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Abstract: Quantum dots (QDs), a class of zero-dimensional nanomaterials with exceptional 

fluorescent properties, have emerged as a key component in biosensors. Biosensors are 

sophisticated devices that measure biological properties and convert them into electrical 

signals, comprising components such as the analyte, bioreceptor, transducer, electronics, 

display, and power source. Compared to traditional methods, QDs are more sensitive, less 

likely to suffer from photobleaching, and customizable. This review explains the properties 

of QDs, their synthesis methods, and the integration of QDs into biosensors. Additionally, it 

delves into the various applications of quantum dots-based biosensors, providing a brief 

overview of multiple QD biosensors, including their use in detecting cancer, coronavirus, 

tuberculosis, and salmonella. Despite their significant potential, the toxicity of QDs, 

particularly those composed of heavy metals, poses challenges for their broader application 

and can harm organisms after entering the environment. Finally, the paper discusses future 

trends in the development of quantum dot biosensors, such as more carbon QDs, greener 

synthesis, and more QD sensors. This paper provides information that can be used to improve 

future QD biosensors. 
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1. Introduction 

A sensor is a device used to recognize properties from the environment it is in and convert them into 

electricity [1]. A biosensor is a specialized type of sensor that monitors biological processes and 

translates them into electronic outputs [2]. Biosensors consist of several critical components: the 

analyte (the substance being measured), the bioreceptor (which identifies the analyte), the transducer 

(which converts the bioreceptor’s response into a measurable signal), the electronics (which process 

and refine the signal), and the display (which presents the results to the user) [2].  

Quantum dots (QDs) are a class of zero-dimensional (0D) nanomaterials, characterized by their 

extremely small dimensions, typically between 2 and 10 nanometers in diameter [2], [3]. They have 

been widely used in biosensors [2]. When light hits them, quantum dots emit fluorescence using 

bandgap energy [4]. This energy moves an electron to a higher energy level and releases light when 

the electron goes back to its original state. Sensors can detect changes in the light while the QDs 

respond to the analyte [5]. A QD's size affects its color [4].  

QDs are sometimes made of heavy metals [6]. However, they could harm organisms [4]. Because 

of this, carbon and graphene QDs are used [4]. In addition to being less toxic, they dissolve better and 
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are more versatile [4]. Compared to traditional fluorophores, quantum dots have many advantages in 

biosensor use, including decreased photobleaching, larger size, and increased sensitivity [7]. 

This paper aims to review quantum dots-based biosensors’ parts and applications, making the large 

amount of information on QD-based biosensors within reach. This provides researchers with 

knowledge that they can use to make improved biosensors. 

2. Working Principles and Components of Quantum Dot Biosensors 

The synthesis of quantum dots (QDs) can be achieved through two main approaches: top-down and 

bottom-up [8]. In a top-down approach, a large piece is broken into smaller pieces, making quantum 

dots. In a bottom-up approach, minuscule molecules form the quantum dots [8]. 

 

Figure 1: Top-down vs. bottom-up synthesis of quantum dots [8]. 

2.1. Bottom-Up Synthesis 

One example of a bottom-up approach is deposition, where chemical reactions at high temperatures 

result in the formation of QDs on a substrate’s surface [9]. Another bottom-up approach is the 

solvothermal method [9]. Sustainable biomass goes through various reactions while intensely 

pressurized and heated, forming QDs made out of carbon. 

2.2. Top-Down Synthesis 

One example of a top-down approach is laser ablation [8]. A high-energy laser breaks down metal or 

crystals into quantum dots. Other top-down methods include chemical ablation, in which a large 

chunk is oxidized and broken down into QDs [9]. 

2.3. Functionalization of the Bioreceptor 

Once QDs are synthesized, they must be functionalized to bind to specific analytes. Examples include 

molecularly imprinted polymers, aptamers, and antibodies [10]. These many options are an advantage 

of quantum dots because they can be customized depending on what the biosensor will be used for. 

Molecularly imprinted polymers are monomers that become polymers, organized in a way that 

allows them to attach to a particular analyte [10]. Aptamers are nucleic acids with one strand [10]. 

They are excellent for putting in sensors because they are less likely to result in an immune response, 
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cheap, long-lasting, and simple to alter. They also have a great binding affinity. Antibodies can bind 

to antigens [10]. Their advantages include high sensitivity, not being susceptible to interference, and 

adaptability. 

2.4. Transducer 

Quantum dots are both bioreceptors and transducers. As mentioned before, the analyte affects the 

fluorescence of the QD, which can then be detected [2], [5]. In other words, the quantum dots change 

their signal from the analyte to a light signal that can be sensed. 

2.5. Power Source 

Traditional quantum dot biosensors rely on an external light source to excite QDs, initiating 

fluorescence [11]. Currently, there are QD sensors without power sources. Li et al. created an 

exceptionally thin (just 40 nanometers) quantum dot sensor for people to wear and measure their heart 

rate [12]. It powered itself using the photovoltaic effect. To prevent people from being harmed by 

toxicity, the sensor used quantum dots that didn’t contain heavy metals. The resulting sensor had 

extremely good specific detectivity and was very flexible physically [12].  

3. Applications 

Quantum dot biosensors have a wide variety of purposes. Each of the following QD biosensors were 

better than traditional methods.  

3.1. Cancer Detection 

Cui et al. created a quantum dot biosensor that detected circulated tumor cells (CTCs) [13]. This is 

important because cancer can put CTCs into the blood and metastasize (spread throughout the body). 

Past methods took a lot of time and were costly. By attaching aptamers to the dots, the sensor could 

find cell-surface epithelial cell adhesion molecules, which are related to CTCs. It could detect CTCs 

in just 15 minutes and was very sensitive [13]. 

Liu et al. constructed a QD biosensor that indirectly detected cancer [14]. It looked for the Pax-5 

gene, which is linked to acute lymphoblastic leukemia. They used a dual-signal sensor to decrease 

the effect of other substances. They made the dots utilizing molybdenum disulfide and altered them 

using zinc. They tested it on human serum, and the sensor performed well. It had a detection limit of 

0.52 pM [14].  

Kalkal et al. made a QD biosensor to detect small cell lung cancer (SCLC) [15]. SCLC is a type 

of cancer that is challenging to cure and metastasizes quickly. Specifically, the sensor detected 

neuron-specific enolase, which is found in larger amounts in people with SCLC. Previous sensors 

used organic dyes, which are harmful and can lose their fluorescence after being exposed to light. 

They used gold nanoparticles and graphene quantum dots in the sensor. They tested it on serum from 

a human in good health. The sensor was very sensitive (0.09 pg mL-1), quick (16 minutes), and 

selective [15]. 

Liu et al. built an optical QD biosensor to detect breast cancer [16]. Patients with breast cancer, as 

well as many other cancers, have different activity of methyltransferase like 14 protein and 

methyltransferase like 3 proteins (METTL3/14). Traditional options were too expensive and not 

specific enough or used hazardous substances. The sensor was selective because the authors tested its 

detection of METTL3/14 while there were pollutants. Then, they tested the sensor on breast tissue, 

and it could distinguish between healthy and cancerous tissue. Its limit of detection was 3.11*10-17 

M [16]. 
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3.2. Coronavirus Detection 

SARS-Cov-2, more commonly known as COVID-19, resulted in a pandemic that affected many 

people across the world [17]. Prior methods of detection were not sensitive enough or too expensive 

and complicated [17]. 

Zhang et al. created the first quantum dot sensor for detecting SARS-CoV-2 [17]. It worked by 

detecting a gene on SARS-CoV-2. They tested it on various clinical samples. It took less than an hour 

to sense the protein and could distinguish coronavirus from other illnesses. Additionally, it was very 

cheap, with one test costing under $1.50. Its detection limit was 1 virus/mL. The sensor could be 

stored at room temperature for at least three months [17]. 

A few years later, Wu et al. built a quantum dot biosensor for sensing a SARS-Cov-2 protein [18]. 

Unlike the other sensor, they used an aptamer and an antibody in the sensor and made it water soluble 

by adding a coreactant. They tested it on real human serum. Its detection limit was 3.0 picogram/   

mL-1, and it was reproducible and not easily affected by interference. The sensor could be stored at 4 

degrees Celsius for a minimum of a month [18].  

3.3. Tuberculosis Detection 

Bakhori et al. manufactured a sensor to detect Mycobacterium Tuberculosis using CdSe/ZnS quantum 

dots and nanoparticles [19]. Detecting these bacteria is crucial because it causes tuberculosis, the top 

killer amidst bacterial infections. These nanomaterials allowed the sensor to be more specific and 

sensitive, with a detection limit of 1.5 * 10-10 g/mL. It had high reproducibility [19]. 

3.4. Salmonella Detection  

Ding et al. made an optical QD biosensor to detect Salmonella in milk [20]. Salmonella is a foodborne 

bacterium that harms humans if ingested. Previous methods had various disadvantages such as 

causing false negatives, requiring a lot of time, or being high-priced. They connected the dots to poly-

L-lysine, resulting in a sensor that detected Salmonella 10 times superior to a previous method. 

Specifically, its limit of detection was 4.9 * 103 cfu/mL. Also, it only took an hour to detect 

Salmonella. [20]. 

4. Environmental Effects 

Despite the numerous advantages of quantum dot-based biosensors, their environmental impact 

remains a significant concern. Quantum dots can enter the environment at various stages of their 

lifecycle [21]. During synthesis, large amounts of chemical waste are generated [21]. While being 

moved, they could be damaged. Also, when people use the QDs, they could be released, but fewer 

QDs will enter the environment because of sensors compared to packaging and other uses. After their 

life cycle, they could end up in landfills, releasing metals. They could also be burned, going to the 

atmosphere and creating extremely harmful waste. Even if they are recycled, people might be harmed 

by toxic metals in the QDs, especially in developing countries with fewer safety laws [21]. 

After entering the environment, QDs can go into organisms [21]. They can harm their DNA, 

immune system, and reproduction [21]. QDs can also decrease growth and cause deformities in 

descendants [21]. For example, Li et al. conducted a study on the effects of carbon quantum dots on 

organisms in saltwater. They found that Phaeodactylum tricornutum, an autotroph, completely 

stopped getting bigger when exposed to CQDs at a concentration of 500 mg/L. At 100 mg/L, it got 

larger by 81.11% less than the control [22].  

Recently in March of 2024, the European Commission made a decision about cadmium quantum 

dots in displays and lights. They made a exception for putting cadmium in QDs in LED chips in 
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displays and rejected two other proposals [23]. By decreasing motivation, this could hinder future 

progress of synthesizing more environmentally-friendly quantum dots to replace cadmium. 

5. Future Directions 

This section explores the future directions of quantum dot-based biosensors, focusing on material 

advancements, sustainability, and emerging applications. 

5.1. Carbon Quantum Dots 

Carbon quantum dots (CQDs) are expected to play a larger role in the development of biosensors due 

to their numerous advantages. Those advantages will improve biosensors because heavy metal QDs 

need to be covered with a shell that harms the specificity of the sensor by making the QDs bigger [9]. 

It will also make sensors less dangerous to people’s health since CQDs are less harmful than heavy 

metal QDs [9]. Additionally, CQDs are cheaper, allowing more sensors to integrate quantum dots 

into their designs [9]. Their improved solubility and versatility [4] could also improve sensors. 

5.2. Environmental Sustainability  

Future advancements in QD synthesis are likely to prioritize environmental sustainability. One 

promising method is hydrothermal synthesis, in which eco-friendly precursors are dissolved in water, 

followed by heating and pressurization at relatively low temperatures to produce CQDs [24]. This is 

very similar to the solvothermal method, another environmentally-friendly approach that was 

mentioned before, but it uses water instead of other solvents [9], [24], [25].  

Zhao et al. created quantum dots employing the hydrothermal method. They used orange peel as 

the precursor. The resulting QDs were blue with excitation and emission wavelengths of 370 nm and 

440 nm, respectively. Then, they used them in a sensor to detect folic acid, iron, and calcium [26]. 

Another technique is microwave-assisted synthesis [24]. Environmentally safe precursors undergo 

reactions caused by microwave radiation. This method has less energy usage and harmful waste. It is 

also quicker and can be used to make QDs in large quantities [24].  

Yalshetti et al. used the microwave-assisted synthesis method to make carbon quantum dots from 

Hibiscus rosa-sinensis leaves. The dots helped treat wounds, prevented inflammation, and were not 

toxic, so they could be used for biomedical purposes [27].  

Quantum dots have also been synthesized in microorganisms [24]. The CQDs’ properties can be 

adjusted by changing the organisms’ environment. This method uses eco-friendly precursors, 

consumes less energy, and doesn’t create a lot of harmful byproducts [24]. 

5.3. Applications in Emerging Fields 

In the future, there will be more quantum dot-based biosensors. The line in Figure 2 is going up, 

showing that the field is expanding. In 2000, there were just 80 results. In 2010, that number increased 

to 2,480. In 2024, there were 17,600 papers. 
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Figure 2: The quantity of search results using “‘quantum dots’ biosensor” by year. 

New quantum dots-based biosensors can integrate AI to analyze data, automating the process and 

improving the biosensors. In the future, QD biosensors could be used more and applied for new 

purposes. 

6. Conclusion 

Quantum dots can be used in biosensors since they release light. They can be synthesized using a top-

down or a bottom-up method. Then, they need to be completed by adding a bioreceptor. QD 

biosensors also need a power source to work.  

Quantum dots have been applied in biosensors to detect numerous analytes. Some QD sensors can 

sense cancer and markers of cancer, while others can identify coronavirus. They have also been used 

to detect tuberculosis and salmonella. These many uses show potential for future biosensors that can 

detect other analytes. However, quantum dots can enter the environment and harm living things.  

The development of carbon quantum dots offers a safer and more sustainable alternative to 

traditional QDs. Advancements in green synthesis methods, such as hydrothermal and microwave-

assisted techniques, are addressing environmental concerns while enhancing scalability. The 

continued expansion of QD-based biosensors highlights their growing significance in healthcare, 

environmental monitoring, and beyond.  
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