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Introduction

Biosensing technologies have advanced significantly in recent years, 
enabling the detection and quantification of biomolecules with high sensitivity 
and specificity. Single-molecule/particle digital counting is a powerful approach 
that allows for ultrasensitive biosensing by detecting individual biomolecules or 
particles and counting them digitally. This method offers several advantages, 
including enhanced sensitivity, reduced background noise, and the ability to detect 
rare events. In this review, we discuss the principles, techniques and applications 
of ultrasensitive. We highlight the advancements in this field and explore its 
potential for various applications, including disease diagnostics, environmental 
monitoring and molecular biology research. Traditional biosensing methods often 
rely on ensemble measurements, averaging the signals from a large number 
of biomolecules or particles. Single-molecule/particle digital counting provides 
a breakthrough in biosensing by detecting and quantifying individual entities, 
resulting in enhanced sensitivity and detection accuracy. This review focuses on 
the principles and techniques underlying ultrasensitive biosensing with single-
molecule/particle digital counting. Single-molecule/particle digital counting 
relies on the detection and quantification of individual biomolecules or particles, 
enabling the precise measurement of their concentration [1]. 

Description

By counting discrete events, such as fluorescence bursts or electrical 
signals, the method achieves ultrasensitivity and improved accuracy. Various 
technologies, including fluorescence microscopy, nanopores, and droplet-based 
microfluidics, have been employed to implement single-molecule/particle digital 
counting. Several techniques have been developed for single-molecule/particle 
digital counting, each with its specific advantages and applications. These 
include fluorescence-based methods such as single-molecule fluorescence 
microscopy, nanoparticle tracking analysis, and digital PCR. Other techniques 
involve electrical detection, such as solid-state nanopores and droplet-based 
microfluidics. Each technique offers unique features for ultrasensitive biosensing. 
Ultrasensitive biosensing with single-molecule/particle digital counting has 
witnessed significant advancements in recent years. The development of 
high-resolution imaging techniques, sensitive detectors, and advanced data 
analysis algorithms has greatly improved the detection limits and quantification 
accuracy. Additionally, the integration of microfluidics and lab-on-a-chip devices 
has enabled high-throughput analysis and multiplexed measurements, further 
enhancing the capabilities of digital counting. Ultrasensitive biosensing with 
single-molecule/particle digital counting finds diverse applications in various 
fields. Ultrasensitive detection methods are essential for accurately quantifying 
low-abundance biomarkers and pathogens. Single-molecule/particle digital 
counting has emerged as a powerful technique for ultrasensitive biosensing, 
enabling the detection and quantification of individual molecules or particles with 
high precision [2].

In disease diagnostics, it enables the early detection of biomarkers associated 
with cancers, infectious diseases, and genetic disorders. Environmental 

monitoring benefits from the ability to detect trace amounts of pollutants or 
contaminants. In molecular biology research, single-molecule/particle digital 
counting provides valuable insights into biomolecular interactions, enzymatic 
activities, and gene expression analysis. Despite the remarkable progress in 
ultrasensitive biosensing with single-molecule/particle digital counting, several 
challenges remain. Improving the signal-to-noise ratio, reducing nonspecific 
binding, and increasing the throughput and multiplexing capacity are ongoing 
areas of research. Moreover, the translation of these technologies into practical 
applications and the integration with existing diagnostic platforms are important 
considerations for future development. Ultrasensitive biosensing with single-
molecule/particle digital counting offers a powerful approach for the detection and 
quantification of biomolecules and particles. By counting individual entities, this 
method provides enhanced sensitivity, reduced background noise, and improved 
accuracy. The advancements in techniques, instruments, and data analysis 
algorithms have propelled the field forward, opening up new possibilities for 
disease diagnostics, environmental monitoring, and molecular biology research [3].

We also explore recent advancements, challenges, and future prospects 
of this technique in various fields. Biosensing techniques enable the detection 
and quantification of biomolecules, nanoparticles, and pathogens, providing 
valuable information for disease diagnosis, environmental monitoring, and quality 
control. Ultrasensitive detection methods are crucial for detecting low-abundance 
analytes with high precision. Single-molecule/particle digital counting has 
revolutionized biosensing by allowing the quantification of individual molecules 
or particles, surpassing the limitations of traditional ensemble measurements. 
Single-molecule/particle digital counting techniques rely on the detection and 
quantification of discrete events corresponding to the presence of individual 
molecules or particles. These techniques utilize sensitive detection methods, 
such as fluorescence microscopy, nanopore sensing, or electrochemical 
detection, to resolve and count individual entities. By counting single events, 
the concentration of the can be accurately determined, even at extremely low 
levels. Single-molecule/particle digital counting offers several advantages over 
traditional ensemble measurements. Firstly, it enables ultrasensitive detection by 
eliminating the detection limit associated with ensemble averaging. Secondly, it 
provides precise quantification, as each event corresponds to a single molecule 
or particle. Additionally, this technique offers increased dynamic range, reduced 
sample volume requirements, and improved multiplexing capabilities [4].

Single-molecule/particle digital counting has found numerous applications 
in medical diagnostics. It enables the detection of low-abundance biomarkers 
associated with various diseases, including cancer, infectious diseases, and 
genetic disorders. By accurately quantifying these biomarkers, this technique 
can improve early detection, prognosis assessment, and personalized 
treatment strategies. Environmental monitoring often requires the detection 
and quantification of nanoparticles, pollutants, or pathogens present in complex 
samples. Single-molecule/particle digital counting offers an effective approach 
for ultrasensitive detection in environmental monitoring. It can enable the 
identification of rare nanoparticles, the quantification of pollutants in water or air, 
and the monitoring of microbial contamination in food or environmental samples. 
Recent advancements in single-molecule/particle digital counting techniques 
have expanded their capabilities and improved their performance. These include 
the development of novel detection methods, such as DNA-based nanopore 
sensing, plasmonic sensing, and super-resolution microscopy. Continued 
research and development in this area will drive further improvements and 
expand the applications of ultrasensitive biosensing with single-molecule/particle 
digital counting. In this review, we discuss the principles and applications of 
single-molecule/particle digital counting, highlighting its advantages in achieving 
ultrasensitive biosensing. Biosensing plays a crucial role in various fields, 
including medical diagnostics, environmental monitoring, and food safety [5].

Conclusion

Additionally, advancements in data analysis algorithms, statistical methods, 
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and machine learning techniques have enhanced the accuracy and efficiency 
of single-molecule/particle digital counting. Despite its tremendous potential, 
single-molecule/particle digital counting still faces several challenges. Technical 
challenges include improving detection sensitivity, reducing background 
noise, and enhancing multiplexing capabilities. Furthermore, standardization, 
reproducibility, and cost-effectiveness are important considerations for practical 
implementation. Future research efforts should focus on addressing these 
challenges, as well as expanding the application areas of single-molecule/particle 
digital counting in emerging fields such as synthetic biology and nanomedicine. 
Single-molecule/particle digital counting has emerged as a powerful technique for 
ultrasensitive biosensing, enabling the detection and quantification of individual 
molecules or particles. This technique offers advantages such as ultrasensitivity, 
precise quantification, increased dynamic range, and reduced sample volume 
requirements. Its applications in medical diagnostics and environmental 
monitoring have shown great promise. With ongoing advancements and 
addressing existing challenges, single-molecule/particle digital counting is 
expected to further revolutionize biosensing and contribute to advancements 
in healthcare, environmental sciences, and other fields requiring ultrasensitive 
detection.
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