarkers, which will
help overcome the limitations of using a single
method. Multi-functional biosensor platforms that
can detect several biomarkers at the same time—such
as proteins, nucleic acids, and circulating tumour
cells on a single device—will boost diagnostic
accuracy and allow for more complete cancer
profiles, supporting personalized treatment options.
New developments in nanomaterials, like
engineered two-dimensional materials, metal-organic
frameworks, and innovative quantum dot
technologies, are expected to further lower detection
limits and improve the stability and consistency of
biosensors. Incorporating artificial intelligence and
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machine learning into biosensors will also help
improve their ability to pick out important signals
from background noise, making the diagnostic results
more reliable.

Looking forward, wearable and implantable
biosensors that can continuously monitor cancer
biomarkers in real time may revolutionize cancer
treatment by allowing doctors to track how tumors
change and respond to therapy without the need for
repeated invasive testing. When paired with
smartphone readers and cloud-based connectivity,
these biosensors could greatly improve access to
cancer diagnostics in areas with limited resources,
promoting  global health equity. Sustained
collaboration  between  scientists, engineers,
clinicians, and regulatory authorities will be crucial
in moving biosensor technologies from the lab to
approved, affordable clinical tools. Liquid biopsy-
based biosensors are expected to play an increasingly
important role in non-invasive cancer screening,
early diagnosis, and tracking treatment effectiveness
in the years to come.

VII. CONCLUSION

Biosensor technologies have become
powerful tools in the battle against cancer, offering
fast, sensitive, and often label-free detection of
various biomarkers, including proteins, nucleic acids,
circulating tumour cells, and exosomes.

Different types of biosensors—such as
electrochemical, optical, immuno-, aptamer-, nano-,
and field-effect transistor-based sensors—each have
unique strengths in sensitivity, accuracy, and
flexibility, enabling earlier cancer diagnosis, more
accurate treatment monitoring, and non-invasive
liquid biopsy techniques that reduce the need for
traditional tissue biopsies and imaging. Although
challenges like sensitivity in complex biological
samples, reliable reproducibility, regulatory
approval, and cost-effective mass production still
exist, ongoing progress in  nanomaterials,
multiplexing abilities, and Al integration is helping
to tackle these problems. As research continues to
bring lab-developed biosensors closer to real-world
clinical use, biosensor-based diagnostic tools hold
significant promise for improving global cancer
outcomes. These tools can support earlier diagnosis,
personalized treatment strategies, and accessible
point-of-care testing in both well-equipped and
resource-limited healthcare environments.
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