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Abstract: Protein assays play an important role in medical diagnostics and can be used for
early disease screening. Traditional protein detection methods (e.g., Enzyme-linked
immunosorbent assay (ELISA), Mass Spectrometry (MS), etc.) usually have limitations such
as high cost, long detection time, and complex operation, which limit their application in
prompt oncology testing (POCT) and mass screening. In recent years, biosensors have
become an important development direction for protein detection technology due to their high
sensitivity, rapid detection, portability, and real-time monitoring capabilities. This article
reviews the research progress of biosensors in protein detection in recent years, focusing on
the innovative applications of key technologies such as nanomaterials, highly selective
biorecognition elements and intelligent and integrated biosensors. The article also analyses
the advantages and challenges of current biosensors in medical diagnostics, including issues
such as detection stability, anti-interference ability and compatibility of sensing platforms.
Finally, the article looks into the future development trend of protein biosensors, such as the
development of novel nanomaterials and biorecognition elements, multi-target and high-
throughput detection and wearable smart biosensors, to promote the application in early
disease screening.
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1. Introduction

The precise detection of proteins, as core targets for drug discovery, disease diagnosis and life science
research, is critical to advancing precision medicine and health monitoring. For example, early cancer
screening relies on the detection of very low abundance markers (e.g., CEA, AFP, PSA), and the
detection of viral and infectious disease markers can provide critical data for disease management as
well as the monitoring of viral and infectious diseases. However, traditional detection technologies
(e.g. mass spectrometry, ELISA) are limited by high cost, complexity and static mode of detection,
which make it difficult to meet the needs of prompt oncology testing (POCT), dynamic tracking and
complex sample analysis. This technological barrier has spawned the rapid development of the
biosensor field - through the integration of biology, nanotechnology and information science, it has
the advantages of high sensitivity, high specificity, can be detected in real time and rapid response,
etc., and has become the most transformative research direction in the field of protein detection.
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2.  Basic principles and classification of biosensors
2.1. Definition and basic components of biosensors

A biosensor is a device that converts a biometric event into a measurable signal, typically consisting
of a biometric element, a transducer, and a signal processing system:

Biorecognition elements (e.g., antibodies, aptamers, molecularly imprinted polymers, etc.) are
responsible for the specific binding of target analytes. For example, antibodies selectively capture
cancer markers through antigen-antibody reactions [1].

Transducers (e.g. gold nanoparticles, surface plasmon resonance devices, optical fibers, etc.) [1,2]
convert biometric events into optical, electrochemical or mechanical signals.

The signal processing system amplifies, analyses and displays the signal output from the
transducer. For example, the LSPR peak displacement is detected by UV-Vis spectroscopy [1].

2.2. Classification of biosensors

Depending on the recognition element and signal conversion method, biosensors mainly include the
following types:

2.2.1.Electrochemical biosensors

Electrochemical biosensors can be divided into three types. The first type is potentiometric sensors:
Determine the target protein by detecting changes in potential in solution, such as ion-selective
electrodes[3].

The second type is amperometric sensors: Detection by change in current based on the reaction of
the target protein with an enzyme or other electroactive substance [3].

The third type is impedance-type sensors: analyses protein binding or conformational changes by
measuring changes in the impedance of the electrode interface [3].

2.2.2.Optical biosensors

Optical biosensors can also be divided into three types. The first is surface plasmon resonance sensors:
detect protein interactions by monitoring changes in light reflection on metal surfaces [3].

The second type is fluorescent sensors: detection of proteins using fluorescent labelling or
fluorescence resonance energy transfer (FRET) [3].

The third type is colorimetric sensors: Protein detection using nanomaterials (e.g. gold
nanoparticles) or enzymatic reactions to produce color changes [3].

2.2.3.Mechanical biosensors

Mechanical biosensors can be divided into two types. The first type is quartz crystal microbalance:
detection of protein adsorption by measuring resonance frequency changes [4]. The second type is
microcantilever beam sensors: when a protein binds to the surface of the sensor, it causes bending or
vibrational changes in the microcantilever beam, thus enabling detection [5].

2.2.4. Thermal biosensors

Calorimetric sensors: analyzed by detecting changes in the amount of heat released or absorbed when
a target protein binds to a recognition molecule (e.g. an antibody or a receptor) [6].
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3.  Key technological advances in biosensors for protein detection
3.1. Application of nanomaterials in biosensors

Nanomaterials significantly enhance the sensitivity and specificity of electrochemical sensors by
increasing electrode surface area, catalytic activity and biocompatibility [7]. Carbon nanotubes
(SWCNT) are ideal materials for biosensors due to their high electrical conductivity, large specific
surface area, and environmental sensitivity, and can be used to achieve label-free detection through
the electroosmotic effect (antigen-antibody binding disrupts the conductive network, leading to a rise
in electrical resistance), for example, for the rapid and cost-effective detection of bovine serum
proteins [8]. The other example is gold nanoparticles (AuNPs), quantum dots (QDs), graphene, etc.,
which can amplify the signal and thus enhance the sensitivity (e.g., thrombin detection limit up to 0.2

pM) [9].
3.2. Development of highly selective biometric elements

Aptamer sensors are characterized by high specificity, stability, ease of synthesis and low cost [3].
Molecularly imprinted polymers are also highly selective for the measurement of potential changes
induced by target binding achieved by binding to rough gold nanofilms [7]. Antibodies, aptamers,
molecularly imprinted polymers, and other highly specific recognition elements can be combined
with CRISPR technology to amplify the signal and improve the sensitivity and specificity of detection
[10-12].

3.3. Intelligent and integrated biosensors

Microfluidic chip integrates electrodes and fluid control for better control of fluid volume on a tiny
scale and can also be combined with nanomaterials for simultaneous detection of multiple viruses
[13]. The combination of microfluidic chip with Natural Language Processing (NLP) techniques can
break through the limitations of traditional analyses based on structural or sequence similarity and
achieve efficient mapping from sequence to function [14].

4.  Application of biosensors in protein detection

Early detection of cancer-associated proteins (e.g. CEA, AFP, PSA) is crucial for diagnosis and
prognosis [9] can be performed using AuPt NWs/THI/rGO sensor for CEA with low detection limit
of 6 fg/ml [15]. Early detection and diagnosis of AFP is helpful for the treatment of hepatocellular
carcinoma [16], which can be detected using Au@Pt dendritic nanorods/MoSe. composites with a
low limit of detection of 3.3 fg/mL [17]. PSA, a biomarker of prostate cancer, can be detected using
a wearable sensor based on a pleated gold membrane with a low limit of detection of 0.38 fg/mL and
a linear range of 0.5 fg/mL [LU, W large]. with a low detection limit of 0.38 fg/mL and a linear range
spanning six orders of magnitude [18].

Biosensors also have great application in detecting viral infectious diseases. For example, Au
nanorods/g-CsNa4 sensors can be used to detect NS1 protein, a biomarker for dengue fever [19].
Reduced graphene oxide (rGO) FETs can also be used to directly detect inactivated viruses for the
detection of Ebola virus [20]. Quantum dot labelled sensors for COVID-19 detection can achieve a
rapid detection in 30 seconds with an accuracy of up to 90% [21].

5. Discussion

In the field of nanomaterials and biorecognition components, new nanomaterials that are more
biocompatible can be developed to improve the sensitivity and biosafety of biosensors [7] and to
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develop more accurate sensors. For example, DNAzyme, which can be used in precision medicine
due to its unique catalytic and programmable properties, but there is still a need to develop new
DNAzyme in the direction of in vitro screening, such as targeting of non-metallic or biomolecules
[22]. There is also a need to develop multi-channel biosensors for simultaneous detection of multiple
protein markers to further improve efficiency. Developments in intelligence are also particularly
important for biosensors, with the development of Al-driven data analysis to improve the automation
of detection [14]. The development of wearable biosensors suitable for continuous monitoring, such
as protein detection in sweat, tears and saliva and combined with smartphones, wireless sensing
technology can achieve real-time telemedicine monitoring.

6. Conclusion

In recent years, the rapid development of biosensors, through the combination of nanomaterials to
achieve a variety of viral markers detection and the use of nanomaterials electrodes with a large
surface area, catalytic activity and biocompatibility and other characteristics of electrochemical
sensors to improve the sensitivity and specificity. In terms of intelligence and integration, the
microfluidic chip integrates electrodes and fluidic control, effectively reducing reagent consumption,
lowering costs and shortening detection time. Accurate screening of proteins for specific functions
by structure can be achieved using Natural Language Processing (NLP) technology.

However, in complex samples (e.g. saliva, blood) the mechanism of interference will reduce the
specificity of the detection, and the stability and reproducibility of the biosensor still need to be further
improved to adapt to extreme environments or multi-testing. In addition, the development of multi-
target simultaneous detection and portable detection devices puts high demands on the compatibility
of sensing platforms, and solutions to these problems may also be found in the development of
multidisciplinary cross-disciplinary development, such as the use of biomimetic materials to enhance
the ability of anti-jamming, through the combination of CRISPR technology to achieve multi-target
simultaneous detection.

With the potential for high specificity, fast response and miniaturization, and through the
integration of nanotechnology, artificial intelligence and bioengineering, the next generation of
sensors will push the boundaries of performance and revolutionize precision medicine and health
monitoring. The rise of biosensors in the field of protein detection marks a shift in bioanalytical
technology from "static detection in vitro" to "dynamic sensing in vivo". However, technological
breakthroughs need to be deeply integrated with clinical needs, and stability, accessibility and ethical
issues need to be addressed through interdisciplinary collaboration. Future research should abandon
the "sensitivity-only theory", and instead build scenario-adapted, user-friendly and socially
acceptable solutions to truly realize the technological leap from the laboratory to the bedside.
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