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Abstract: The integration of plasma technology in biosensors has revolutionized disease detection by enhancing sensitivity and
specificity in biomarker analysis. This paper explores the role of plasma-assisted diagnostic tools in detecting biomarkers in blood and
tissues, discussing their principles, applications, and advancements. The study highlights various plasma-based biosensing techniques,
including plasma-enhanced Raman spectroscopy, plasma-assisted fluorescence detection, and surface plasmon resonance. Additionally,
it addresses challenges, future perspectives, and the impact of plasma technology on early disease diagnosis.
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1. Introduction

Biosensors have revolutionized the field of modern
diagnostics by enabling rapid and highly specific disease
detection. These analytical devices, which integrate
biological recognition elements with physicochemical
transducers, have found widespread applications in medical
diagnostics, environmental monitoring, and food safety [1].
The development of plasma-assisted biosensors has
introduced significant improvements in  sensitivity,
specificity, and real-time detection of disease-specific
biomarkers such as proteins, nucleic acids, and metabolites

[2].

Plasma technology, particularly plasma-treated surfaces and
plasma-enhanced signal transduction mechanisms, plays a
crucial role in biosensor performance enhancement. Plasma-
based maodifications improve surface functionalization,
allowing better immobilization of biomolecules, enhancing
stability, and minimizing non-specific interactions [3].
Various types of plasma, including cold atmospheric plasma
(CAP), dielectric barrier discharge (DBD), and radio-
frequency (RF) plasma, have been utilized to modify
biosensor substrates and improve their analytical efficiency.

The primary working principle of plasma-assisted biosensors
involves the utilization of plasma-treated surfaces to
enhance biomolecular interactions. Plasma treatment
modifies the physicochemical properties of sensor
substrates, increasing their surface energy and creating
functional groups such as hydroxyl (-OH), carboxyl (-
COOH), and amine (-NH2) groups. These modifications
facilitate strong covalent bonding between biorecognition
elements, such as antibodies, DNA probes, or aptamers, and
the sensor surface, thereby enhancing the sensitivity and
selectivity of biosensors [4].

Recent advancements in plasma-assisted biosensors have led
to the development of highly sensitive platforms for disease
diagnosis. For instance, plasma-modified graphene-based
biosensors have shown exceptional detection limits for
biomarkers associated with cancer and infectious diseases
[5]. Similarly, plasma-assisted surface-enhanced Raman

scattering (SERS) biosensors have enabled ultrasensitive
detection of biomolecules by enhancing Raman signal
intensity through plasma-generated nanostructures [6].

Plasma-assisted electrochemical biosensors have also
demonstrated  significant  improvements in  signal
transduction efficiency. The introduction of plasma-treated
nanomaterials, such as gold nanoparticles and carbon
nanotubes, has enhanced electron transfer rates, leading to
lower detection limits and higher reproducibility [7].
Moreover, plasma-polymerized films have been employed to
create antifouling biosensor surfaces, reducing background
noise and increasing the reliability of measurements [8].

The applications of plasma-assisted biosensors in medical
diagnostics are extensive. These sensors have been utilized
for the early detection of cancer by identifying tumor-
associated biomarkers such as carcinoembryonic antigen
(CEA) and alpha-fetoprotein (AFP) [9]. Additionally,
plasma-modified biosensors have facilitated real-time
monitoring of infectious diseases, including COVID-19, by
detecting viral RNA and antigenic proteins with high
specificity and rapid turnaround times.

Another promising application of plasma-assisted biosensing
is in point-of-care (POC) diagnostics. Portable biosensors
equipped with plasma-modified electrodes have enabled
rapid on-site disease detection, eliminating the need for
complex laboratory procedures [10]. This advancement has
significantly improved healthcare accessibility, particularly
in remote and resource-limited settings [11].

Despite these advancements, challenges remain in the
widespread adoption of plasma-assisted biosensors. One of
the major limitations is the potential degradation of
biological recognition elements due to excessive plasma
exposure. Optimizing plasma treatment parameters, such as
exposure time, power, and gas composition, is crucial to
ensuring the stability and functionality of biosensors [12].
The integration of plasma technology with existing
biosensor fabrication processes requires cost-effective and
scalable manufacturing approaches [13].
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Future research directions in plasma-assisted biosensing
include the development of multi-analyte detection
platforms, enabling simultaneous monitoring of multiple
biomarkers for comprehensive disease profiling. The
integration of artificial intelligence (Al) and machine
learning algorithms with plasma-assisted biosensors is also
expected to enhance data interpretation and predictive
diagnostics. Moreover, the exploration of novel plasma
sources, such as microplasma and plasma-liquid interactions,
holds potential for further improving biosensor performance.
When you submit your paper print it in two-column format,
including figures and tables [1]. In addition, designate one
author as the “corresponding author”. This is the author to
whom proofs of the paper will be sent. Proofs are sent to the
corresponding author only [2].

2. Fundamentals of Plasma-Assisted

Biosensors

Plasma, often referred to as the fourth state of matter,
consists of highly energetic ions, electrons, neutral species,
and reactive radicals. It is formed when sufficient energy is
supplied to a gas, causing ionization. Plasma exists in
various forms, including thermal and non-thermal (cold)
plasma, each with distinct properties and applications. In
biosensors, plasma technology plays a crucial role in
enhancing performance by improving surface properties,
amplifying  signals, and ensuring sterility and
biocompatibility.

2.1 Surface Activation

One of the primary functions of plasma in biosensors is
surface activation, which modifies the physicochemical
properties of sensor substrates to improve biomolecular
interactions. Plasma treatment introduces functional groups
such as hydroxyl (-OH), carboxyl (-COOH), and amine (-
NH2) on the biosensor surface, increasing its hydrophilicity
and enhancing biomolecule attachment [14]. This is
particularly beneficial for biosensors that rely on antibody-
antigen interactions, DNA hybridization, or enzyme-
substrate reactions.

Cold atmospheric plasma (CAP) and dielectric barrier
discharge (DBD) plasma are widely used for surface
activation. CAP, due to its low-temperature operation, is
suitable for modifying heat-sensitive biomolecules without
damaging their functionality (Garcia et al., 2019). DBD
plasma, on the other hand, is effective in creating highly
reactive surfaces, which can improve immobilization
efficiency and stability of biomolecules on biosensor
substrates [15].

The application of plasma in surface activation has been
demonstrated in various biosensing platforms. For example,
graphene-based biosensors treated with oxygen plasma have
shown improved surface properties, leading to enhanced
electrochemical performance for biomarker detection [16].
Similarly, plasma-treated polymer substrates have been used
to develop microfluidic biosensors with superior sensitivity
and stability [17].

2.2 Signal Amplification

Plasma-assisted techniques significantly enhance signal
amplification in biosensors, improving their sensitivity and
detection limits. This is achieved through the incorporation
of plasma-modified nanomaterials and plasma-enhanced
signal transduction mechanisms.

One approach involves plasma-enhanced Raman
spectroscopy, where plasma-treated metal nanoparticles
increase the surface-enhanced Raman scattering (SERS)
effect, leading to highly sensitive biomolecular detection
[18]. Additionally, plasma-assisted deposition of conductive
polymers and nanomaterials enhances electron transfer rates
in electrochemical biosensors, reducing detection limits and
improving analytical performance.

For optical biosensors, plasma-modified surfaces contribute
to improved fluorescence and luminescence signals. Plasma
treatment creates nano-roughened surfaces that enhance
light-matter interactions, resulting in stronger fluorescence
signals and higher detection sensitivity [19]. These
modifications are particularly valuable for biosensors
detecting trace levels of biomarkers in complex biological
samples.

2.3 Sterilization and Biocompatibility

Sterility and biocompatibility are critical factors in biosensor
design, especially for in vivo applications. Plasma
technology provides an effective means of sterilization
without the use of harmful chemicals or high-temperature
processes. Plasma sterilization eliminates microbial
contaminants and endotoxins from biosensor surfaces,
ensuring safety in clinical applications.

Plasma-treated surfaces exhibit enhanced biocompatibility
by reducing nonspecific protein adsorption and preventing
biofouling. Plasma-polymerized coatings with antifouling
properties have been applied to biosensors to improve their
stability and longevity in biological environments [20].
These coatings are particularly useful for implantable
biosensors, where prolonged exposure to bodily fluids can
affect performance and reliability.

Plasma-modified hydrogels have also been developed for
biosensing applications, providing a biocompatible matrix
for cell-based sensors and tissue engineering platforms.
These hydrogels enhance cell adhesion and viability,
enabling real-time monitoring of cellular responses and
disease progression.

3. Types of Plasma-Assisted

Techniques

Biosensing

Plasma-assisted biosensing techniques have emerged as
powerful tools for enhancing the sensitivity, specificity, and
efficiency of disease detection. By leveraging plasma
modifications, these techniques improve biomolecular
interactions, signal transduction, and detection limits. The
major types of plasma-assisted biosensing techniques
include Plasma-Enhanced Raman Spectroscopy (PERS),
Plasma-Assisted Fluorescence Detection, Plasma-Modified
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Surface Plasmon Resonance (SPR), and Plasma-Assisted
Electrochemical Biosensors.

3.1 Plasma-Enhanced Raman Spectroscopy (PERS)

Raman spectroscopy is a widely used technique for
molecular fingerprinting based on vibrational energy shifts
in scattered light. However, its weak signal limits direct
detection in low-concentration samples. Plasma-enhanced
Raman spectroscopy (PERS), particularly plasma-assisted
surface-enhanced Raman spectroscopy (SERS), overcomes
this limitation by employing plasma-excited nanostructures
to amplify weak Raman signals, enabling ultra-sensitive
detection of disease biomarkers [21].

Plasma treatment enhances the surface properties of metal
nanoparticles, improving their plasmonic activity and
Raman signal enhancement. For instance, silver and gold
nanoparticles treated with atmospheric plasma exhibit
increased hotspot formation, significantly boosting Raman
scattering intensity [22]. This technique has been applied in
cancer biomarker detection, where plasma-modified gold
nanostructures improve the identification of specific protein
markers at femtomolar concentrations [23].

Moreover, the non-thermal nature of cold plasma ensures
minimal damage to biological samples, making it ideal for
label-free biomarker analysis. Recent advancements in
PERS have enabled the detection of circulating tumor DNA
and infectious disease markers with unprecedented
sensitivity.

3.2 Plasma-Assisted Fluorescence Detection

Fluorescence-based biosensors rely on the emission of light
from fluorescent molecules upon excitation. Plasma-assisted
fluorescence biosensors enhance this process by using
plasma-induced energy transfer, leading to increased
fluorescence intensity and improved biomarker detection
sensitivity [24].

One of the key applications of plasma-assisted fluorescence
detection is in immunoassays, where plasma-modified
guantum dots and nanostructured surfaces amplify
fluorescence signals [25]. This technique is particularly
effective in detecting low-abundance proteins, nucleic acids,
and pathogens in biological fluids. For example, plasma-
treated polymer surfaces have demonstrated enhanced
fluorescence for detecting cardiac biomarkers in point-of-
care diagnostic devices.

Plasma-functionalized nanomaterials have been used to
create hybrid fluorescent biosensors for real-time monitoring
of disease progression. In Alzheimer’s disease research,
plasma-assisted fluorescence biosensors have shown
promise in detecting beta-amyloid plaques at early stages.

3.3 Plasma-Modified Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) is a label-free optical
technique that detects biomolecular interactions by
measuring changes in the refractive index near a sensor
surface. Plasma modification enhances the sensitivity of

SPR biosensors by improving surface uniformity, increasing
biomolecular attachment, and reducing background noise
[26].

Plasma-modified gold and silver thin films are widely used
in SPR biosensing. Oxygen plasma treatment introduces
functional groups on metal surfaces, enhancing antibody-
antigen binding and improving real-time disease detection
[27]. Recent studies have demonstrated the effectiveness of
plasma-enhanced SPR in detecting COVID-19 spike
proteins and other viral markers with high specificity [28].
Additionally, plasma-assisted SPR has been applied in drug
discovery and personalized medicine. By improving signal-
to-noise ratios and reducing nonspecific binding, plasma-
modified SPR biosensors provide accurate Kinetic
measurements of drug interactions at the molecular level.

3.4 Plasma-Assisted Electrochemical Biosensors

Electrochemical biosensors convert biological interactions
into measurable electrical signals. Plasma-assisted
electrochemical  biosensors  utilize  plasma-modified
electrode surfaces to improve electron transfer efficiency,
lower detection limits, and enhance overall sensor
performance [29]. One of the most notable applications of
this technology is in glucose monitoring, where plasma-
treated graphene and carbon nanomaterials enhance the
electrochemical activity of biosensors, leading to faster and
more accurate glucose detection in diabetes management
[30]. Similarly, plasma-assisted electrochemical biosensors
have been used to detect cancer biomarkers, such as
prostate-specific antigen (PSA) and alpha-fetoprotein (AFP),
in ultra-low concentrations [31]. In infectious disease
diagnostics, plasma-modified electrodes have been
integrated into portable biosensor platforms for rapid and
on-site pathogen detection. Plasma-enhanced
electrochemical biosensors have successfully identified Zika
virus RNA and tuberculosis biomarkers within minutes,
demonstrating their potential for point-of-care testing.

4. Applications in Disease Detection

Plasma-assisted biosensors have revolutionized disease
diagnostics by enhancing sensitivity, specificity, and
detection speed. These biosensors have been successfully
employed in detecting various diseases, including cancer,
infectious  diseases,  neurological  disorders, and
cardiovascular  diseases. By  leveraging  plasma
modifications, biosensors achieve superior biomarker
recognition, leading to early and accurate disease diagnosis.

4.1 Cancer Biomarkers

Cancer remains one of the leading causes of mortality
worldwide, and early detection is critical for improving
patient outcomes. Plasma-assisted biosensors have
significantly enhanced the detection of tumor-specific
biomarkers, such as prostate-specific antigen (PSA) for
prostate cancer and carbohydrate antigen 125 (CA-125) for
ovarian cancer [32]. These biosensors utilize plasma-
modified surfaces to improve biomolecular attachment and
signal transduction, thereby increasing detection sensitivity.
For instance, plasma-enhanced electrochemical biosensors
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have been developed to detect circulating tumor DNA
(ctDNA) with high specificity [33]. Additionally, plasma-
assisted surface-enhanced Raman spectroscopy (SERS) has
been employed to identify cancer exosomes, offering a non-
invasive diagnostic approach for breast and lung cancer.

4.2 Infectious Diseases

Rapid and accurate identification of pathogens is crucial for
controlling infectious diseases. Plasma-assisted biosensors
have been applied in the detection of viral and bacterial
infections, including COVID-19, tuberculosis, and Zika
virus [34]. By modifying sensor surfaces with plasma
treatments, these biosensors achieve enhanced pathogen
binding and improved signal amplification.

Recent advancements include plasma-modified SPR
biosensors for real-time detection of SARS-CoV-2 spike
proteins in nasal swab samples [35]. Similarly, plasma-
enhanced electrochemical biosensors have been used to
detect bacterial DNA and antibiotic-resistant strains in
clinical samples. The integration of plasma-treated
nanomaterials has further improved biosensor stability and
repeatability.

4.3 Neurological Disorders

Early diagnosis of neurological disorders such as
Alzheimer’s and Parkinson’s disease is challenging due to
the complexity of associated biomarkers. Plasma-assisted
biosensors have been developed to detect neurodegenerative
markers, including beta-amyloid and alpha-synuclein, with
high sensitivity [36].

Plasma-functionalized graphene electrodes have been
employed in electrochemical biosensors for Alzheimer’s
disease detection, allowing for the identification of tau
protein aggregates in cerebrospinal fluid samples.
Additionally, plasma-assisted fluorescence biosensors have
been utilized for real-time monitoring of neurotransmitters
associated with Parkinson’s disease.

4.4 Cardiovascular Diseases

Cardiovascular diseases (CVDs) are among the leading
causes of death globally. Plasma-assisted biosensors have
been instrumental in detecting heart disease-related
biomarkers, such as troponins, C-reactive protein (CRP), and
myoglobin [37].

Electrochemical biosensors with plasma-modified electrodes
have demonstrated improved detection of cardiac troponin I,
a key biomarker for myocardial infarction. Additionally,
plasma-assisted SPR biosensors have been developed for
multiplex detection of CRP and other inflammatory markers,
providing rapid assessment of cardiovascular risk [38].

5. Challenges and Future Perspectives
Despite  significant  advancements,  plasma-assisted

biosensors face several challenges, including reproducibility,
stability, and cost-effectiveness. Addressing these challenges

will be crucial for the widespread adoption of plasma-
assisted biosensing technologies in clinical settings.

5.1 Miniaturization and Portability

The development of compact and user-friendly biosensors is
essential for point-of-care diagnostics. Miniaturization of
plasma-assisted biosensors can enable real-time monitoring
in home-based and remote healthcare settings [39].
Advances in microfluidic technology and wearable
biosensor platforms will further enhance diagnostic
accessibility and usability.

5.2 Multi-Analyte Detection

Future plasma-assisted biosensors should be designed to
detect multiple biomarkers simultaneously. Multi-analyte
detection can improve diagnostic accuracy and reduce
testing time, making biosensors more efficient for clinical
applications. Researchers are exploring multiplexed
biosensor platforms that integrate different plasma-enhanced
detection techniques within a single device.

5.3 Integration with Al and 10T

The combination of plasma-assisted biosensors with
artificial intelligence (Al) and the Internet of Things (loT)
can enable real-time disease monitoring and predictive
analytics. Al-driven data analysis can enhance biosensor
interpretation, improving diagnostic accuracy and enabling
early disease detection. Additionally, loT-enabled biosensor
networks can facilitate remote patient monitoring, reducing
the burden on healthcare systems.

Plasma-assisted biosensors offer substantial improvements
in disease detection, with applications spanning cancer
diagnosis, infectious disease identification, neurological
disorder monitoring, and cardiovascular risk assessment.
Despite challenges related to reproducibility, stability, and
cost, continued advancements in miniaturization, multi-
analyte detection, and Al integration will drive the future of
plasma-assisted biosensing. As these technologies evolve,
they hold immense potential to revolutionize medical
diagnostics and improve global healthcare outcomes.

6. Conclusions

Plasma-assisted biosensors represent a groundbreaking
advancement in disease detection, offering superior
sensitivity, accuracy, and efficiency in biomarker analysis.
The integration of plasma technology in biosensors has
significantly enhanced their capabilities by improving
biomolecular interactions, increasing signal amplification,
and ensuring precise detection even at extremely low
concentrations of disease biomarkers. These biosensors have
revolutionized the field of diagnostics by enabling real-time,
label-free, and non-invasive or minimally invasive detection
of various biomarkers, including proteins, nucleic acids, and
metabolites. Their applications extend across multiple
domains, including oncology, infectious diseases,
neurological disorders, and cardiovascular diseases, making
them a versatile and indispensable tool in modern
healthcare. By leveraging the unique properties of plasma,
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such as surface activation, sterilization, and nanostructuring,
researchers have been able to develop biosensors with
enhanced stability and biocompatibility, ensuring their
effectiveness in clinical and point-of-care settings.

One of the primary advantages of plasma-assisted biosensors
is their ability to improve the sensitivity and specificity of
disease detection. The plasma-modified surfaces allow for
better immobilization of biomolecules, leading to stronger
binding interactions and improved detection accuracy. This
enhanced sensitivity is particularly crucial in early disease
detection, where the concentration of biomarkers is often
extremely low. Early diagnosis can significantly improve
patient outcomes by allowing for timely medical
intervention, reducing mortality rates, and lowering
healthcare costs. Additionally, plasma-assisted biosensors
provide a rapid and real-time analysis of biological samples,
eliminating the need for time-consuming and complex
laboratory procedures. This not only speeds up the
diagnostic process but also ensures timely and accurate
decision-making for clinicians and healthcare providers.

Moreover, plasma-assisted biosensors have shown immense
potential in facilitating point-of-care diagnostics, which is
essential for resource-limited settings and remote healthcare
applications. The miniaturization of these biosensors,
coupled with advancements in microfluidics and lab-on-a-
chip technology, has made it possible to develop portable
and user-friendly diagnostic devices that can be used in non-
specialized healthcare environments. This accessibility is
particularly beneficial in rural and underserved areas where
access to advanced medical facilities is limited. The ability
to conduct rapid and on-site testing for diseases such as
COVID-19, tuberculosis, and malaria can significantly
enhance disease surveillance and control efforts, ultimately
improving public health outcomes.

Despite their numerous advantages, plasma-assisted
biosensors face certain challenges that must be addressed to
ensure their widespread adoption and commercialization.
One of the key challenges is the reproducibility and stability
of plasma-modified surfaces. Variations in plasma treatment
parameters, such as power, duration, and gas composition,
can lead to inconsistencies in surface properties, affecting
the biosensor’s performance. Standardizing plasma
treatment protocols and optimizing fabrication processes are
critical steps in overcoming this challenge. Additionally,
long-term stability remains a concern, as plasma-modified
surfaces may undergo degradation over time, impacting their
efficiency in prolonged diagnostic applications. Researchers
are actively exploring advanced coating techniques and
novel nanomaterials to enhance the durability and robustness
of these biosensors.

Another significant challenge is the cost associated with the
fabrication and integration of plasma-assisted biosensors
into existing diagnostic platforms. While these biosensors
offer superior performance, their production can be
expensive due to the need for specialized plasma treatment
equipment and high-quality materials. Efforts to develop
cost-effective and scalable manufacturing processes are
essential to make plasma-assisted biosensors economically
viable for widespread clinical use. Collaborations between

academia, industry, and healthcare institutions can play a
crucial role in driving innovation and reducing production
costs through large-scale manufacturing and
commercialization strategies.

Regulatory approval and standardization of plasma-assisted
biosensors pose additional hurdles in their clinical
translation. The lack of universally accepted standards for
biosensor validation and performance assessment makes it
challenging to gain regulatory approvals from agencies such
as the FDA and the European Medicines Agency.
Establishing clear guidelines for biosensor testing,
validation, and quality control is imperative to ensure their
safety, reliability, and effectiveness in clinical settings.
Addressing  these  regulatory  challenges  through
interdisciplinary collaboration and rigorous clinical trials
will accelerate the adoption of plasma-assisted biosensors in
mainstream healthcare applications.

The future of plasma-assisted biosensors lies in their
integration with emerging technologies such as artificial
intelligence (Al), machine learning, and the Internet of
Things (loT). Al-powered data analysis can enhance the
interpretation of biosensor-generated data, improving
diagnostic accuracy and enabling personalized medicine
approaches. Machine learning algorithms can identify
disease patterns and correlations, facilitating predictive
diagnostics and early intervention strategies. Additionally,
loT-enabled biosensors can provide real-time health
monitoring and remote patient management, enabling a more
proactive and data-driven approach to healthcare. The
combination of plasma-assisted biosensing with digital
health technologies has the potential to transform disease
diagnostics, making it more efficient, accessible, and
patient-centric.

Ongoing research in nanotechnology and biomaterials is
expected to drive the next generation of plasma-assisted
biosensors with improved performance and
multifunctionality. The development of hybrid biosensors
that combine plasma-enhanced detection methods with other
sensing modalities, such as optical, electrochemical, and
magnetic detection, can further enhance their diagnostic
capabilities. Additionally, advancements in 3D printing and
nanofabrication techniques will enable the production of
highly customizable and cost-effective biosensors tailored
for specific clinical applications.

Beyond healthcare, plasma-assisted biosensors have
promising applications in environmental monitoring, food
safety, and biodefense. These biosensors can be used to
detect environmental pollutants, foodborne pathogens, and
hazardous chemicals, contributing to public health and
safety. The ability to develop versatile and multifunctional
biosensors will expand their utility beyond medical
diagnostics, creating new opportunities for interdisciplinary
research and technological innovation.

Thus, plasma-assisted biosensors represent a paradigm shift
in disease detection and diagnostics, offering unparalleled
sensitivity, speed, and reliability. Their integration into
clinical and point-of-care applications has the potential to
revolutionize healthcare by enabling early disease detection,
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improving patient outcomes, and reducing healthcare costs.
While challenges related to reproducibility, cost, and

regulatory approval
materials science,

remain, ongoing advancements in
nanotechnology, and digital health

integration are expected to address these barriers and
accelerate the adoption of plasma-assisted biosensors. As
research in this field continues to progress, these biosensors
will play a pivotal role in shaping the future of diagnostics,

contributing to a more efficient,

cost-effective, and

accessible global healthcare system.
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