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ABSTRACT

Polymer nanocomposites (PNCs) have emerged as a transformative class of materials in biosensing because they combine
the flexibility, biocompatibility, and processability of polymers with the exceptional electrical, optical, catalytic, and
surface properties of nanomaterials. The integration of nanofillers such as graphene, graphene oxide, carbon nanotubes
(CNTs), metal nanoparticles, quantum dots, MXenes, and conductive polymers into polymer matrices has led to highly
sensitive, selective, and rapid biosensors capable of detecting biomolecules, pathogens, metabolites, nucleic acids, and
disease biomarkers. Recent advances from 2024-2026 have focused on wearable biosensors, flexible electronics, health
monitoring devices, electrochemical biosensors, and artificial intelligence-assisted sensing platforms. Polymer
nanocomposites now play a central role in personalized medicine, point-of-care diagnostics, environmental monitoring,
and healthcare monitoring. This review summarizes the current status of polymer nanocomposite biosensors, their
properties, fabrication techniques, sensing mechanisms, biomedical applications, challenges, and future prospects.
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1. INTRODUCTION

Biosensors are defined as instruments that can sense the bio-chemical events in a system in the form of signals and are of
great significance in the current era for various fields such as medicine, environment, food safety, and biomedicine. A
common biosensor typically comprises three primary elements, which include a biological recognition unit, transducer,
and signal processing unit. The biological recognition unit selectively reacts with the target analyte, whereas the transducer
transforms this biochemical reaction into an electrical, optical, or mechanical signal. The growing need for quick disease
diagnosis, health monitoring, and personalized healthcare has attracted a lot of research towards advanced materials for
biosensors possessing superior features. The conventional biosensors have been restricted by several shortcomings,
including low sensitivity, lack of stability, non-flexibility, and low amplification. In order to address all these issues,
polymer nanocomposites have gained considerable interest because of their capability to integrating the advantages of
both the polymers and the nanomaterials (1).

Polymer nanocomposites are composite materials formed by the uniform dispersion of nanomaterials within a polymer
matrix. Introduction of nanomaterials improves the physicochemical performance of the composite material due to large
surface area, efficient electron transport, biomolecular immobilization, and better signal transduction efficiency. As such,
polymer nanocomposites enhance the performance of the biosensor devices in terms of sensitivity, selectivity, response
time, and stability. Moreover, due to advancements in nanotechnology and flexible electronics, wearable, stretchable, and
implantable biosensors for continuous physiological monitoring can be developed (2).

In recent times, polymer nanomaterials with specially designed structures have gained great popularity, and the
development of these nanomaterials has been greatly boosted by using combinatorial synthesis methods (3—5). These
innovative nanomaterials exhibit distinct electrical, mechanical, chemical, and surface properties, which enable them to
be ideally applied for biosensing and electrochemical sensing purposes. Such unique properties allow diverse
electrochemical sensing strategies such as amperometric, potentiometric, and impedimetric sensing, which help in the
detection of the desired analytes. The performance of these nanomaterials mainly depends on the interface interactions of
the nanomaterial surface with the biological entities. Hence, polymer nanomaterials have been successfully used as
versatile sensing platforms for diverse biological and environmental analytes like biomarkers, proteins, nucleic acids,
bacteria, viruses, pathogens, and other clinically important analytes (6-9).
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Successful design and development of biosensors using polymer nanocomposites calls for optimization of several key
performance factors. Such key factors include high sensitivity in analyzing trace amounts of analytes, high selectivity in
identifying particular analytes, wide detection range and linearity, lack of hysteresis effect, short reaction and recovery
times, and extended stability during operation. Besides analytical performance, other equally important factors, include
cost of production, scalability, reproducibility, manufacturability, and commercial potential of the products.
Consequently, combining the key factors of improved sensing performance and cost-effective fabrication is an important
goal in developing polymer nanocomposite-based biosensors for use in various applications (10—12).

Among different methods developed for the synthesis of biosensors using polymers, electro polymerization has turned out
to be one of the most popular techniques because of its simplicity, repeatability, and capability to produce uniformly
structured nano-particles right on the surface of electrodes. But one of the limitations of using polymers in
electrochemistry is that the electrical conductivity of polymers is rather poor. Efficient charge transport plays an important
role in fast signal generation and amplification. That is why there has been much interest in increasing the conductivity
of polymer nanomaterials (13—15).

Several methods have been devised to optimize the conductivity and electrochemical properties of polymer
nanocomposites (16—18). A commonly used method includes the addition of intrinsically conducting monomers such as
pyrrole and aniline that polymerize to form electrically conducting polymers that can be used in biosensors (19). Another
commonly used method is that of adding conductive dopants and counter ions such as graphene, MXenes, carbon
nanotubes (CNTs), and metal nanoparticles that increase the charge mobility in polymer matrixes. For instance, the
polymer Poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT: PSS) has attracted considerable interest
owing to its high conductivity, flexibility, and biocompatibility. Copolymerization methods that utilize both conductive
and functional monomers, like Pyrrole-aniline copolymerization, have also been exploited to create a balance between
conductivity and surface functionality for immobilization of biomolecules (20).

Moreover, another efficient way to improve sensor characteristics is to combine polymers with conductive nanomaterials.
The use of carbon nanotubes, graphene derivatives, MXenes, and metal nanoparticles not only provides additional
pathways for electron transport but also increases the surface area available for analyte reactions (21). Moreover,
approaches to doped polymers and polymerization on templates involve creating various kinds of structural defects,
increased porosity, and ordered structures, which enable better charge transport. Even though all these methods help
improve the electrochemical characteristics of polymer nanocomposites, each one involves certain difficulties. For
example, doping and copolymerization increase conductivity and chemical functionality but sometimes may require strict
control over the process because of the necessity to maintain film integrity and biocompatibility. On the other hand,
nanocomposites can improve sensitivity and electron transfer rate significantly; however, there are still problems related
to nanoparticle agglomeration and dispersion (22).

As a result, the optimization of appropriate polymer matrices, conductive nanofillers, and mechanisms to enhance
conductivity is necessary, depending on the analyte of interest, environment of sensing, fabrication process, and
performance of the resulting biosensor. It is anticipated that future improvements in material science, nanofabrication
methods, and surface chemistry will result in improved performance of polymer nanocomposite biosensors, thus leading
to the development of next-generation sensing devices (23-27).

2. Polymer Nanocomposites Used in Biosensing:

The performance of biosensor systems is highly dependent on the nature of polymer nanocomposites. There exist
numerous natural and synthetic polymers that have been used as matrices in biosensors, such as chitosan, cellulose,
alginate, polyaniline (PANI), polypyrrole (PPy), polyvinyl alcohol (PVA), etc. The nanofillers, such as carbon nanotubes,
graphene derivatives, metallic nanoparticles, quantum dots, and MXenes, provide conductive properties and a high surface
area for biomolecule immobilization (1).

Table 1. Common Polymer Nanocomposites Used in Biosensors (1)

Polymer Matrix Nanofiller Major Property Biosensing Application
Chitosan Gold nanoparticles Biocompatibility Glucose sensing
Polyaniline (PANI) CNTs Conductivity Electrochemical sensors
PVA Graphene oxide Flexibility Wearable biosensors
Polypyrrole Silver nanoparticles Signal amplification Pathogen detection
PEG Quantum dots Fluorescence Bioimaging and sensing
Polyurethane MXenes High conductivity Sweat sensors

3. Structure and Working Principle of Polymer Nanocomposite Biosensors:

Polymer nanocomposites-based biosensor is an advanced analytical tool that works based on reactions between biological
analytes and the recognition element(s) attached to the sensor matrix. The polymer nanocomposite matrix allows for fast
electron transport and signal production. Once the analyte is detected, there will be some changes in electrical current,
voltage, resistance, fluorescence, color, or other optical measurements, which are then interpreted into quantitative data
(28).
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Figure 1. General Structure of a Polymer Nanocomposite Biosensor (28).

4. Important Properties of Polymer Nanocomposites for Biosensing:

Polymer nanocomposites have various unique features that suit their use as biosensors. The high electrical conductivity
improves signal transduction, whereas the large surface area increases the capacity for biomolecule loading.
Biocompatibility helps achieve biocompatibility, whereas flexibility helps make wearable sensors. Other features include
mechanical strength, chemical stability, and biofouling resistance. Multifunctional nanocomposites capable of performing
simultaneous sensing, diagnosis, and therapy have been studied recently (2).

Table 2. Key Properties of Polymer Nanocomposites in Biosensing (1).

Property Contribution to Biosensing

High conductivity Faster electron transfer

Large surface area Higher biomolecule loading
Biocompatibility Safe interaction with biological samples
Mechanical flexibility Wearable devices

Optical activity Fluorescent sensing

Catalytic activity Enhanced sensitivity

Chemical stability Long sensor lifespan

Stimuli responsiveness Smart biosensors

5. Carbon Nanotube-Based Polymer Nanocomposite Biosensors:

Carbon nanotubes have become one of the most researched materials for biological sensing. They have high electrical
conductivity, high aspect ratio, and large surface area, which makes electron transport easy. Nanocomposites consisting
of CNTs and polymers have found application in glucose biosensing, DNA sensing, cancer markers, and neurotransmitter
biosensing. Polyaniline and polypyrrole are conducting polymers that, when combined with CNTs, form highly sensitive
electrochemical sensors. Recent research showed that biosensors based on CNT-polymer systems could recognize the
analytes at picomolar and femtomolar concentration levels (29).

6. Graphene-Based Polymer Nanocomposite Biosensors:

Graphene and its various forms have completely transformed the realm of biosensors thanks to their high electrical
conductivity, physical strength, and two-dimensional nature. Graphene-polymer nanocomposites offer fast paths for
electron transfer and a large surface area for immobilization of biomolecules. Graphene oxide and reduced graphene oxide
are especially promising thanks to their functional groups for biomolecule attachment. The applications include glucose
sensors, detection of pathogens, identification of cancer markers, and wearable health monitoring devices. Graphene
quantum dots have extended the range of biosensing by means of fluorescent detection methods (30).

Table 3. Graphene-Based Polymer Nanocomposites for Biosensing (30)

Composite Target Analyte Detection Method
Graphene— Glucose Electrochemical
PANI
GO- DNA Electrochemical
Chitosan
rGO-PVA Sweat biomarkers Wearable

sensing
Graphene Quantum Dots—PEG | Cancer markers Fluorescence

7. MXene-Based Polymer Nanocomposite Biosensors:

The MXene family is amongst the most rapidly emerging families of nanomaterials for biosensing applications. MXenes
are two-dimensional transition metal carbides and nitrides, which have high electrical conductivity, hydrophilicity, large
surface area, and superior biocompatibility. MXene-polymer nanocomposites are effective biosensors based on
electrochemical, optical, wearable, and flexible devices. The abundance of surface groups in MXenes allows for better
immobilization of biomolecules and increased sensitivity. It has been reported that MXene biosensors can detect glucose,
dopamine, pathogens, proteins, nucleic acids, and cancer biomarkers with high sensitivity (31).
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Figure 2. MXene-Based Biosensor Architecture (31).
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8. Electrochemical Polymer Nanocomposite Biosensors:

Electrochemical biosensors form the largest group of polymeric nanocomposite sensors. Such biosensors work by
measuring electrochemical reactions that result from biological interactions. The use of nanocomposites improves the
transfer of electrons and thereby the effectiveness of electrodes. Applications of electrochemical biosensors include blood
sugar detection, disease detection, food safety testing, and environmental monitoring. Electrochemical biosensors have
advantages such as low cost, quick responses, portability, and sensitivity. New developments include miniature wearable
devices and smartphone-based detection systems (32).

9. Wearable and Flexible Biosensors:

Biosensors that can be worn are a game-changer for personal health care. Conductive polymers mixed with carbon
nanotubes, graphene, MXenes, and metal nanoparticles allow for flexible and stretchable sensors to monitor physiological
data in real time. There has been specific focus on sweat-based biosensors since sweat contains glucose, lactate, cortisol,
sodium ions, and other useful biomarkers. The recent developments include wearable patches, fabrics, and flexible
electronics (2)

Human Skin
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Flexible Polymer |
Manocomposite Sensor

Wireless Signal Transmission |

l

Mobile Device |

Health
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Figure 3. Wearable Biosensing Platform (2).

10. Medical Applications of Polymer Nanocomposite Biosensors:

Polymer nanocomposite biosensors have been used in various medical applications. The glucose biosensors have proved
to be a commercially viable application, especially in diabetic patients. The recent polymer nanocomposite glucose
biosensors are more sensitive, stable, and accurate than the traditional biosensors. In the field of oncology, biosensors are
used to detect cancer biomarkers, circulating tumor cells, and nucleic acids associated with disease progression. Polymer
nanocomposite biosensors have been used in the diagnosis of cardiovascular diseases, infectious diseases, and
neurological disorders (33).

Table 4. Medical Applications of Polymer Nanocomposite Biosensors (33).

Application Biomarker

Diabetes monitoring Glucose

Cancer diagnosis PSA, CEA, HER2
Cardiovascular disease Troponin, CRP

Infectious diseases Viral proteins, DNA
Neurological disorders Dopamine, neurotransmitters
Wearable health monitoring Sweat metabolites

11. Challenges and Limitations:

Although there have been notable successes, certain difficulties persist. Agglomeration of nanoparticles may lower the
conductivity and the effectiveness of sensors. The stability of nanocomposites over time poses problems, especially when
used in wearable medical devices that operate under physiological conditions. It is important to conduct biocompatibility
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and toxicity studies before applying nanomaterials clinically. MXenes are promising but prone to oxidation and
environmental instability (31).

12. Future scope:

Future work in this field is likely to be centered around sensors that incorporate Al technology, self-powered wearables,
implantable sensors, and theranostic systems. Self-sensing and drug delivery smart polymer nanocomposites have
emerged as one of the most promising fields. It is predicted that the MXene-polymer composite sensors, graphene quantum
dots, and bio-inspired nanocomposite sensors will lead future biosensor research. Combination with wireless
communication, cloud computing, and machine learning will enable real-time healthcare monitoring and precision
medicine (34).

13. CONCLUSION

The emergence of polymer nanocomposites has revolutionized biosensors through the integration of useful features of
both polymers and nanomaterials. The high sensitivity, selectivity, flexibility, conductivity, and biocompatibility of these
materials have made it possible to make many breakthroughs in the area of diagnosis, wearable health care devices, disease
monitoring, and personalized medicine. Materials such as graphene, carbon nanotubes, MXenes, metal nanoparticles, and
quantum dots keep inspiring scientists to design better biosensors. Although there are still many issues associated with
stability, toxicity, and production, it is expected that polymer nanocomposite biosensors will shape future health care
technologies.

Abbreviation

PANI- Polyaniline

PEDOT: PSS- Poly(3,4-ethylenedioxythiophene): Poly (styrene sulfonate)
PPy- Polypyrrole

CNTs- carbon nanotubes

PVA- Polyvinyl Alcohol

DNA- Deoxyribonucleic Acid

GO- Graphene Oxide

rGo- Reduced Graphene Oxide

PEG- Polyethylene Glyco

CRP- C-Reactive Protein

CEA- Carcinoembryonic Antigen

HER2- Human Epidermal Growth Factor Receptor 2
PSA- Prostate-Specific Antigen

Al- Artificial Intelligence
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