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Abstract. This paper explores the development and application of intelligent biosensors in 
healthcare, focusing on their role in chronic disease management, early disease detection, and 
patient monitoring. As the global demand for efficient, non-invasive health monitoring grows, 
intelligent biosensors have emerged as essential tools, providing real-time insights into patient health 
and enabling personalized care. Traditional diagnostic methods often involve time-consuming 
processes and high costs, highlighting the need for rapid, accessible alternatives. By categorizing 
biosensors into electrochemical, optical, and nanosensor types, this study explores the unique 
mechanisms and applications of each, such as glucose monitoring in diabetes management and 
early cancer biomarker detection. Using adaptive systems, AI integration, and IoT technologies, 
intelligent biosensors can provide real-time, personalized monitoring to improve patient outcomes 
and increase healthcare efficiencies. However, intelligent biosensors still face challenges with 
sensitivity, stability, and data security, but in today’s rapidly advancing technology landscape, 
solutions are hopeful. Continuing innovations in materials science, artificial intelligence, and wireless 
communications hold great promise, fueling the future of intelligent biosensors. 
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1. Introduction 

In recent years, the rapid development of intelligent biosensors in the healthcare industry has 

provided advanced tools for real-time disease monitoring, chronic disease management and 

personalized treatment. With the increasing prevalence of chronic diseases and an aging population 

worldwide, the need for continuous and accurate health monitoring is more pressing than ever. 

Traditional diagnostic methods are often associated with significant time delays, high costs and 

patient discomfort. In contrast, intelligent sensors offer a more direct and accessible way to enable 

physicians and patients to detect diseases and treat them in time. 

The goal of this study is to provide a comprehensive overview of intelligent sensors and their 

applications in the healthcare industry. In this paper, the main types of intelligent sensors (i.e. 

electrochemical, optical, and nanosensors) are classified and analyzed. The paper focuses on a 

systematic analysis of the strengths, limitations and potential improvements of each sensor type, 

providing some insights into the future of personalized and remote healthcare. Each sensor is a unique 

tool with customized functions. With these intelligent sensors, physicians can achieve accurate 

disease monitoring, early diagnosis and effective treatment. Additionally, this study explores the 

potential of integrating adaptive systems, artificial intelligence (AI), and Internet of Things (IoT) 

technologies into biosensor platforms, providing new directions for how these innovations can 

improve patient health and increase healthcare efficiency. 

2. Sensor Classification  

Intelligent biosensor technology is in a period of rapid development, which also promotes the 

expansion of its application in the medical field. Sensors can be classified into different types based 

on their operating principle and the objects they detect. This part mainly focuses on these biosensors, 

electrochemical biosensors, optical sensors, and nanosensors. These sensors not only enable disease 

diagnosis and health monitoring by detecting chemical and physical signals but also have a great 
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future. As they are both emerging technologies, they have great potential for intelligence. If these 

technologies can be combined with artificial intelligence, the level can go up a notch. For example, 

they can do adaptive, real-time data processing and feedback. 

2.1. Electrochemical Biosensors 

An electrochemical sensor is an excellent intelligent biosensor that is characterized by high 

sensitivity, timeliness and convenience. Moreover, it usually has a relatively simple structure, 

requiring only a biometric element and an electrochemical monitoring element to work. It usually 

consists of a working electrode, a reference electrode and an electrolyte (Fig. 1a and b), where the 

working electrode (WE) facilitates the electrochemical reaction with the target analyte, while the 

reference electrode (RE) maintains a stable potential for accurate measurements. Potentiometric 

sensors (Fig. 1a) measure the potential difference between the working and reference electrodes to 

provide quantitative insights into the concentration of the analyte, whereas electrochemical sensors 

(Fig. 1b) measure the electric current generated during the electrochemical reaction to provide an 

alternative quantitative method [1].  

 
Fig. 1 Schematic diagram of a) potentiometric, b) amperometric/voltametric 

 

In daily medical health monitoring, blood glucose management in diabetic patients often becomes 

a headache for people. And doctors can use electrochemical sensors to solve this problem better. 

These sensors target the enzyme glucose oxidase (GOx) by catalyzing the conversion of glucose to 

gluconic acid while producing hydrogen peroxide. The hydrogen peroxide is then subjected to an 

oxidation reaction by an electrode, which produces an electric current. The magnitude of this current 

is proportional to the concentration of blood glucose, thus in this way the sensor can rely on 

monitoring the current to monitor blood glucose [2]. 

2.2. Optical Biosensors 

Optical sensors achieve detection primarily through the interaction of light with a biological 

sample. Common optical sensors work by using changes in fluorescence, absorbance, or emission 

spectra to detect biomolecules, and are particularly suitable for the detection of cancer markers, DNA 

fragments, and other disease markers. One of the most specific applications of this is the early 

detection of cancer [3]. Many cancers in their early stages have very low concentrations of specific 

markers in the body and are therefore undetectable by conventional sensors. Instead, highly sensitive 

fluorescent sensors can utilize gold nanoparticles (AuNPs), which can be used as protein biosensors 

employing Surface Enhanced Raman Spectroscopy (SERS), also known as Surface Enhanced Raman 

Scattering. Powerful Raman-active molecules are attached to the surface of AuNPs, which can be 

used in combination with recognition element species to identify specific molecules, such as cancer-
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producing viruses or tumor proteins[4]. This helps doctors to more accurately diagnose a patient's 

condition, enabling early detection of cancer. In addition to cancer detection, optical sensors can also 

be used for real-time monitoring of physiological parameters. When light passes through blood, it 

undergoes phenomena such as refraction to varying degrees. These phenomena can then be captured 

by the sensor to calibrate physiological indicators such as blood oxygen saturation. 

2.3. Nano Sensors 

Nanosensors lie at the forefront of biosensing technology, enabling highly sensitive detection of 

minute quantities of target molecules through the unique properties of nanomaterials, such as their 

high specific surface area and unique physicochemical properties. Due to their tiny size, nanosensors 

can interact efficiently with cells, DNA molecules and even individual proteins, which gives them 

the potential for a wide range of applications in medicine. The most representative of these sensors 

are graphene sensors or graphene oxide. Graphene itself is a nanomaterial with excellent properties, 

and it just happens to be a perfect fit for the previously mentioned electrochemical and optical sensors. 

Graphene's fascinating properties stem from its high surface area, electrical and thermal conductivity, 

and mechanical strength. Due to the material's high surface area to volume ratio and high electrical 

conductivity, it brings significant improvements in many applications. For example, graphene can be 

used to make electrodes as well as that probe on optical sensors [5]. These are great for doctors and 

the focus of future nanosensors. 

3. Intelligent Sensor System 

With the development of sensor technology, intelligence has become the future trend of biosensor 

research. The goal of intelligent sensors is not only to be able to collect biological data but also to 

have certain self-learning, data processing, and feedback capabilities. Artificial Intelligence (AI), 

machine learning, and Internet of Things (IoT) technologies, all of which are key elements to achieve 

intelligent sensors. One of the core features of intelligent sensor systems is their ability to proactively 

adjust detection parameters or provide feedback when an abnormality is detected. In this section, key 

technologies in intelligent sensor systems, including adaptive intelligent sensors, closed-loop therapy 

systems, sensors, and the Internet of Things are the next focus. 

3.1. Adaptive Intelligent Sensor 

Adaptive intelligent sensors are the first major category of intelligent sensors. It is capable of 

dynamically adjusting based on the external environment or the patient's health status to provide more 

accurate health monitoring and feedback. To achieve these functions, machine learning and artificial 

intelligence algorithms are typically required to recognize and analyze complex bio-signal patterns. 

The sensor determines real-time adjustments based on the results of its data analysis. For example, 

adaptive sensors in cardiac health monitoring flexibly adjust frequency and sensitivity based on the 

user's state of motion-increasing the monitoring frequency during exercise to capture fast-changing 

heart rates, and decreasing the frequency at rest to reduce data acquisition requirements and power 

consumption. [6] Such dynamically adaptive designs not only improve data accuracy, but also extend 

the battery life of the device, making them particularly suitable for long-term health monitoring 

applications. 

Diabetes management also requires adaptive sensors. Patients need to continuously monitor their 

blood glucose levels to know when to change their medication. At this stage, sensors must 

continuously monitor blood glucose levels and automatically adjust detection sensitivity based on 

fluctuations over time to maintain the patient's blood glucose within a reasonable range [6]. 

3.2. Closed-loop Therapy System 

Diabetes monitoring was just mentioned in the previous paragraph, and this closed-loop treatment 

system happens to be best suited for intelligent sensors to do this, especially for people with type 1 
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diabetes [7]. The so-called ‘closed-loop’ refers to a system that can monitor the physiological state 

of patients in real-time through sensors, and automatically adjust the treatment plan according to the 

test results, without the need for intervention by patients or healthcare professionals, which can 

significantly improve efficiency and accuracy [8]. 

Let's take the example of blood glucose management for diabetic patients. Closed-loop systems 

typically combine continuous glucose monitoring (CGM) sensors and insulin pumps to form an 

‘artificial pancreas’ that automatically adjusts insulin release based on real-time glucose data to help 

keep blood glucose in a safe range for the patient. Tandem Diabetes Care's Control- IQ system 

integrates CGM sensors and insulin pumps to automatically adjust treatment regimens based on real-

time glucose data. IQ system automatically delivers supplemental doses of insulin by integrating 

CGM data and algorithms with a hypoglycemic safety mechanism that is particularly effective at 

night when patients are resting to maintain ideal blood glucose levels. Such systems not only reduce 

the burden of daily decision-making for patients, but have also demonstrated significant efficacy in 

clinical trials, with participants spending significantly more time in their target blood glucose range 

[7]. 

3.3. Internet of Things and Telemedicine 

The Internet of Things (IoT) technology is one of the newest technologies of the Internet age, and 

when it is combined with intelligent sensors and used in telemedicine it is a different kind of 

flashpoint. IoT allows intelligent sensors to connect to other devices via wireless networks for real-

time data transmission and remote monitoring. For example, an intelligent bracelet for heart 

monitoring can continuously track the wearer's heart rate, blood pressure and other physiological 

indicators, and upload the data to the cloud in real time, allowing doctors to access health information 

in a timely manner, detect abnormalities and take action [9]. In addition, 5G technology brings higher 

bandwidth and lower latency to telemedicine, enabling the rapid transmission of large amounts of 

data, thus providing doctors with almost instantaneous health data processing capabilities, greatly 

improving the accuracy and timeliness of diagnosis [9]. Applications such as heart disease prediction 

have also been significantly improved with the support of IoT and deep learning algorithms, allowing 

systems to provide earlier prevention and intervention by continuously monitoring and analyzing 

sensor data, predicting risks, and issuing alerts [10]. 

The combination of IoT and telemedicine not only optimizes the allocation of healthcare resources 

but is also particularly suited to applications in resource-poor areas or at special times, such as during 

COVID epidemics. Through cloud-based management systems, doctors are able to remotely monitor 

the health status of multiple patients, adjust treatment plans and reduce the burden on hospitals [10]. 

4. Development Prospects and Challenges 

The application of intelligent biosensors in medicine is widespread and promising, but as 

technology continues to advance, sensors have to face a series of problems and challenges. Although 

intelligent biosensors have achieved remarkable results in disease management, health monitoring, 

and precision medicine, improving performance, enhancing data security, and reducing 

manufacturing costs are still challenges that researchers and engineers urgently need to overcome. In 

this section, the discussion will focus on the main challenges facing intelligent biosensor technology 

and try to look ahead to solutions and future directions for these problems. 

4.1. Technical Challenges 

Although intelligent sensors have made great progress in medical applications, they still face 

several technical challenges in practical use. Firstly, issues of sensitivity and selectivity are important 

for accurate monitoring, especially when detecting low concentrations of biomarkers such as cancer 

markers. Nanosensors have shown the potential to detect markers at very low concentrations, but the 

challenge remains to exclude interference from other molecules in complex biological environments. 
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[11,12]. For example, nanostructured metal oxide sensors can improve sensitivity and detection 

accuracy by increasing surface area, but the effects of biomolecular adsorption and impurities still 

need to be overcome [13]. 

Secondly, the long-term stability and biocompatibility of sensors is another important challenge. 

In chronic disease management and wound care, sensors need to work continuously for weeks to 

months in vivo or in a wound environment, so the durability and resistance to bio-contamination of 

the material is important. Researchers are developing corrosion-resistant nanomaterials and self-

cleaning surface technologies to improve the stability and sensitivity of sensors for prolonged in vivo 

use [12]. In addition, power consumption and size limit the widespread use of sensors in wearable 

and implantable devices. [11] Low-power designs and energy harvesting technologies (e.g., powered 

by human heat or kinetic energy) may offer new ways to address this issue, allowing sensors to be 

miniaturized while maintaining stable performance. 

4.2. Future Outlook 

In the future, with advances in artificial intelligence (AI), the Internet of Things (IoT), 5G 

communications, and nanotechnology, the development of intelligent biosensors will reach a new 

level and revolutionize medical applications. Firstly, AI technology combined with intelligent sensors 

can analyze patient health data in real time to support personalized and precision medicine [14]. For 

example, in the management of chronic diseases such as heart disease or diabetes, AI-driven 

intelligent sensor systems can automatically issue alerts or dynamically adjust treatment plans for 

more efficient health management [15]. 

In addition, the proliferation of 5G networks has enabled intelligent sensors to dramatically 

increase data transmission speeds to support telemedicine services. With intelligent sensors 

transmitting patient data in real-time over 5G networks, doctors can remotely monitor health 

conditions and intervene in a timely manner, especially helpful for patients in remote areas and those 

with limited mobility. 5G networks can even allow doctors to control surgical robots on the other side 

of the world to perform surgery on patients [15]. In addition, the development of nanotechnology has 

further promoted the miniaturization and multifunctionality of biosensors, allowing a single sensor to 

detect multiple biomarkers at a microscopic level for applications such as cancer screening and 

genetic disease detection. 

In the future, intelligent sensors will be designed with a greater focus on sustainability and 

environmentally friendly features. The application of low-power and battery-free sensors and 

biodegradable materials not only reduces energy consumption and medical waste, but also expands 

the applicability of sensors in different clinical scenarios, further improving the quality of life of 

patients [14]. 

5. Conclusion 

This paper reviews the important role of intelligent sensors in healthcare and their potential 

applications, especially in chronic disease management, early disease detection, and health 

monitoring. Through in-depth analyses of three types of sensors: electrochemical sensors, optical 

sensors and nanosensors, this paper reveals the unique functions of each type of sensor and their 

advantages in different application scenarios. Meanwhile, combined with the application of AI and 

IoT technologies, intelligent sensor systems enable real-time data collection, analysis and feedback, 

thus improving medical efficiency and optimizing therapeutic effects. However, intelligent sensors 

still have some challenges in terms of materials, sensitivity, and other aspects. Solutions to these 

problems are key to future development. 

In the future, with the continuous development of AI, IoT, and 5G communication, intelligent 

sensors will play a greater role in the medical industry. By combining AI algorithms and low-power 

designs, intelligent sensor systems will be able to achieve real-time monitoring over long periods of 

time and analyze the data. In the future, they can support more personalized and precise disease 
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management. In addition, the popularity of 5G networks will accelerate data transmission speeds, 

making remote services more efficient, especially for patients in remote areas or with limited mobility. 

Meanwhile, the development of green materials and degradable technologies will promote the 

sustainable application of intelligent sensors to further enhance patients' quality of life in a variety of 

clinical scenarios. 
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