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The field of healthcare monitoring continuously strives to find new and better ways of improving health-
care access and advancing the accuracy and precision of diagnostic and treatment approaches. To add to
its challenges, the modern and fast-paced lifestyle now presents the need for even more sensitive,
specific, and rapid methods of continuous healthcare monitoring technology that can generate real-time
information. The integration of cutting-edge nanotechnology in health care with its unique and versatile
properties has brought a technological revolution in the way disease detection, management, and treat-
ment are approached, finding applications from early-stage disease detection to real-time physiological
parameter monitoring. The unique physical and chemical properties of nanoparticles provide a basic
structural framework on which successive chemical and biological detection systems can be built. This
characteristic of nanoparticles provided healthcare researchers with opportunities to create nanoparticle-
based nanosensors, nanomedicine, bioimaging, point-of-care, and other such devices. Here we provide a
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comprehensive review of the development and advancement of nanosensors in healthcare monitoring,
its types, applications, and future prospects, and highlight the development and challenges faced in the
field. The review also sheds light on the all-encompassing nature of nanotechnology, in terms of compat-
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1. Introduction

Nanosensors are devices that can identify and react to physical,
chemical, or biological events on a nanoscale and they are trans-
forming the healthcare industry with their remarkable accuracy
and effectiveness. These sensors—comprising biosensors,
chemical sensors, and physical sensors—trace their origins back
to the early developments in nanotechnology and materials
science around the early 2000s. The initial efforts concentrated
on creating materials capable of engaging with molecular inter-
actions, resulting in remarkably sensitive tools that can detect
subtle fluctuations in biological indicators and environmental
factors. The ongoing trend of miniaturization and improved
functionality of these sensors has been fuelled by crucial
research and significant technological advancements, allowing
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them to conduct intricate analyses that were not possible with
traditional sensors. In the realm of healthcare, nanosensors are
essential for the early detection of diseases, constant monitoring
of health status, and tailored medical treatments, offering
immediate data for prompt medical responses. Their uses span
from tracking glucose levels in diabetes care and identifying
cancer biomarkers to assessing cardiovascular health and moni-
toring infectious diseases. This adaptability and ability to
provide swift and precise results position nanosensors as a fun-
damental element of contemporary medical technology, facilitat-
ing more agile and effective healthcare solutions.

The rapid growth of the nanosensor field in healthcare is evi-
denced by the increasing number of publications over the years.
The upward trend reflects the expanding applications and rising
popularity of nanosensors, driven by their adaptable design and
ability to be modified to meet the evolving needs of the scientific
and healthcare industries. The key milestones in the develop-
ment and deployment of nanosensors are increased biocompat-
ibility, biodegradability, and exceptional adsorption properties,
which make them highly effective in various health monitoring
applications. As the field progresses, nanosensors continue to
gain traction for their versatility, opening new avenues for
advanced, real-time health monitoring and diagnostics.
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Nanosensors, which are engineered at the scale of nano-
meters, have now emerged as one of the transformative tools
in the healthcare sector due to their strong ability to detect
biochemical, physiological, and molecular changes with excep-
tional specificity and sensitivity." These devices are supported
by advanced nanomaterials like carbon nanotubes, graphene,
quantum dots, and metal nanoparticles, which help in con-
structing compact platforms that are capable of performing
real-time biomarker detection and environment monitoring.
Because of their miniaturised nature, they integrate into point-
of-care (POC) diagnostic devices, wearable systems, and
implantable biosensors, which offer significant advantages in
early disease detection and personalised treatment.

Recent advancements have helped in integrating nanosen-
sors into healthcare solutions, including chronic and infec-
tious conditions like cardiovascular diseases, tuberculosis,
and diabetes. Moreover, their uses go beyond human health,
which includes applications like agricultural pathogen moni-
toring, pharmaceutical research, and therapeutic drug delivery.
These vast applications are driven by the demand for portable,
non-invasive, and highly responsive technologies that can
perform rapid diagnostics and patient-centric care. Their
success also includes innovation in fabrication techniques,
nanomaterials selection, sensor designing, wireless data trans-
mission, etc., which are essential for seamless real-time moni-
toring in clinical and remote environments.

In this paper, we present a comprehensive review of nano-
sensor technologies and their implementation and extension
in health monitoring, mainly emphasizing applications in
POC devices, wearable systems, and disease diagnostics. We
have explored some transformative tools like materials and
methods used for sensor fabrication, miniaturization strat-
egies, power supply innovations, and wireless communication
protocols, which contribute to the performance of nanosen-
sors. Furthermore, we have taken a glance at real-world appli-
cations in cardiovascular monitoring, tuberculosis diagnosis,
glucose sensing, infection tracking in plants, and even devel-
opment in the pharmaceutical sector through nano-medicines.
Our aim is to provide a holistic perspective on how nanosen-
sors can shape the future of healthcare technologies. Even
after considerable progress and a wide range of uses for nano-
sensors in healthcare, several research gaps persist that indi-
cate areas needing further investigation and enhancement. A
key lies in the connection of nanosensors with user-friendly,
non-invasive devices intended for continuous, real-time health
monitoring, as most of the existing systems are either intrusive
or require sophisticated equipment. Moreover, although there
is extensive research on the sensitivity and specificity of nano-
sensors, further investigation is necessary to assess their long-
term stability and reproducibility in various biological con-
texts. Another significant gap pertains to the standardization
and regulation of nanosensor technology to guarantee consist-
ent performance and safety across various applications and
patient demographics. Additionally, many related studies
underscore the necessity for improved data processing and
analysis methods to manage the substantial amounts of data
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generated by nanosensors. This includes creating advanced
machine learning and artificial intelligence techniques to
accurately interpret sensor outputs and yield actionable
insights. Lastly, ethical and privacy issues related to the wide-
spread use of nanosensors in health monitoring warrant atten-
tion, as highlighted in numerous studies. These issues encom-
pass the secure management of sensitive health information
and the preservation of patient confidentiality in a progress-
ively interconnected healthcare landscape. By addressing these
research gaps, future investigations can improve the practical-
ity, reliability, and acceptance of nanosensors in health moni-
toring, ultimately aiding in the development of more efficient
and personalized healthcare solutions.

The numerous discoveries in nanotechnology initially
sparked interest in integrating it with other fields, such as
healthcare and environmental monitoring. This focus has
since led to the miniaturization of nanotechnology, enhancing
its adaptability and performance.

2. Methodology

In order to objectively assess the current status of nanosensor
research and its applications in therapeutic monitoring, diag-
nostics, and healthcare, this study uses a systematic literature
review methodology for a thorough coverage and analysis of
existing academic literature and relevant applications of nano-
sensors in the field of healthcare.

The main objective of this review is to summarize and
report developments in nanosensor technology in the field of
health care in context. The following research questions serve
as the main objectives for the review:

1. Which nanosensor classes and processes are most fre-
quently investigated for use in healthcare applications?

2. To explore how nanosensors have been applied to drug
administration, physiological monitoring, and diagnosis.

3. To summarize the main drawbacks, obstacles to trans-
lation, and potential paths forward in healthcare enabled by
nanosensors?

2.1. Method of search

A thorough search was carried out following the PRISMA cri-
teria. We conducted searches across the databases such as
PubMed, ScienceDirect, and independent journals. Only
papers released between 2014 and 2024 were included in the
searches. Combinations of the following keywords were used
to identify 400 initial records in total:

Key words: “biosensors”, “nanosensors”, “nanotechnology”,
“biosensors”, “nanomaterial” and “healthcare”. Secondary
words include “drug delivery”, “disease detection”, “point-of-
care diagnostics”, “real-time monitoring”, “biomedical equip-
ment”, and “diagnostics”.

Criteria for inclusion and exclusion: Peer-reviewed publi-
cations and thorough evaluations, English-language studies
that explain or assess the use of nanosensors in biomedicine
or clinical settings were the criteria for inclusion. Criteria for

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00125k

Open Access Article. Published on 25 June 2025. Downloaded on 11/23/2025 3:25:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

exclusion were publications in languages other than English,
articles that addressed non-medical applications (such as food
safety, environmental sensing etc.).

Titles and abstracts were used to filter the first 400 articles.
A total of 147 papers were chosen for full-text review after elim-
inating duplicates and irrelevant research. Following that, 68
papers that satisfied all requirements and provided compre-
hensive and detailed literature of nanotechnology developed
and applied in healthcare were used for the final draft.

The approach of classification of nanosensors used here is
based on their signal transduction mechanisms (e.g., optical,
electrochemical, mechanical, magnetic, and biological) and
healthcare application areas (e.g., diagnostics, monitoring, and
drug delivery). This structured framework facilitates:

- Identification of research gaps: by segmenting nanosen-
sor types and their respective uses.

- Tracking technological trends: categorization allows for
analysis of which nanosensor types are mostly used, revealing
patterns in innovation and adoption over time across different
diseases and clinical needs.

« Application-oriented design insight: grouping nanosen-
sors by type aids researchers and developers in aligning device
selection with the demands of specific applications.

« Facilitation of interdisciplinary collaboration: the classifi-
cation helps bridge the gap between nanotechnologists, clini-
cians, and biomedical engineers by offering a common
language and functional mapping of technology to medical
utility.

To enhance analytical clarity, nanosensors here are categor-
ized based on their signal transduction mechanisms (e.g.,
optical, electrochemical, magnetic, and biological) in the over-
view section and application domains (e.g., diagnostics, moni-
toring, and drug delivery) covering their applicability in health-
care. This structured classification allows for better compari-
sons between sensing mechanisms and helps identify which
technologies are better suited for specific clinical contexts. It
also supports systematic mapping of research trends and tech-
nological maturity across categories, ensuring a more compre-
hensive review.

3. Nanosensors: an overview

There is a plethora of grounds on which nanosensors are
defined and distinguished based on the need and utility of the
scenario; they can be defined and categorized by their con-
stituent materials, their target sites, dimensionality, detection
analytes, and the signals they use to transmit information.
Each basis of categorization has its own specialties and
domain of use. However, in the general and broad terms of
use, nanosensors are categorized either based on signal pro-
duction or by the different methods they employ for signal
transduction.” These include electrical, biological, magnetic,
optical, and mechanical transduction properties of the sensor
upon interaction with the target analyte. The primary cat-
egories of nanosensors based on signal production or by the
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different methods they employ for the signal transduction cat-
egorization approach are: -

3.1. Optical nanosensors

Optical nanosensors essentially detect changes in optical pro-
perties, such as absorbance, fluorescence, and refractive index,
of the interacting molecules in response to target element
binding. The method by which an optical nanosensor ident-
ifies the specific substance or stimulus is dependent on the
choice of the nanomaterial, its interaction with the target, and
how these interactions result in detectable changes in the
sensor’s characteristics. Some of these common optical nano-
sensors’ working principles that are utilized in the field of
healthcare monitoring are: -

3.1.1. Surface plasmon resonance (SPR). Surface plasmon
resonance (SPR) sensors rely on surface plasmons, which are
oscillations of free electrons at the surface of metal nano-
particles (typically gold or silver), excited by light. Binding with
the target analyte causes a change in the refractive index near
the metal surface.>™

3.1.2. Fluorescent nanosensors. Fluorescent nanosensors
use nanomaterials (such as quantum dots) that emit light
upon excitation. The presence of target analytes can increase
or decrease the fluorescence, indicating the presence and, in
some cases, the concentration of the analyte."™

3.1.3. Raman scattering sensors. Raman scattering sensors
make use of the inelastic scattering of light by molecules; the
scattered light has a different wavelength than the incident
light. The shift in wavelength (Raman shift) is used to intercept
information about molecular vibrations and composition.>™

The versatility of optical nanosensors lies in their effective-
ness and convenient optimization to increase their sensitivity
and selectivity to several biological analytes, because of which
optical nanosensors have found applications in various fields,
including health and environmental monitoring. Traditional
instrumental methods for disease detection and monitoring,
though powerful, are often time-consuming, labour-intensive,
and expensive. Optical nanosensors work as promising
alternatives or complementary tools and offer rapid, con-
venient, effective, and less costly solutions. Revolutionizing the
approach of disease detection and monitoring.

3.2. Electrochemical nanosensors

Electrochemical techniques are surface techniques that are
advantageous for the recognition of the bio-analytes present
due to their standout advantages,® e.g., profound selectivity,
high sensitivity, rapid response, repeatability, low volume of
sample requirement, cost-effectiveness, user-friendliness, port-
ability, etc. Electrochemical nanosensors detect changes in
electrical properties (current, voltage, and impedance) due to
chemical reactions at the sensor surface.”

In electrochemical sensing techniques, recognition of the
biological metabolites followed by analysis of the targeted ana-
Iytes is generally carried out via different electrochemical
sensing modes, which show the variation in electrical signals
at the working electrode, followed by transduction of the con-
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centration of the targeted analyte into readable signals.® Based
on the mechanism of detection of analyte at the surface of the
sensor, electrochemical nanosensors may be of two types.

3.2.1. Enzymatic electrochemical sensors. They depend on
specific enzymes that catalyse reactions with the target ana-
lytes. The enzymatic reaction between the immobilized biore-
ceptor on the sensor with the targeted bio-analyte leads to the
production or consumption of electrons, which leads to
changes in the electrical properties of the sensor.®

3.2.2. Non-enzymatic electrochemical sensors. Enzymatic
sensors, although sensitive, pose several complications. To
overcome these complications, non-enzymatic electrochemical
nanosensors were developed. They rely on direct interactions
between the target analyte and the sensor (nanomaterial)
surface. These interactions induce changes in electrical pro-
perties, without the need for a biological catalyst.

To acquire more stability, sensitivity, selectivity, simplicity,
etc., the electrodes of non-enzymatic sensors are chemically
modified using various types of nanomaterials, as nano-
materials have the capability to highly enhance the electro-
catalytic properties of sensors. Some examples are carbon-
based nanomaterials (e.g., CNT, carbon quantum dots, gra-
phene, etc.), conducting polymer nanostructures (polyaniline
and polypyrrole), and noble metals (e.g., Au, Pt, etc.).?

Electrochemical nanosensors are currently an intensive
topic of research and development for diverse fields of health-
care, including but not limited to medical diagnostics (e.g.
glucose, lactate, and urea monitoring), detection of disease
biomarkers and pathogens, drug monitoring and pharmacoki-
netics, and integration with wearable POC devices for continu-
ous health monitoring.

3.3. Biological nanosensors (biosensors)

Principle: biological nanosensors are the integration of nano-
technology with biological molecules (DNA, enzymes, and anti-
bodies) that specifically interact with target biological entities,
resulting in the production of reaction-specific analytes, which
are then converted into detectable signals.” When a biological
recognition component is immobilized on an electrochemical
cell’s electrode, it is called a biosensor.>> An electrical signal
is produced when the biological sample interacts with the bio-
logical recognition site of the biosensor.®

These nanosensors are essentially the hybridization of
specific biological molecules with other types of nanosensors,
such as optical, electrochemical, mechanical, etc., designed
with a narrow and specific goal. They are categorized based on
the type of biological recognition element used, the detection
mechanism, and the specific applications they are designed
for primary categories are:

3.3.1. DNA-based nanosensors. These sensors utilize a
DNA probe to detect complementary DNA or RNA sequences
through hybridization.*"°

3.3.2. Aptamer-based nanosensors. Aptamers are synthetic
oligonucleotides or peptides that bind to specific target mole-
cules with high affinity and specificity. Aptamers are immobi-
lized on the sensor surface and, upon binding, change their
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conformation, which is detected through various transduction
methods.>*"*?

3.3.3. Enzyme-based nanosensors. These sensors use
enzymes as their biological recognition elements to catalyse
specific biochemical reactions with the target analyte.
Immobilized enzymes on the sensor surface react with the
target analyte, producing a product that generates a measur-
able signal.®'?

3.3.4. Immunosensors. Immunosensors use antigen-anti-
body reactions where the immobilized antibodies act as reco-
gnition elements and bind specifically to antigens (target
molecules), producing a measurable signal.’

3.3.5. Cell-based nanosensors. Cell-based sensors use
living cell cultures as the recognition element to detect
changes in cellular behaviour or metabolism in response to
target analytes, which can be chemical or physical stimuli.’

These specialized sensors find applications in various
domains of healthcare, such as medical diagnostics (patho-
gens, genetic mutations, biomarkers detection, and cancer
therapy),’® environmental monitoring (microbial contami-
nation), and food safety (contaminants and pathogens). Many
of these find use in rapid testing of viruses and toxins and
monitoring of metabolic diseases.”

3.4. Magnetic nanosensors

Principle: magnetic nanosensors operate based on the detec-
tion of changes in magnetic properties or the detection of
magnetic fields caused by the interactions of magnetic nano-
particles with target analytes. These changes can be in the
form of magnetic field strength, magnetic susceptibility, mag-
netoresistance, or other magnetic parameters. Magnetic nano-
sensors allow for the measurement of various physical charac-
teristics. Common physical effects utilized by magnetic
sensors include the Hall effect, giant magnetoresistance
(GMR), tunnel magnetoresistance (TMR), anisotropic magne-
toresistance (AMR), giant magnetoimpedance (GMI), and mag-
netic tunnel junctions (MTJs)."*

Magnetic nanosensors are mainly categorized based on
their detection mechanisms and the type of magnetic nano-
materials used. The primary categories are: -

3.4.1. Magneto-resistive nanosensors. Magneto-resistive
nanosensors work by detecting changes in electrical resistance
due to an applied magnetic field. Giant magnetoresistance
(GMR)" and tunnel magnetoresistance (TMR)'* are the two
most common types. Typically used in biosensors for detecting
magnetic particles labelled with biomolecules.

3.4.2. Magnetic nanoparticle-based sensors. Magnetic
nanoparticles (MNPs) are integrated with recognition elements
such as antibodies, enzymes, etc., to specifically bind to target
analytes. The presence of the analyte is detected through
changes in the magnetic properties of the nanoparticles.
Superparamagnetic nanoparticles are considered optimal for
these.*

3.4.3. Magnetic field sensors. These sensors detect
changes in magnetic fields, from external sources or generated
by magnetic nanoparticles interacting with the target analytes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Their work is usually based on the Hall effect or magneto-
optical sensing.'

Magnetic nanosensors find various applications in bio-
imaging, such as MRL,'® data storage (in continuous health
care monitoring), targeted drug delivery, and targeted disease
monitoring and treatment.

3.5. Mechanical nanosensors

Mechanical nanoparticles detect changes in forces, mass, or
motion through nanoscale structures that change mechanical
properties (resonance frequency and deflection) in response to
stimuli. Mechanical nanoparticles measure the changes in
mechanical forces at the molecular level.'® The main advan-
tage of these sensors is that they are sensitive to mass. This
property to measure the mass makes them versatile since
nearly anything has a mass. But mechanical nanosensors face
a major obstacle in fluid phases due to viscous damping,
which critically reduces the sensitivity of the sensor.

The changes in the mechanical properties are transduced
through a variety of methods, such as electrical, optical, piezo-
electric, etc. Based on the methods of transduction, mechani-
cal sensors are broadly categorised into the following cat-
egories: -

3.5.1. Cantilever-based sensors. Cantilever-based sensors
use nano-cantilevers that bend or resonate in response to the
adsorption of target molecules, resulting in measurable
changes in resonance frequency.?

3.5.2. Resonant sensors. Resonant sensors utilise struc-
tures that resonate at specific frequencies. The resonance fre-
quency changes when mass is added or removed from the
sensor surface, allowing ultrasensitive mass detection.>!”

3.5.3. Nanowire and nanotube sensors. The nanowires and
nanotubes deform under mechanical stress, leading to
changes in electrical properties such as resistance or capaci-
tance, which can be measured to detect the presence of
analytes.

3.5.4. Piezoelectric sensors. Piezoelectric sensors use
piezoelectric materials and the presence of an analyte causes
mechanical deformation of the piezoelectric material, which
in turn generates a measurable electrical charge."”

Mechanical nanosensors are comparatively less focused on
in terms of healthcare monitoring and have even less impact
and applications as compared to their alternatives, but does
have the potential to for a larger impact on further develop-
ment and optimisation for applied usage in the healthcare
sector. Currently, it has uses in molecular interaction detec-
tion,'® precise mass measurements, and mechanical sensors
in MEMS.

3.6. Applications of nanosensors in drug delivery, point-of-
care (POC) devices and wearable systems

“A POC system is a portable device (Fig. 1) used for the analysis
and detection of disease outside a traditional laboratory”.'®
POC devices are essentially the integration of existing or new-
found diagnostic techniques with microscale technologies to
develop devices capable of producing accurate results with
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minimum human intervention or effort. The use of nano-
technology in these systems significantly reduces the duration
of diagnosis and minimises human errors. The advancement
in nanosensors has resulted in the creation of portable, flex-
ible, and wearable devices for point-of-care diagnostics and
continuous health monitoring.'®

Wearable sensor devices have become fairly common and
appreciated among the current society for their portability and
non-invasive nature, suitable for self-monitoring of certain
health and physical parameters such as heart rate, blood
pressure, physical activity, etc.'® Innovations in the field of arti-
ficial intelligence and enhanced machine learning algorithms
have substantially reduced the diagnostic period of certain dis-
eases and demonstrated a remarkable improvement in the
prognosis and treatment approaches as seen in Fig. 1, leading
to the evolution of a completely new field of “digital health-
care” which is the result of the amalgamation of nanosensors,
software, and digital devices for efficient and sustainable
health systems.

Point-of-care (POC) and wearable devices can play a crucial
role in significantly reducing the mortality rates for various
fatal diseases through early symptom detection and accurate
diagnosis without the need for time-consuming testing pro-
cesses and expensive lab setups.'®

Innovations in nanosensor technology have now also made
targeted drug delivery possible through nanomaterials.>* They
play a crucial role in creating smart drug delivery systems that
can enhance efficiency and specificity and minimise risks and
side effects in various disease management, such as cancer’?
and cardiovascular theranostics.>>>* The use of nanomaterials
allows for stimulus-controlled and hyper-sensitive drug deliv-
ery. Nanosensors are already being used for targeted and con-
trolled drug delivery in cancer, cardiovascular diseases, and
diabetes management.

Each type of nanosensor mentioned here has its unique
advantages and limitations, providing researchers with a range
of options for developing personalised and targeted health
care and biosensing® solutions which have the capability of
revolutionizing disease detection, treatment, management,
and aftercare.®

4. Applications of nanosensors in
health monitoring

4.1. Early cancer detection

According to WHO, cancer is one of the leading causes of
death worldwide, accounting for almost one out of every six
deaths.”” As of 2020, nearly 10 million people died primarily
due to cancer. If detected at early stages, most types of cancer
can be cured through adequate treatment procedures, and an
individual may return to their normal life. To improve the
quality of life and its expectancy, a more cost-effective, fast,
and accurate routine blood screening method should be
devised for early cancer detection and diagnosis.”® Also, the
present technologies like PET, CT, and MRI may detect the
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Fig. 1 Schematic illustration of the POC-based data collection, analysis by Al & ML, and EHR shared through IOT for smart hospital application.2°
Reproduced from an open-access article with permission from the Royal Society of Chemistry. Originally published under a CC BY license.

disease only after the physiological changes begin in the body,
which might be too late for the individual, along with high
cost and poor spatial resolution. This is where the knowledge
of nanosensors can be applied. Highly selective nanomaterials
can be incorporated to create selective and sensitive nanosen-
sors that can detect the presence of biomarkers, tumour cells
circulating in the blood vessels, early release of exosomes or
other tumour-derived vesicles by tumour cells in blood, and
help in early diagnosis of cancer.

Tumour biomarkers are entities ranging from genes and
nucleic acids to proteins, sugars, or other metabolites which
depict the person’s biological or pathological state, in the bio-
logical fluids (i.e., saliva, urine, serum, etc.)>* Another method to
gain information regarding the pathological state is the detec-
tion of CTCs. Some of the dividing cancer cells enter the blood
or lymphatic systems, providing a valuable means of information
on the presence of tumours. They are most often found in
patients with metastatic cancer. The exosomes (40-100 nm in
diameter) are present in both normal and affected cells. The exo-
somes derived from the tumour cells contain bioactive materials
packed in vesicles on reaching distant tissues through blood,
transferring the bioactive molecules, changing the properties of
normal healthy cells, and providing perfect conditions for meta-
static cancer cell growth.>* Low amounts of CTCs or exosomes
are found in the bloodstream; hence, highly selective and sensi-
tive sensors are required to detect their presence and help in the
early detection of cancer.

There have been significant advancements in the develop-
ment of sensors made of nanomaterials for highly sensitive
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detection of specific target molecules for early diagnosis of
cancer. The unmatched, flexible physical and chemical pro-
perties of certain nanoparticles, such as large area-to-volume
ratio, fluorescence and absorption, high electrical conduc-
tivity, etc., make them great tools for biosensing. As discussed
earlier, the identification of tumour biomarkers and the detec-
tion of CTCs or exosomes derived from tumours can help in
the early diagnosis of the disease as well as monitoring it.
Nanosensors can help achieve significant amplification of
various signals and can also be used to isolate and concentrate
the target analyte, which in turn helps to estimate the analyte’s
quantity in the body. Hence, the unique properties of nanosen-
sors should be exploited to improve the already existing
technologies. The nanoparticles offer high selectivity, sensi-
tivity, quicker response, and portability and are easy to use,
hence making them a good potential material for designing
real-time Point-of-Care (POC) devices. Table 1 lists some nano-
particles and their unique features, which can be incorporated
into developing nanosensors for early cancer detection.

4.2. Monitoring cardiovascular diseases

The heart consists of a variety of cells — endothelial, connec-
tive, or smooth cells. Malfunctioning in any of these cells or
tissues can lead to cardiovascular diseases (CVD). Tobacco and
alcohol consumption, obesity, high blood glucose levels,
unhealthy lifestyles, and genetic factors are the major reasons
for CVDs. Depending on the risk and severity of the CVD,
there are different treatment methods, but all aim to improve

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Some popular nanoparticles with potential for biomedical
applications

Special features for biomedical

Nanomaterial application Ref.
Colloidal fluorescent and Strong response to incident 31
plasmonic NPs light helps in the detection and
quantification of the target
analyte.
Gold nanoparticles (AuNPs) Excellent signal transduction- 32

the target analyte modulates

the NP’s optical properties,
confirming its presence.
Biocompatibility, lower toxicity, 33
high chemical stability, and
luminescence properties offer

great potential in biomedical
applications.

Carbon Quantum Dots
(CQDs) instead of intrinsically
toxic semiconductor QDs
based on heavy metals such
as CdS, CdSe, PbSe, Ag,S.

the blood supply or reduce pressure on cardiac walls and
prevent rupture of capillaries.

The current methods of diagnosis of CVDs include MRI,
X-ray, computed tomography (CT), ECG, and echocardiogra-
phy. The current treatment methods are not specific to dis-
eases and may lead to organ toxicity. Along with that, conven-
tional diagnosis techniques lack precision and are not as
efficient in early diagnosis due to the heterogeneity of cardio-
vascular diseases. Here, nanosensors can prove to be very
useful. Development in diagnosis and bioimaging using nano-
sensors has significantly improved the detection of biomarkers
and proteins in CVDs. Disease-specific molecule like specific
integrins expressed by atherosclerotic plaques, can be targeted
by nanosensors for detection. Pressure biosensors utilise self-
oriented nanocrystals to detect pressure changes in cardio-
vascular walls. Also, in vitro programmable bio-nanochips can
be used as Point-of-Care (POC) testing methods.>*

4.3. Diagnosing tuberculosis

Tuberculosis is one of the most widespread infectious diseases
in the world. Primarily caused by Mycobacterium tuberculosis, it
affects the pulmonary organs, i.e. lungs and central nervous
system, leading to meningitis. Nanomaterials are now being
extensively used to detect the presence of analytes such as
glucose, biomarkers, and microorganisms for the diagnosis of
several diseases, including tuberculosis. To ensure better
selectivity and higher sensitivity for tuberculosis, nano-
materials have been incorporated into electrochemical and
optical sensors. Ag nanoparticles (AgNPs), AuNPs, Cadmium
Telluride Quantum Dots (CdTe QDs), and Nickel Oxide (NiO)
NPs are some of the nanomaterials used in the optical sensing
of tuberculosis. The strategy of sensing tuberculosis incorpor-
ates physical phenomena like SERS (Surface-enhanced Raman
Spectroscopy), SPR (Surface Plasmon Resonance), and fluo-
rescence emission.>”

4.4. Glucose monitoring among diabetes patients

Diabetes is one of the most common diseases in the world,
with approximately 537 million adults affected as of 2021, as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggested by the 2021 report by the IDF Diabetes Atlas.’® As
diabetes is the most widespread disease worldwide after
cancer, its diagnosis plays a vital role in deciding effective
treatment methods for its cure.’” Serious cases of diabetes
may also lead to cardiovascular diseases and blindness. The
patients affected by the disease require continuous monitoring
of their blood glucose levels and keeping them minimum to
lead a healthy life.®

Mainly two approaches are made for glucose level monitor-
ing through nanotechnology- firstly, modification of the
sensor designs by incorporating nanomaterials to improve
their catalytic activity, and secondly, creating injectable or
implantable nano-sized glucose sensors with longer lifetime
and higher accuracy compared to traditional sensors. David
et al. reported that sensors made of enzyme-loaded chitosan-
poly (styrene sulfonate) in a self-assembled layer-by-layer struc-
ture can utilise acid-base functionalized carbon nanomaterials
as electrical bridges and help in the detection of glucose.*®
Also, silver nanoflower-reduced graphene oxide composites
can potentially be used for developing micro disk electrodes
for biosensors to detect the presence of insulin in serum
samples of the patient.*°

4.5. Monitoring infections and pathogens in plants

Not just humans and other animals, but plants also suffer
from several diseases due to environmental stress or infection
by pathogens. Such diseases can negatively impact the health
of crops and decrease the yield, affecting the food supply. Even
though there are remote sensing instruments meant to detect
stress in plants, they are not as effective in preventing crop
damage as they rely on external environmental conditions or
measure stress only after the plant’s health has started to
deteriorate. Nanosensor-powered electronic health devices are
emerging candidates for early, real-time stress detection and
monitoring tools for plant health. Accumulation of H,0, is a
sign of stress in plants and has been reported in most plant
stresses, like light stress, salinity, heat stress, and pathogenic
infection. Single-walled carbon nanotubes (SWCNTs) are
promising materials for making H,0, detection nanosensors.
Wu et al. designed near-infrared (NIR) fluorescent SWCNTs
and interfaced them with Arabidopsis thaliana leaves to
monitor H,0, levels, as they are a key indicator in detecting
plant stress. They developed the nIR fluorescent SWCNTs with
a DNA aptamer that binds to hemin (HeAptDNA-SWCNT),
allowing remote monitoring of plant health and stress caused
by environmental factors or pathogens.*’

4.6. Therapeutic drug monitoring

Therapeutic drug monitoring refers to the monitoring of the
effects of a drug concentration over time for efficiently mana-
ging a safe drug dosage for an individual. Therapeutic drug
monitoring usually takes blood samples to test the effect of
the drug, though more non-invasive methods are being devel-
oped using other biological fluids like saliva and interstitial
fluid. It is a necessary step following organ transplantation.
During transplantation, the organ recipient’s immune system
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may reject the organ, considering it a foreign object; therefore,
a specific dosage of an immunosuppressant drug must be
given to the patient to suppress the immune response and
make the transplantation successful. In such cases, nanosen-
sors are an essential tool.**

4.7. Pharmaceutical applications and nanomedicine

Nanomedicine is a multidisciplinary branch of medicine invol-
ving biology, chemistry, engineering, and biotechnology,
which helps in the regeneration and repair of biological
systems at the cellular level. Through nanomedicine, repair-
able cells are repaired one by one, while the cells that cannot
be repaired undergo apoptosis. Gene therapy utilises nano-
particle systems to deliver a target mechanism to a specific
cell. The nanoparticles are delivered to the intracellular target
through cleavable shells. The biosensors control the amount
of gene therapy in a cell by activating the control switches for
the therapeutic gene sequence in the concerned cell. The gene
expression is controlled by these biosensors. When an issue is
detected by the biosensor in the cell, it triggers the gene deliv-
ery system, and when the issue is resolved, the biosensor halts
the process. Green Fluorescent Protein (GFP) reporter
sequences have been successful in gene delivery. The field of
nanomedicine is still in its initial growth stages, but it can
prove to be a new age of medicine with nano-biosensors
playing a key role in the future.*?

4.8. Current market landscape and comparison of
nanosensors in healthcare

The market of nanosensors has grown significantly, both
financially and economically around the entire world, with it’s
current estimate between $637 million and $700 million.
Experts predict that by 2032, the estimated worth of the
market will be around $2.37 billion to $3.1 billion.”* In recent
years, flexible sensors have become more popular than tra-
ditional sensors which are naturally stiff and hard. When tra-
ditional sensors are developed to be flexible and stretchy, they
acquire a more extensive range of applications.** Application
of nano-sensors in healthcare is continuously evolving, with
new functions and increasing efficiency for disease detection
and body function monitoring. Recent surveys of the market
show that healthcare professionals and companies prefer
electrochemical  nanosensors above other choices.
Electrochemical nanosensors thus account for over 25% of the
market share.”® Nanosensors operate at the molecular level
inside the body and are now actively integrated into various
medical applications. By analyzing their use across different
domains in medicine, nanosensors in medicine can be cate-
gorized based on their specific applications, such as electro-
chemical nanosensors for detecting biomarkers in blood,
optical nanosensors for imaging and diagnostics, and mag-
netic nanosensors used in targeted drug delivery. This func-
tional classification helps us in understanding the diverse
roles these sensors play in enhancing precision, speed, and
sensitivity in healthcare diagnostics and treatment in present
times.**
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Advancements in improved and enhanced material for
sensing and nano-fabrication, using the Internet of Things
(IoT) to monitor real time changes, and using artificial intel-
ligence and machine learning to analyze nanosensor data
are important innovations that are making nanosensors
better and more useful thereby expanding the nanosensor
market.*> To develop these advancements North America
has positioned itself as a significant investor particularly in
the integration of nanosensors with IOT, closely followed by
Europe.*?

5. Technology and mechanisms
behind nanosensors

5.1. Materials and methods used for nanosensor fabrication

Recent years have seen the rapid progress of nanotechnology
leading to revolutionary breakthroughs in the design, manu-
facture, and applications of nanosensors. Nanomaterials can
be classified by dimension as shown in Fig. 2, morphology as
shown in Fig. 3 and the type of material used.

Nanomaterials like carbon nanotubes, graphene, nano-
wires, nanocomposites, and quantum dots are significant in
the creation of nanosensors for wearable health monitoring.*®

Metals like nickel and copper, metal oxides like zinc oxide
and ferric oxide, and semiconductors like silicon and gallium
nitride are commonly used materials in making nanowires
used for the fabrication of nanosensors.*” To fabricate nano-
wire-based sensors, a variety of growth methods and design
factors are used. A popular method for creating nanowires is
the vapor-liquid-solid (VLS) method. Nanowires with the
desired sizes, orientations, and crystal structures can be made
using the VLS technique, as it allows controlled growth of
nanowires. This mechanism uses a foreign element catalytic
agent (FECA), which is a nanocluster made of metal atoms for
the nucleation of nanowires.”® For nanowire fabrication,
growth methods like electrodeposition and molecular beam
epitaxy are also employed. Using these methods, one can pre-
cisely control the diameter, length, and doping concentration
of nanowires.*

Graphene, a single atomic plane of graphite, is ideal for the
fabrication of sensitive nanosensors and biosensors due to its
advantageous physical and electrochemical properties like
large surface area, electrical conductivity, high electron trans-
fer rate etc.’® Graphene synthesis techniques can be roughly
divided into two main categories: top-down (destruction) Fig. 4
and bottom-up (construction) as shown in Fig. 5.*° The top-
down method involves exfoliating graphite or its derivatives to
create nano-sized graphene sheets. Mechanical exfoliation,
liquid phase exfoliation, arc discharge, and oxidative exfolia-
tion-reduction are common exfoliating methods. In the
bottom-up technique, graphene and its derivatives are formed
using carbon precursors other than graphite. These nano-scale
structures are formed by controlled deposition of materials
using methods like chemical vapor deposition (CVD), sub-
strate-free gas-phase synthesis, and epitaxial growth (Fig. 6).*”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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With their simple chemical makeup and atomic bonding
configuration, carbon nanotubes (CNTs) are among the best
examples of nanomaterials. Despite their simple composition,
they might have the greatest structural and property diversity
of all nanomaterials.”> CNTs are derived from rolled graphene
planes and exist as single-walled carbon nanotube (SWCNT) or
multi-walled carbon nanotube (MWCNT) structures, where the
former is composed of a single cylindrical carbon layer, and
the latter is composed of multiple co-axial cylindrical layers.>

In recent years, carbon nanotube fabrication has been done
by various methods like arc discharge, laser ablation, chemical
vapor deposition (CVD), and plasma-enhanced CVD
(PECVD).>* Which of the two systems is better at this point is
unclear: while MWCNTs have a larger surface that enables
more effective internal encapsulation and external functionali-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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zation, SWCNTs have an extra photoluminescence feature that
could be effectively employed in diagnostics.>” In the medical
field, a great deal of research is being done to create novel
CNT biomaterials that can be used for disease diagnosis and
treatment. For instance, the use of CNTs in drug delivery
systems (DDSs) for cancer treatment, hyperthermia manage-
ment, and in vivo imaging is still being studied.’

Due to their optoelectronic properties—strong Stokes
shifts, high fluorescence quantum yields, minimal photo-
bleaching, and confined emission bands—quantum dots
(QDs) as a nanomaterial have also attracted a great deal of
attention.”> The striking variations in optical absorbance,
exciton energies, and electron-hole pair recombination at
varying particle sizes are the most intriguing features of QDs.
Because these QDs’ characteristics’ intrinsic qualities depend

RSC Pharm., 2025, 2,1003-1018 | 10T
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Fig. 3 Schematic of nanoparticles by dimensionality with examples: OD (nanoparticles), 1D (nanorods), 2D (films), and 3D nanocomposites, where
synergistic properties emerge from distinct materials combined at the nanoscale. Reproduced from an open access article, ref. 44 with permission

from the Royal Society of Chemistry, 2024.

on a variety of parameters, including size, shape, defect, impu-
rities, and crystallinity, using them requires a high degree of
control during their synthesis.>® The design of pH-sensitive
QDs with organic ligands is made possible by QDs and has
great promise for a range of analytical uses, particularly in the
creation of luminous chemo-sensors and analyte-induced vari-
ations in quantum dot photoluminescence for ion sensing is
also an active subject of study.>®

5.2. Sensor design and characteristics

There is a vast array of nanosensors with different nano-
materials available, each with unique designs and character-
istics. One such characteristic is the high surface-to-volume
ratio that nanomaterials, especially graphene, display, which
directly correlates with the increased sensitivity of sensors
based on them. More binding sites are available due to the
larger surface area, which improves the detection capabilities
of the nano-sensors.*® Biochemical signals can be converted
into detectable electrical signals through effective electron
transfer made possible by the electrical conductivity of nano-
materials like nanotubes and quantum dots. Optical character-
istics in quantum dot-based sensors identify changes in light

1012 | RSC Pharm., 2025, 2,1003-1018

absorption or emission and can be used to detect and quantify
analytes using optical sensing techniques. All these properties
of nanomaterials combine to enhance the sensitivity and per-
formance of nanosensors. This increased sensitivity allows for
the identification of minute and subtle changes in biomarker
concentrations that may point to the existence of medical dis-
eases, which shows great promise for early illness detection.””
A material property that changes with temperature is the basis
for how temperature sensors work. These could be attributes
of light, volume, or resistance. The property of interest fluctu-
response to the surrounding
temperature.’®

Although there is currently minimal review of the accuracy

ates in variations in

of the materials used in wearable health sensors, a variety of
materials have been used for the detection of various health
parameters. The statistical difference between recorded and
actual data defines this accuracy. Furthermore, because the
human body temperature fluctuates very little, wearable
sensors need to be mechanically flexible and biocompatible in
addition to having excellent precision, sensitivity, and resolu-
tion.”® Since the sensors must maintain sustained contact
with the body for lengthy periods of time, it is crucial to select

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Nanomaterials with different morphologies: (a) silica nanoparticles, (b) Au decorated ZnO rods, (c) MWCNTSs, (d) 1D carbon nanofibers, (e)
graphene oxide nanosheets, and (f) Ni crossed nanowires. Reproduced from open access article ref. 44 with permission from the Royal Society of

Chemistry, 2024.

nanomaterials that exhibit great biocompatibility in order to
guarantee that the sensors can interact with biological systems
without producing adverse reactions or injury to the human
body. Highly biocompatible nanomaterials are those with low
immunological reactions and negligible cytotoxic conse-
quences.”” The sensor’s sustainable life is also determined by
its durability. Flexibility qualities are now restricted to sub-
strate materials and sensitive components. Adding external
packaging to the flexible device can help increase longevity by
limiting physical damage and exposure of the inner com-
ponents.®® Multiplexing is another remarkable property of
nanomaterial-based sensors, enabling them to detect several
biomolecules at once. The functionalization of the sensors
with receptors or ligands that bind to certain target bio-
molecules selectively allows for the achievement of this capa-
bility. Through the integration of these receptors or ligands,
the sensors are able to concurrently record and measure mul-
tiple physiological indicators, offering all-encompassing
health monitoring.”” Humidity sensing nano-devices can be
easily attached under the nose of an individual and measure
respiration-related signals such as temperature, humidity,
and airflow rate, which can be correlated with respiratory
diseases.”®

The working of nanosensors is dependent on changes in
physiological or mechanical conditions. The detection of
carbon nanotube-based sensors is dependent on sensing pro-
cesses such as humidity, temperature, and the piezoresistive
effect.*® Flexible force-sensitive sensors may translate mechan-
ical inputs, such as tension, pressure, torque, vibration, stress,
and strain, among others, into electrical parameters using a
number of representative sensing techniques.®°

© 2025 The Author(s). Published by the Royal Society of Chemistry

5.3. Miniaturization and integration with wearable devices
The light weight design and compact dimensions of wearable
nano-sensors allow for easy integration with wearable devices.
Furthermore, the high sensitivity, quick response, and multi-
parameter detection capabilities of nanosensors enable
thorough monitoring.” These sensors can be manufactured at
micro- or even nano-scale sizes, which makes them exceedingly
small and flexible, allowing for easy integration into a variety of
wearable gadgets, including fitness trackers, smartwatches, and
biomedical patches.”® The wearable device’s aesthetics are
improved by this shrinking, which also guarantees that the
sensors will not impede daily activities or create discomfort
after extended use. Because of their flexibility, the nano-
materials utilized in these sensors can create a tight, conformal
contact with the skin by adapting to its contours. For measure-
ments to be precise and trustworthy, this conformal contact is
necessary. The resistance and endurance of the sensor are other
benefits of the flexibility of nanoparticles. The sensors’ long-
term performance and dependability are ensured by the flexible
nature of nanomaterials, which enables them to bear these
mechanical forces without suffering damage.>” The indicators
that need to be found in a health evaluation by wearable
sensors attached to the human body fall into the following cat-
egories: vital signs: heart rate, pulse, blood pressure, breathing,
etc.; bodily movements: hands, arms, knees, etc.®" The interior
health of the human body have also been monitored via
implantable sensors in a recent study. Implantable sensors are
often smaller, more biocompatible, and biodegradable than
wearable ones. Implantable electronics are more often used for
adjuvant therapy and physiological parameter monitoring.®
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Fig. 5 Graphene lines-based flexible transistor/hydroxypropyl cellulose (HPC) photonic thin film with a hexagonal nanopillar structure: (a) a sche-
matic of the fabrication of the Cytop/Si mold; (b) simple procedures for transferring graphene lines from the Cytop/Si mold to the polyethylene tere-
phthalate (PET) flexible substrate; (c) an image of flexible electrolyte-gated transistor (EGT) arrays, the magnified picture shows the composition of
each transistor; (d and e) the transfer and output characteristics of the graphene electrodes. Reproduced from ref. 51with permission from ACS
Nano, 2017. (f) Images of an HPC photonic crystal (top) and its mechanical flexibility with a free-standing property of the design (bottom); (g) sche-
matics of two fabrication processes to make HPC photonic films-hot embossing and replica molding methods. The blue-coloured slide indicates
the glass substrate, the green one for HPC, and the brown one for hard polydimethylsiloxane (h-PDMS); (h) special hexagonal nanopillar images
obtained by scanning electron microscopy (SEM) in the lateral view. Paper substrates are used to imprint the predesigned nanopattern. Reproduced

from ref. 51 with permission from Springer Nature, 2018.

5.4. Wireless communication and data transmission

In the realm of wearable health monitoring, the combination
of wireless communication with sensors based on nano-
materials has proven to be a crucial breakthrough. The seam-
less transfer of data to phones and other portable devices is
made possible by this connection. A flexible electronic board
manages the raw data gathered from sensors and oversees
directing sensor functioning and sending data in real-time.*>
Monitoring of vital signs, biomarkers, and other physiological

1014 | RSC Pharm., 2025, 2,1003-1018

indicators can be done continuously due to the immediate
data transmission capability. People can obtain quick insights
into their health status due to this real-time feedback.”” An
effective connection and communication infrastructure are
necessary to gather and process data from the nano-sensors.
For analysis and interpretation, the sensor data must be sent
from the sensors to a central monitoring system. Data trans-
mission can be accomplished by a variety of physical connec-
tions, including wired connections like Ethernet and fiber
optic cables, or wireless technologies Table 2, including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 High-mobility transistors based on chemical vapor deposition (CVD)-grown MoSe;; (a) schematic of the synthesis of MoSe, film with
modified CVD method; (b) optical image of bended MoSe, transistor; and (c) /-V characteristic of unbent and bent (up to 5 mm of radius) MoSe,
transistor. Reproduced from ref. 50 with permission from John Wiley and Sons, 2016.

Table 2 Common wireless data communication technologies. Reproduced from an open-access article®®

Technology Maximum coverage range Power consumption Data transmission rate Frequency

IEEE 802.11 150 m High 54 Mbps 2.4 GHz

ZigBee 300 m Low Max. 250 Kbps 868 MHz/902-928 MHz/2.4 GHz
ISA100.11a 150 m Low Max. 250 Kbps 2.4 GHz

Bluetooth 300 m Medium Max. 2 Mbps 2.4 GHz

Bluetooth, Wi-Fi, and cellular networks.*® The development of
wireless connectivity makes it possible for remote and indivi-
dualized healthcare monitoring, giving people access to the
most recent data and facilitating preventative actions for
improved health management.””

5.5. Real-time monitoring and data collection

Continuous and real-time data monitoring by nano-sensors
allows preventive maintenance procedures, which maximize
resource allocation and reduce potential health hazards. One
trend in sensor functioning that is expanding quickly is the
incorporation of nano-sensors into the Internet of Things (I0T)
framework. It is possible to accomplish real-time data collec-
tion, transmission, and analysis by joining nano-sensors to a
network infrastructure.*® In order to transform measured data
into information, data analysis of data gathered from wired
and wireless sensor networks is required. The features can be
extracted and interpreted using a variety of techniques and
algorithms. The benefits and drawbacks of various approaches
vary widely and are largely dependent on the kind of data gath-
ered from sensors like strain gauges, displacement, velocity,
accelerometers, or ultrasonic transducers.®?

5.6. Power sources and supply

For nanosensors to function properly, a steady and dependable
power source is needed.

The type of sensor, its placement, and the accessibility of
power sources within the sensor infrastructure all influence

© 2025 The Author(s). Published by the Royal Society of Chemistry

the power supply issues. Batteries or energy-harvesting
methods like solar cells, thermoelectric generators, vibrational
energy harvesters, and piezoelectric vibration generators can
be used to power embedded nano-sensors.®* Sensors that run
on batteries provide mobility and independence from other
power sources, but they also need to be replaced and main-
tained on a regular basis.*® Energy harvesting is one workable
solution to the battery’s low energy storage capacity. It involves
gathering energy from the environment, such as vibration,
radiofrequency, and renewable energy sources, among others,
converting it into electricity, and putting it in rechargeable bat-
teries for later use.®

One of the most widely used techniques for extending the
battery life or eliminating the battery entirely from a wireless
body area network is micro-scale energy scavenging. To assess
if the associated scavenging technology is appropriate for a
certain application, it is necessary to determine the sources of
energy that energy scavenging circuits may access. Electrical
energy can generally be produced by solar, thermal, mechani-
cal motion or vibration, and ambient radiofrequency (RF)
sources.®

6. Open issues

Even though remarkable advancements have been made in the
field of nanosensor research and its successful application
across diverse domains of healthcare, several critical issues
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and knowledge gaps remain, affecting the transition from lab
innovations to widespread clinical integration.

1. Regulatory approval and standardization: currently, there
is no universally recognized regulatory framework for the
quality assurance, standardization, and validation of nanosen-
sor based medical devices. Consistent and reproducible clini-
cal results are very few in number due to variations in compo-
sition, sensor calibration, and performance across various
Nnanosenors.

2. Biocompatibility and long-term stability: although many
nanosensors exhibit high levels of sensitivity and specificity
in vitro, very little is known about their long-term biocompat-
ibility, degradation, and reactions to biological systems in vivo.
This raises concerns about long-term reliability and material
toxicity when it comes to wearable technology or chronic
implantation devices.

3. Data processing and integration with digital health ecosys-
tems: nanosensors are increasingly integrated into medical
devices, they generate very high-volumes and frequency of phys-
iological data. However, the current healthcare infrastructure
lacks proper techniques for handling such data with the existing
healthcare system in a secure and interpretable format.

4. Scalability and cost-efficiency: fabrication of nanosensors
often involves sophisticated procedures and require intensively
trained personnel. Scaling up production while maintaining
precision, functionality, and affordability remains a problem,
particularly in limited healthcare resource settings or for
global public health application.

5. Ethical, legal, and privacy concerns: the collection and
transmission of sensitive physiological data via nanosensor-
integrated systems introduce privacy and ethical concerns.
They need to establish data governance models that ensure
informed consent, secure transmission, and storage of patient
data is paramount.

Addressing these open issues through interdisciplinary
research, regulatory collaboration, and inclusive innovation
models is critical for realizing the full potential of nanosensors
in delivering equitable, scalable, and personalized healthcare
solutions.

7. Conclusion and future outlook

The field of healthcare monitoring has entered a transforma-
tive era, driven by the integration of nanotechnology, particu-
larly through the development of nanosensors. These
advanced devices offer unprecedented sensitivity, specificity,
and real-time monitoring capabilities, addressing the increas-
ing demands of modern healthcare. Nanosensors have demon-
strated their potential in various applications, from early-stage
disease detection to continuous physiological monitoring,
offering more accurate diagnostics and personalized treatment
options. The unique properties of nanoparticles, such as their
size, surface adaptability, and biocompatibility, have provided
a solid foundation for creating cutting-edge solutions in diag-
nostics, bioimaging, and point-of-care devices.

1016 | RSC Pharm., 2025, 2,1003-1018
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Despite the significant progress made, challenges remain
in terms of scalability, long-term stability, and regulatory
approval for widespread clinical use. The complexity of inte-
grating nanosensors into existing healthcare systems, ensuring
cost-effectiveness, and overcoming potential biocompatibility
issues also presents hurdles that need to be addressed.

Looking forward, the future of nanosensors in healthcare
monitoring appears promising. Continued advancements in
nanomaterial synthesis, biocompatibility, and sensor minia-
turization will likely drive further innovations. The conver-
gence of nanotechnology with other fields, such as artificial
intelligence, machine learning, and big data analytics, holds
the potential to create intelligent healthcare systems capable
of providing predictive diagnostics, automated monitoring,
and even personalized treatment regimens. As research and
development continue to push the boundaries of nanosensor
technology, the future of healthcare will increasingly rely on
these innovations to offer more efficient, accurate, and accessi-
ble medical solutions to meet the growing demands of a fast-
paced, technologically driven environment, where early diag-
nosis, personalized treatment, and continuous health monitor-
ing are essential.
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Abbreviations

AgNPs Silver nanoparticles
Al Artificial intelligence

AMR Anisotropic magnetoresistance
AuNPs Gold nanoparticles

BDA Big data analytics

Biol Bioimaging

Bios Biosensors

CdTe QDs Cadmium telluride quantum dots
ChemS Chemical sensors

CNTs Carbon nanotubes

CQDs Carbon quantum dots

CT Computed tomography

CTCs Circulating tumour cells

CVD Cardiovascular diseases

DDSs Drug delivery systems

Dx Diagnostics

ECG Electrocardiography

EGT Electrolyte-gated transistor
FECA Foreign element catalytic agent
GFP Green fluorescent protein

GMI Giant magnetoimpedance
GMR Giant magnetoresistance

HeAptDNA-SWCNT Hemin aptamer DNA - single-walled
carbon nanotube

HER Electronic health record
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HPC Hydroxypropyl cellulose

h-PDMS Hard polydimethylsiloxane

IoT Internet of things

MEMS Miniaturized mechanical and electro-
mechanical elements

ML Machine learning

MNPs Magnetic nanoparticles

MRI Magnetic resonance imaging

MSc Materials science

MT]Js Magnetic tunnel junctions

MWCNTSs Multi walled carbon nanotube

NIR Near Infrared

NPs Nanoparticles

NSs Nanosensors

NT Nanotechnology

PECVD Plasma enhanced CVD

PET Polyethylene terephthalate

PhysS Physical sensors

POC Point-of-care

QDs Quantum dots

R&D Research and development

RF Radiofrequency

SEM Scanning electron microscopy

SERS Surface-enhanced Raman spectroscopy

SPR Surface plasmon resonance

SWCNTSs Single-walled carbon nanotubes

TMR Tunnel magnetoresistance

VLS Vapor-liquid-solid

WHO World Health Organization
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