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INTRODUCTION

Cancer remains one of the most significant global health
challenges, with early detection playing a crucial role in improving
patient prognosis and treatment outcomes. Traditional diagnostic
techniques for cancer often rely on imaging, biopsy, or blood-based
biomarkers, which may not always offer the sensitivity, specificity,
or non-invasive nature required for optimal early detection. Recent
advancements in cancer biomarker discovery have highlighted
extracellular vesicles (EVs) as potential candidates for early-stage
cancer diagnostics. EVs, which include exosomes, microvesicles, and
apoptotic bodies, are membrane-bound structures secreted by cells
and carry a cargo of proteins, lipids, nucleic acids, and metabolites
that reflect the molecular characteristics of their parent cells. Due to
their ability to circulate in bodily fluids like blood, urine, and saliva,
EVs offer an ideal platform for non-invasive cancer diagnostics. To
take full advantage of EVs as cancer biomarkers, highly sensitive
and specific detection methods are required. Traditional techniques
for EV detection, such as flow cytometry and western blotting,
are often cumbersome, time-consuming, and lack the sensitivity
needed for early-stage detection. Nanotechnology offers innovative
solutions through the development of nanostructured biosensors
that can detect EVs at extremely low concentrations, providing a
more effective and efficient approach for cancer diagnostics. This
article explores the potential of nanostructured biosensors for the
detection of extracellular vesicles as cancer biomarkers, focusing on
the mechanisms, advantages, challenges, and future directions of
this promising diagnostic tool [1].

MECHANISMS OF NANOSTRUCTURED
BIOSENSORS FOR EV DETECTION

Nanostructured biosensors leverage the unique properties of
nanomaterials, such as their high surface area, biocompatibility, and
the ability to functionalize their surfaces with specific recognition
elements. These properties enable the design of highly sensitive
and selective sensors for detecting target biomolecules, including
EVs, which are typically present in very low concentrations in
biological fluids. The detection of EVs using nanostructured

biosensors typically involves the use of surface-functionalized
nanoparticles or nanomaterials to capture and identify EVs. A
common approach is to functionalize the surface of nanoparticles,
such as gold nanoparticles (AuNPs), carbon nanotubes (CNTs), or
magnetic nanoparticles (MNPs), with specific ligands, antibodies,
or aptamers that bind to proteins or surface markers present on the
EVs. These surface markers, such as tetraspanins (CD63, CD81) or
integrins, are often overexpressed on the surface of cancer-derived
EVs, making them suitable targets for biosensor-based detection
[2]. Once EVs bind to the functionalized nanostructures, the
biosensor detects changes in the nanomaterial’s properties, which
can be translated into a detectable signal. For example, changes in
the optical properties of gold nanoparticles (e.g., localized surface
plasmon resonance) can be used to detect the presence of EVs.
Similarly, magnetic nanoparticles can be used in conjunction
with magnetism-based detection methods, where the binding of
EVs alters the magnetic properties of the nanoparticles, allowing
for quantification. Other techniques, such as electrochemical or
piezoelectric sensors, take advantage of the changes in electrical
conductivity or mechanical properties caused by EV binding [3].
Nanostructured biosensors also enable highly sensitive detection
due to their ability to amplify the signal from small numbers of
EVs. This amplification can be achieved through the use of
nanomaterials that enhance the interaction between EVs and the
recognition elements, or by employing strategies such as enzymatic
amplification or signal cascades. The high surface area and small
size of the nanomaterials allow for a greater number of EVs to be
captured, resulting in stronger and more reliable signals, even in
complex biological samples [4].

ADVANTAGES OF NANOSTRUCTURED
BIOSENSORS FOR EV DETECTION

The use of nanostructured biosensors for EV detection offers several
significant advantages over conventional diagnostic methods. One
of the most notable benefits is their sensitivity. Nanostructured
materials have a high surface area-to-volume ratio, which increases
the likelihood of interactions between the biosensor and EVs.
This allows for the detection of even low-abundance biomarkers,
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such as EVs, with higher precision and at earlier stages of cancer.
This level of sensitivity is particularly crucial for detecting cancers
before symptoms appear or when the tumor is still small, offering
an opportunity for early intervention. Another advantage is the
potential for non-invasive and realtime monitoring of cancer
progression. As EVs can be isolated from easily accessible bodily
fluids, such as blood, urine, and saliva, the use of nanostructured
biosensors for EV detection enables less invasive sampling
compared to traditional tissue biopsies. This makes it possible
to monitor disease progression, track treatment response, and
detect relapses in a less invasive and more convenient manner for
patients [5]. Nanostructured biosensors are also versatile and can
be adapted for use in various detection platforms. For example,
optical sensors, electrochemical sensors, and magnetic resonance
sensors can all benefit from the integration of nanomaterials,
depending on the specific application. This flexibility allows for
the development of tailored biosensor systems that meet the needs
of different clinical and research settings. The high specificity of
nanostructured biosensors for EVs is another key advantage [6]. The
ability to functionalize the surface of nanoparticles with antibodies
or aptamers targeting specific surface markers on cancer-derived
EVs ensures that only relevant EVs are captured and detected. This
reduces the potential for false positives and enhances the accuracy
of the diagnostic tool. Furthermore, nanoparticles can be designed
to selectively capture and differentiate between cancerous and non-
cancerous EVs, further improving the specificity of the detection
system.

CHALLENGES AND LIMITATIONS

While nanostructured biosensors offer great potential for the
detection of EVs as cancer biomarkers, several challenges must be
addressed to realize their full clinical potential. One significant
challenge is the complexity of biological samples. Bodily fluids
such as blood contain a variety of molecules, including proteins,
nucleic acids, and other extracellular vesicles, which can interfere
with the detection of target EVs. The ability of nanostructured
biosensors to selectively capture cancer-derived EVs in the presence
of these other components requires the careful optimization of the
recognition elements and sensor design to minimize nonspecific
binding and ensure accurate results [7]. Another challenge is the
standardization of EV isolation and characterization methods. The
lack of universally accepted protocols for EV isolation means that
the purity and concentration of EVs can vary between samples,
which may affect the reliability and reproducibility of biosensor-
based detection. The development of standardized methods for EV
isolation and pre-concentration is essential to ensure consistent
results across different samples and platforms. Additionally,
although nanostructured biosensors offer excellent sensitivity, they
can sometimes suffer from issues related to signal stability and
reproducibility. The binding of EVs to nanoparticles can lead to
variations in the signal over time, particularly in complex biological
environments where multiple interactions may occur. Therefore,
the development of more robust and reliable detection platforms
that maintain signal consistency is a critical area for further research

(8].
FUTURE DIRECTIONS

The potential for nanostructured biosensors in the detection of EVs
as cancer biomarkers is vast, and ongoing research is focused on
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overcoming the current challenges to improve their clinical utility.
Future research efforts should focus on optimizing sensor designs,
improving sensitivity, and developing more specific recognition
elements to capture rare and low-abundance EVs. The integration
of nanostructured biosensors with other diagnostic technologies,
such as microfluidics and multiplexed detection systems, may allow
for even more comprehensive and efficient cancer detection [9].
Additionally, advances in nanomaterial chemistry and surface
engineering will allow for the design of nanoparticles that are more
stable, biocompatible, and capable of interacting with a wider range
of biomarkers. Personalized cancer diagnostics could also benefit
from the ability of nanostructured biosensors to differentiate
between various subtypes of cancer, based on the specific profile of
EV surface markers [10].

CONCLUSION

In conclusion, nanostructured biosensors represent a highly
promising and innovative tool for the detection of extracellular
vesicles as cancer biomarkers. By leveraging the unique properties
of nanomaterials, these biosensors offer the potential for highly
sensitive, specific, and non-invasive cancer diagnostics. With
continued advancements in nanotechnology and biosensor design,
these systems could play a crucial role in early cancer detection,

monitoring treatment response, and enabling personalized
medicine strategies in the near future.
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