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Abstract  
The 2D material-based 3D-printed electrodes and nano/micromotors have emerged as the 

cutting-edge technologies. It has drawn widespread attention due to their distinctive 

characteristics that make them suitable for sensing and biosensing applications. The 

research offers valuable insights through systematic experimentation to promote 

advancements in sensing technologies. The 3D-printed nanocarbon electrodes have 

eliminated the need for the conventional electrodes by providing the benefits such as ease 

of fabrication, quick production, excellent precision and customization of the shapes 

depending upon our requirements. Consequently, the findings of this thesis highlight the 

versatility of 3D-printed nanocarbon electrodes in applications involving phenols, 

pesticides and biosensing, particularly DNA sensing. Next, we explored the active quantum 

materials-based micromotors for DNA detection as well the food safety applications. This 

next-generation technology combines the appealing features of the quantum materials along 

with their autonomous mobility as micromotors, which makes the detection fast and offers 

inexpensive platforms for sensing and bio-analysis.  

Thus, by addressing challenges related to analyte use, particularly those with rapid action 

and toxicity, the study explores advanced detection methods, incorporating modern 

technologies to offer innovative solutions. The findings contribute to the ongoing evolution 

of technologies crucial for addressing contemporary challenges in analytical chemistry and 

bioanalytical chemistry. 

 

Abstrakt  
 

Materiály na bázi 2D použité ve 3D tištěných elektrodách a nano/mikromotorech se staly 

špičkovými technologiemi. Získaly širokou pozornost díky svým výjimečným 

charakteristikám, které je předurčují pro použití v senzorových a biosenzorových 

aplikacích. Výzkum nabízí cenné vhledy prostřednictvím systematického výzkumu za 

účelem podpory pokroku v senzorových technologiích. 3D tištěné elektrody z nanouhlíku 

eliminují potřebu konvenčních elektrod tím, že poskytují výhody jako snadnou výrobu, 

rychlou produkci, vynikající přesnost a přizpůsobení tvarů v závislosti na našich 

požadavcích. V důsledku toho zjištění této práce zdůrazňují univerzálnost 3D tištěných 

elektrod z nanouhlíku v aplikacích, které zahrnují fenoly, pesticidy a biosensing, zejména 

detekci DNA. Dále jsme zkoumali aktivní kvantové materiály na bázi mikromotorů pro 

detekci DNA, stejně jako aplikace pro bezpečnost potravin. Tato technologie příští generace 

kombinuje atraktivní vlastnosti kvantových materiálů spolu s jejich autonomní pohyblivostí 

jako mikromotory, což detekci urychluje a nabízí cenově dostupné platformy pro senzoriku 

a bioanalýzu. Řešením výzev souvisejících s využitím analytu, zejména těch s rychlou akcí 

a toxicitou, práce zkoumá pokročilé metody detekce, které zahrnují moderní technologie 

nabízející inovativní řešení. Zjištění přispívají k probíhající evoluci technologií nezbytných 

pro řešení současných výzev v analytické chemii a bioanalytické chemii. 
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 Summary of the Thesis 
 

In the rapidly advancing field of sensing and biosensing applications, the quest for innovative 

materials has become paramount. This thesis explores the integration of 2D materials, 

specifically 3D-printed carbon electrodes for chemical sensing and biosensing applications. 

Furthermore, Graphene quantum dots based nano/micro motors have been employed as highly 

effective biosensors. 

2D materials represent a unique class of nanomaterials with broad implications across various 

fields of research. It consists of ultra-thin structures with one or a few atoms of thickness, which 

has caught attention and found diverse applications. These structures exhibit improved 

electronic, optical, chemical, and physical properties linked to key characteristics like phase, 

crystallinity, exfoliation, stability, and size. These properties, influenced by the synthesis 

method, have significantly enhanced the performance of sensing and biosensing systems in 

both electrochemical and optical transduction modes. Additionally, they are promising 

candidates for biomedical applications, notably in areas of drug delivery and drug potentiation 

as well as photothermal and photodynamic therapies. The high surface area to volume ratio of 

these materials has also inspired research in developing nanocomposite scaffolds with 

enhanced mechanical and biological properties.  2D nanomaterials such as graphene and its 

derivatives have long been of interest to researchers in this area.  

Besides graphene, emerging materials like graphene quantum dots materials have drawn a lot 

of attention for various sensing applications.  Quantum dots are semiconductor nanocrystals 

with diameters ranging from 1 to 10 nanometres. They exhibit distinctive electronic 

characteristics, falling between the properties of bulk semiconductor materials and discrete 

molecules. This is largely attributed to the high ratio of surface area to volume in these particles. 

Quantum dots exhibit unique properties that make them promising candidates for diverse 

applications and devices, including solar cells, fluorescent probes, optical switches, light 

sources, etc. Owing to their distinct electronic properties and adjustable emission spectra, 

quantum dots have become a subject of substantial interest. Their small size makes them 

suitable for various medical applications, including imaging and biosensors. Hence, the 

application of 2D materials and quantum Dots for sensing and biosensing holds great promise 

in propelling the advancement of sensing technologies. This innovative approach opens 
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avenues for more sensitive and efficient detection methods, marking a significant footstep in 

the evolution of biosensing applications. 
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Organization of the Thesis 
 

 

This thesis is a paper-based thesis. The entire dissertation comprises seven chapters. On the 

basis of this, it is broadly divided into two main parts. In the first part, we explore the 

significance of 3D-printed electrodes for sensing and biosensing applications, while the second 

part focuses on the importance of nano/micromotors for biosensing applications.  

Starting with Chapter 1, we laid out the goals and motivations behind the thesis. Chapter 2 

introduces 3D-printed technology and its challenges. Taking a step further, the next section 

will introduce micro/nano motors and their applications in biosensing. Moving on to Chapter 

3, we dig into the background and literature review of 3D-printed technology and 

micro/nanomotors in sensing and biosensing applications. 

Hence, Part I of the thesis, spanning from Chapters 4.1 to 4.3, is dedicated to the exploration 

of 3D-printed nanocarbon sensors. Chapter 4.1 discusses the importance of these sensors for 

detecting chlorophenols and nitrophenols. In Chapter 4.2, we extend this exploration to 3D-

printed electrochemical sensors designed for detecting organophosphate nerve agents. Chapter 

4.3 focuses on Geno-sensing using a 3D-printed nanocarbon electrode to showcase the 

feasibility of 3D-printed electrodes in biosensing. 

Part II comprises Chapters 5.1 and 5.2, which shift the focus to nano/micromotors. Chapter 

5.1 explores self-propelled microrobots based on quantum materials for optical ‘on-the-fly’ 

monitoring of DNA. Chapter 5.2 highlights the utilization of active quantum materials for 

ensuring food safety, specifically in identifying Salmonella using Dynamic Active 

Microrobots. 

The thesis concludes with Chapter 6, summarizing the key findings and insights, followed by 

Chapter 7, which contains the appendix of the thesis. 

 

 

 

 

 



1 
 

Chapter 1 

 

 

Objective of the Thesis 
 

 

 

The primary objective of this thesis is to investigate and assess the potential of novel materials, 

explicitly focusing on 2D material-based 3D-printed electrodes and nano/micromotors in the 

domain of chemical sensing and biosensing applications. Our aim is to contribute valuable 

insights through systematic experimentation and analysis, fostering enhanced performance and 

advancements in chemical and biosensor technologies. This research endeavours to address the 

challenges posed by the extensive use of analytes in various industries, particularly those with 

rapid action and toxicity. By exploring advanced detection methods and the integration of 

modern technologies like 3D-printed technology and nano/micromotors, the goal is to offer 

innovative solutions that enhance sensitivity, precision, and diagnostic capabilities in 

environmental and medical applications. 

The rapid spread of toxic substances such as organophosphates and phenolic compounds across 

various industries, including chemical, cosmetic, and agricultural, presents a grave danger to 

our planet [1,2]. Notably, the extensive use of pesticides and organophosphates in farming helps 

the farmers to safeguard the crops. Unfortunately, these substances have now accumulated in 

our environment, posing a severe threat not only to nature but also to our well-being. The 

consequences of this contamination, ranging from cancer and chronic obstructive pulmonary 

disease to congenital disabilities and infertility, have sparked widespread concern among the 

public [3,4].  

To address these issues, various detection techniques exist, ranging from traditional methods 

like gas chromatography and high-performance liquid chromatography, involving a 

preparation step before analysis, to more advanced methods such as sensors-electrochemical, 

optical, piezoelectric, and molecular imprinted polymer [5,6]. 
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Through systematic experimentation and analysis, the aim is to contribute valuable insights 

into the utilization of novel materials, paving the way for enhanced performance and 

advancements in chemical and biosensor technologies. The applications of modern 

technologies, such as 3D-printed technology and nano/micromotors, in sensing and biosensing 

applications are driven by the compelling need for high performance, sensitivity, and precision 

in diagnostic and analytical processes [7]. Hence, this thesis highlights the potential of novel 

materials, specifically 2D material-based 3D-printed electrodes and nano/micromotors, in the 

field of chemical sensing and biosensing applications.  

 

Part I: 3D printed Electrodes for Sensing 

and Biosensing Applications 
 
Recently, 2D materials have gained significant attention due to their extraordinary properties, 

with notable examples like graphene, transition-metal dichalcogenides (e.g., MoS2), and two-

dimensional inorganic compounds (MXenes). Simultaneously, the widespread availability and 

affordability of 3D printers, combined with user-friendly design software, have revolutionized 

3D-printing into a globally accessible and cost-effective fabrication tool. The integration of 

3D-printing with 2D materials has resulted in the creation of new composites, offering a 

promising platform for the next generation of technologies. This technique allows the 

manufacturing of complex and functional structures in customized shapes (such as curves, 

spheres, etc.) through a highly automated system with minimal human intervention [8–10]. 3D-

printing with 2D materials offers the benefits of flexible design by retaining the unique qualities 

of the 2D material. Exploring the use of 2D materials in 3D-printing is an area with a lot of 

untapped potential. 2D nanomaterials enhance sensor sensitivity, which is crucial for detecting 

low concentrations in medical and environmental applications. Their use enables miniaturized 

and portable sensing devices, which are ideal for on-site applications like point-of-care 

diagnostics and environmental monitoring.  

3D-printed devices can offer a series of benefits, such as i) simple manufacturing process; ii) 

rapid production (scalability) reducing the generation of waste; iii) high accuracy, repeatability 

and resolution; iv) customization of shape and geometries (freeform production); v) few human 

interventions once the prototype is designed and uploaded to the system; vi) availability of a 

wide range of materials to be processed, making possible to provide multifunctional attributes; 

and vii) high durability without losing efficiency and sensitivity (robustness)[11]. Such 
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advantages have motivated us to opt for 3D-printed carbon electrodes for electrochemical 

approaches. This integration of the 3D-printed techniques with 2D nanomaterials offers a 

versatile platform for creating highly specific biosensors tailored for various targets, such as 

DNA patterns, proteins, or germs. Therefore, this part of the thesis specifically highlights the 

recent progress in 3D-printing of the 2D materials family primarily carbon and implementing 

it for sensing and biosensing applications [12].   

 

Part II: Nano/micromotors for Biosensing 

Applications 
 

Inspired by nature, scientists are developing tiny machines, micro/nanomotors, that convert 

energy into motion. The motion of synthetic micro/nanomotors can be either chemically self-

propelled or propelled by various external energy, including magnetic or electrical fields, light, 

or ultrasound [13,14].  

The self-propelled behaviour of the nano/micromotors has opened the door for developing new 

motion-based detection platformsleads to improve mass transport and accelerates reaction 

kinetics, making biosensing processes faster and more efficient. The incorporation of 

micromotors in biosensing applications contributes to the development of autonomous 

biosensing devices. These devices can navigate complex environments, ensuring 

comprehensive and thorough sampling, especially in challenging biological or environmental 

conditions [15–17].  

The micro/nanomachines show promising potential in a wide range of fields, including 

chemo/bioanalysis [18,19], environment [20,21] , cargo delivery [22–24], biomedicine [25,26] and 

defence [27] due to their semi-intelligent and versatile operations. Micro/nanomachines, with 

their unique structures and motion modes, can perform various applications like transport, 

release, adsorption, and binding. This innovative use of micro/nanomachines is revolutionizing 

modern analytical chemistry, introducing motion-based sensing techniques that enable quick 

analysis and enhanced assay sensitivity [28].  

The evolution of advanced fabrication schemes employed in crafting these nanomachines 

introduces novel functionalities and capabilities. These recent advancements have expanded 

the field of sensing possibilities and bioanalytical applications. These involve not only new 

sensing applications in previously inaccessible microscale environments but primarily focus 

on new sensing approaches based on motor movement.  Therefore, these self-propelled 
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nanomotors hold significant promise in pioneering novel sensing and biosensing protocols, 

particularly those involving ‘on-the-fly’ recognition events [29].   
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Chapter 2 

 

Introduction 

 
2.1 2D materials towards 3D-printing 

2.2 Nano/micromotors towards sensing  

2.3 State of the Art  

2.4 Material Characterization 

 

2.1 2D materials towards 3D-printing 

2D Nanomaterials 

Ultrathin two-dimensional (2D) nanomaterials are a new class of nanomaterials with sheet-like 

structures and transverse dimensions larger than 100 nm, while the thickness is typically less 

than 5 nm [30]. Due to their unique shapes, 2D nanomaterials possess large surface and 

anisotropic physical/chemical properties [31]. 

The quest for 2D materials began with the discovery of graphene in 2004 [32]. Since that time, 

several additional members have joined this extensive group of nanomaterials, including 

TMDs, MXenes, BP, and h-BN, as explained below [33–40].  These thin layers can be obtained 

through different methods, depending on the approach you choose [41–44]. The inherent qualities 

of 2D materials showcase significant potential for incorporating them into printed composites. 

This is because of their atomic thickness, mechanical flexibility, transparency, and electrical 

conductivity. Figure 1 provides a general illustration of these materials. 



6 
 

 

Figure 1. Statistics bibliography research by Web of Science: (a) Number of publications per year under the topics 

of 3D-printing combined with 2D materials, Graphene, MXenes, TMDCs, MoS2, Black phosphorous and Boron 

nitride and (b) Relative percentage of publications since 2010 per 2D materials in the 3D field [12]. 

 

Graphene is the most known allotrope of carbon. It consists of a single atomic layer of sp2 

hybridized carbon atoms in a honeycomb 2D structure. The properties of graphene are 

extraordinary, such as its mechanical strength, good flexibility, high thermal conductivity, high 

carrier density, and optical transparency [45–49]. Moreover, numerous studies have demonstrated 

graphene’s capability to introduce various functional groups onto its surface through 

functionalization. This valuable characteristic allows the material to be tailored for specific 

applications and enhances cohesion when used in the development of new-generation 

composites [50,51]. Graphene also possesses distinctive biochemical properties, including 

antibacterial characteristics and high resistance to a wide range of chemicals, such as strong 

acids or bases, reductants, and oxidants [52,53]. The primary industrial technique for the rapid 

and cost-effective production of this material involves obtaining it from graphite through liquid 

phase exfoliation (LPE). This process enables the layering of the graphite flakes, resulting in a 

material with only a few layers [54]. Alternative approaches involving partial modification of 

the material’s chemical composition include oxidative intercalation (yields Graphene Oxide, 

GO) and subsequent partial structural restoration through chemical reduction (results reduced 

Graphene Oxide, rGO). This results in a material that is easy to handle and dispersible in water 

[55–58] and commonly used in bio-applications.  
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3D-printing: Additive Manufacturing 

3D-printing is a revolutionary technology that uses a geometric blueprint to construct physical 

objects by adding material layer by layer [59]. This game-changing process has achieved 

remarkable advancements since the first commercialization of 3D printing in 1980 by Charles 

Hull [60]. Today, 3D-printing finds itself employed in a wide range of diverse sectors, from 

crafting artificial heart pumps and unique jewellery pieces [61] to producing cutting-edge 

products like 3D-printed corneas, PGA rocket engines [62], a steel bridge in Amsterdam [63], and 

even items in the aviation and food industries [64]. 

3D-printing, also known as additive manufacturing, is a recent technology that consists of a 

layer-by-a-layer deposition process guided by computer-aided design (CAD) software. [11] This 

novel technique has many advantages in comparison with traditional electrode manufacturing 

techniques, which include the rapid production of devices with low waste generation, high 

accuracy, repeatability, high resolution, and high durability. Furthermore, it offers the 

possibility of customization of the shape and geometry of the produced objects through a highly 

automated system with the least human intervention.[8,65] Among conventional materials such 

as carbon materials (graphene [66–68], carbon nanotubes [69–71], mesoporous carbon [72,73], etc.) 

have been extensively exploited for chemical sensing and biosensing in the past, can be printed 

now by using the 3D printed technology as shown in Figure 2 with minimal waste.  

 

 

Figure 2.  Depicting the additive manufacturing technology with minimum waste. 

 

There are various kinds of 3D-printing techniques available, each with its unique advantages. 

These methods can be broadly categorized into seven groups: binding jetting, directed energy 
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deposition, material extrusion, material jetting, powder bed fusion, sheet lamination, and vat 

photopolymerization. There are no debates about which machine or technology functions better 

because each of them has its own targeted applications. Nowadays, 3D-printing technologies 

are no longer limited to prototyping usage but are increasingly also being used to make a variety 

of products [74]. However, in this context, we are addressing material extrusion-based 3D-

printing technology, which operates on the fundamental principle of Fused Deposition 

Modeling (FDM). 

 

Fused Deposition Modeling (FDM): In the early 1990s, an innovative material 

extrusion system emerged for the 3D-printing is known as FDM. This groundbreaking method 

utilizes a polymer as its primary material [75] and operates by heating and extruding 

thermoplastic filament to form objects layer by layer, from the bottom to the top. The process 

of FDM involves heating the thermoplastic inside the extruder until it becomes semi-liquid, 

which is then carefully layered along the extrusion path [76]. In cases where additional support 

is necessary, a removable material is deposited by the 3D printer to act as a scaffold.  

 

Materials Used for 3D-Printing Technology in the 

Manufacturing Industry 

 
In order to produce high-quality devices, 3D-printing requires high-quality materials that meet 

precise standards. The ability to fabricate key elements using a wide range of materials, 

including ceramic, metallic, polymers, and their combinations in the form of hybrid, 

composites or functionally graded materials (FGMs) [77]. But here, we are mainly focussed on 

the polymers and the metals as follows:   

 

Polymers  

The implementation of 3D-printing technologies has revolutionized the production of polymer 

components, ranging from prototypes to complex structures with intricate geometries [78]. By 

FDM, one can quickly fabricate 3D-printed objects by depositing layers of extruded 

thermoplastic filament, such as polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), 

polypropylene (PP) or polyethylene (PE) [78]. The versatility of 3D-printing with polymers, 

whether in a liquid state or with a low melting point, has made it a widely used technique in 

the industry due to its economic efficiency, lightweight nature, and adaptable processing 
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methods [79]. In the field of biomaterials and medical device production, polymer materials play 

a significant role as inert substances, aiding in the successful functioning of devices while also 

providing essential support [80]. 

 

Metals  

3D-printing with metal materials has gained significant attention in a variety of industries, 

including aerospace, automobile, medical, and manufacturing [81] due to its advantages. 

Aluminium alloys, cobalt-based alloys, nickel-based alloys, stainless steels, and titanium alloys 

are among the metals that are commonly used in 3D-printing due to their exceptional physical 

properties [80,82–86]. These materials have a broad range of applications, from printing human 

organs to creating aerospace parts, thanks to their outstanding physical properties. For example, 

cobalt-based alloys are particularly well-suited for 3D-printing in dental applications because 

of their high specific stiffness, resilience, recovery capacity, elongation, and heat-treated 

conditions [80]. Nickel-based alloys, often used in 3D-printing for aerospace parts, offer 

exceptional corrosion resistance and can withstand temperatures of up to 1200 °C, making them 

ideal for challenging environments. Additionally, 3D-printing with titanium alloys is 

advantageous for applications in aerospace components and the biomedical industry, thanks to 

their unique properties such as elasticity, corrosion resistance, oxidation resistance, and low 

density [85,86]. 

 

Advances on 2D Materials towards 3D-printing 

In recent years, the exceptional properties of 2D materials have led to their widespread use in 

various industries. Pioneering examples, such as graphene and transition-metal 

dichalcogenides (TMDs) like MoS2, along with other 2D inorganic compounds like MXenes, 

h-BN, and BP, have paved the way for their applications. Furthermore, with the availability of 

inexpensive 3D-printers and design software, 3D-printing has become a popular and accessible 

means of fabrication worldwide. Harnessing this technology to create new composites utilizing 

2D materials offers a promising platform for advancing into the next generation of technology. 

2.2 Nano/micromotors towards sensing 

Micromotors have witnessed remarkable potential in the scientific field, which can efficiently 

convert different types of energy into independent movement [87–90]. With their unique ability, 
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these emerging microdevices have gained widespread usage in a variety of fields, such as drug 

delivery, analytical sensing, and tissue regeneration [91–98]. In particular, their autonomous 

behaviour makes them highly suitable for sensing tasks, even in tiny sample volumes [99–104]. 

Moreover, the dynamic movement of micromotors allows for efficient mixing of sample 

solutions, reducing analysis time and simplifying sample treatment [105]. Given its immense 

benefits, there has been extensive research on optimizing micromotors for sensing applications 

[106–108]. Figure 3 illustrates the general process of the micromotors. On the basis of the 

propulsion mechanisms, micromotors are divided into two broad categories: fuel-based 

mechanisms and fuel-free mechanisms. 

 

Figure 3. The scheme that describes the general flow and information about micro motors 

 

Fuel-Based Mechanism 

Bubble-Propelled Micromotors 

Bubble-propelled micromotors fall under the category of self-diffusiophoresis. Self-

diffusiophoresis is a phenomenon in which the motion of motile particles is driven by the 

gradient of their surface potential. In the case of bubble-propelled micromotors, the surface 

potential of the micromotor is created by the catalytic decomposition of a chemical fuel. The 

autonomous locomotion of bubble-driven micromotors primarily relies on the recoil force 
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resulting from bubble generation. This propulsion is achieved when the bubbles grow and 

collapse on the surface, and the impulse generated by the bubbles detaches from the surface of 

the micromotor [109,110].  

Bubble-driven micromotors commonly utilize H2O2 solution as the primary medium fuel in 

their systems. The catalytic decomposition of H2O2 into O2 and H2O, facilitated by the 

innermost layer (Pt or Au) in bubble-driven micromotors, generates an excess of O2 bubbles. 

These bubbles contribute to the recoil force that propels the micromotors.  

The motions of these microdevices are categorized into three broad categories. The first type 

is linear or quasi-linear, where the microdevices follow a curved path with a significantly larger 

radius compared to their length. Circular motion, on the other hand, involves the micromotor 

moving in a circular path with a diameter similar in magnitude to its length. The third type is 

screw-like, where the micromotor’s movement can be described as a combination of small 

circular motions around a central axis and a self-propelled tip moving parallel to the circular 

plane, resulting in a conical or screw-like pattern. These motion patterns are commonly 

observed and attributed to the unique shapes of micromotor tubes [111]. Notably, the velocity of 

these micromotors is influenced by factors such as the bubble radius and the frequency of 

bubble generation, both of which are dependent on the concentration of the fuel. The motion 

patterns can also be described by using the Reynolds number [111]. 

Fuel-free Mechanism 

Fuel-free micromotors are dependent on external stimuli like magnetic, light, or ultrasonic and 

electric fields to move forward. This unique propulsion method brings various advantages, such 

as the ability to control remotely, durability, and compatibility with biological systems, making 

them highly promising for a wide range of uses. The integration of magnetic components into 

these micromotors is vital in achieving directional control, providing immense potential for 

numerous fields. Specifically, magnetic fields have been widely utilized for remote control and 

serve as a reliable power source for driving these tiny motors forward.[112]  

Ultrasonic waves can also be used to propel micromotors, harnessing the difference in pressure 

caused by two intersecting waves. This technique shows great potential. In addition, electric 

fields can be utilized to generate fuel-free motion [113–115]. By leveraging the electroosmotic 

properties in low-frequency electric fields, micromotors can be propelled. Similarly, high-

frequency electric fields can drive rotary micromotors by interacting with electrically polarized 

nano-entities; however, while these methods offer benefits like strong propulsion and minimal 
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medium requirements, their complex manufacturing processes and reliance on high-energy 

external fields present challenges. 

Sensing Strategy 

Fluorescence-based sensing strategy  

The widely used fluorescence-based strategy in traditional sensing has been integrated with the 

micromotor platform for novel sensing approaches. Fluorescence is the light emitted by the 

fluorophore when it absorbs light or other electromagnetic radiation and offers easy readout by 

the naked eye. Combining this fluorescence-based sensing strategy with micromotors enhances 

sensitivity, providing a powerful sensing platform. The integration allows for highly sensitive 

detection of small-volume raw samples in a short time, ensuring easy operation, remarkable 

selectivity, and high accuracy. The fluorescence-based micromotor sensing strategy can be 

categorized into different transition patterns of the fluorescence signal, including ‘off–on’ and 

‘on–off’ detection strategies. In the ‘off–on’ strategy, the fluorescence signal changes from 

‘off’ in the absence of targets to ‘on’ in their presence. A common ‘off–on’ detection strategy 

employs the immunofluorescence technique. In this scenario, micromotors are often equipped 

with antibodies to capture targets. The presence of captured targets is then detected through 

fluorescent signals using fluorescent labels.  

The micromotor platform is revolutionizing sensing by incorporating the widely utilized 

conventional fluorescence-based approach. This strategy uses the emission of fluorescent light 

when fluorophores are exposed to electromagnetic radiation, allowing for effortless and 

accurate readings. By integrating this method, the platform boosts improved sensitivity and a 

robust sensing capability. This enables susceptible detection in small-volume samples with 

ease of operation, exceptional selectivity, and enhanced accuracy. The fluorescence-based 

micromotor technique utilizes transition patterns, such as ‘off-on’ and ‘on-off’, to detect 

targets. In the ‘off-on’ approach, the fluorescence shifts from ‘off’ to ‘on’ in the presence of 

targets. This technique typically involves the use of micromotors with antibodies to capture the 

targets, commonly known as immunofluorescence [116].  

 

Applications of Biosensor Micromotors 



13 
 

Micromotors have captured widespread interest in sensing applications due to their ability to 

navigate autonomously and their compact size. Their unique capabilities have revolutionized 

the sensing in environmental science, food safety, and biomedical fields. In this section, we 

will delve into recent developments in micromotor-based sensing, specifically in the areas of 

environmental science, food safety, and biomedical applications. 

Environmental science  

The rapid growth of the industry has led to excessive discharge of harmful pollutants into water 

and air. This poses a grave danger to human well-being and requires urgent attention. In the 

field of environmental science, extensive efforts are being made to develop effective detection 

technologies as a foundational step towards remediation [117,118]. One standout option that has 

garnered significant interest is the use of micromotors. Their tiny size and ability to move 

independently make them ideal for discreet and continuous mixing. In the area of 

environmental sensing, micromotors have proven to be highly efficient in detecting all sorts of 

pollutants, from toxins and bacteria to heavy metal ions, even in situations with limited sample 

volumes. Clearly, micromotors have established themselves as invaluable tools for 

environmental monitoring. 

Food safety  

Concern for food safety is a global issue, prompting extensive research efforts to address the 

problem. According to a study by Escarpa and his colleagues [119], micromotors present a 

promising solution. They used bubble-propelled Mg/Au Janus micromotors to detect and 

remove diphenyl phthalate (DPP), an organic pollutant commonly found in food samples. The 

self-propelled movement of these micromotors allowed for efficient detection in a variety of 

samples, showcasing their adaptability and reproducibility. Furthermore, micromotors have 

been utilized to detect bacteria in food early. Escarpa and his team [120] developed graphene 

oxide, which is composed of micromotors that exhibit high performance in monitoring 

mycotoxins, showing superior sensitivity and reliability compared to traditional sensors. They 

also introduced an ‘on-off’ QD-composed micromotor system for precise control and detection 

of food contaminants. 

Biomedical fields  

Micromotors have quickly established themselves as valuable sensors in biomedical 

applications due to their compact size and independent movement. This allows for non-invasive 
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detection in small bio samples, making them ideal for use in medical contexts. Multiple 

micromotors have been proposed for biosensing, with each one employing specific recognition 

strategies to target probes or facilitate antigen-antibody interactions. For instance, Yu et al. [121] 

introduced a micromotor-based sensing platform for cancer biomarkers. This platform enables 

in situ immunoassays by counting tag numbers and observing speed changes resulting from 

selective antibody recognition. Additionally, Wang and colleagues [122] have successfully 

developed a colourimetric micromotor-based immunoassay for cortisol detection. Their work 

highlights the efficacy and faster detection process of using micromotors, ultimately creating a 

rapid and efficient naked-eye platform for cortisol detection. 

 

2.3 State of the Art 

Sensors 

A sensor is a device that transforms physical inputs into interrelated outputs, usually in the 

form of electrical or optical signals that humans or electronic instruments can read. These 

remarkable tools, along with their accompanying interfaces, play a vital role in detecting and 

measuring various physical and chemical properties of compounds, such as temperature, pH, 

force, odour, pressure, the presence of specific chemicals, flow, position, and light intensity 

[123]. 

Classification of sensors  

Mainly into two categories: Chemical Sensors and Biosensors  

Chemical sensors  

A chemical sensor is a device that converts a chemical or physical property of a specific analyte 

into a measurable signal, in which magnitude is in relation to the concentration of the analyte 

[124]. Unlike biosensors, chemical sensors face challenges in detecting phenolic compounds, 

which is attributed to low sensitivity and selectivity. Addressing these issues, nanomaterials, 

mainly carbon, metal, quantum dots, and transition-metal dichalcogenides, enhance signal 

amplification in chemical sensors. Indeed, the rise of nanotechnology is facilitating 

opportunities for the fabrication of innovative sensors using various nanomaterials such as 
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carbon, metal, quantum dots, and transition-metal dichalcogenides in sensing applications [125–

127]. 

Based on the different transduction principles, chemical sensors can be mainly classified into 

two main classes: sensors with optical transducers (i.e. optical sensors) and sensors with 

electrical transducers (i.e. electrochemical sensors) [126,128,129]. Nanomaterials have been 

extensively used for optical and electrochemical sensing and have shown attractive results due 

to their unique advantages, such as good optical, electronic, and mechanical properties, much 

higher specific surface and versatility in surface modification [125,127,130–132]. 

Electrochemical sensor:  

Electrochemical sensors have been gaining attention in the field of analytical chemistry due to 

their unique and desirable properties. These sensors offer a reliable and cost-effective solution 

for the analysis of phenolic compounds [133,134], with their fast response time, ease of use, high 

sensitivity, low instrumentation costs, small sample volumes, and portable design. 

Consequently, they have attracted considerable attention in the literature, and numerous 

research articles have been dedicated to their development and application in pharmaceutical 

and biomedical analysis [135,136]. In fact, significant advancements have been made in 

electroanalytical chemistry in recent decades, thanks to the development of ultra-

microelectrodes, inexpensive and disposable electrodes, molecular devices, and cleverly 

designed electrochemical sensors. Therefore, electrochemical sensors are highly valuable tools 

in the field of analytical chemistry, with their unique capabilities and constant evolution 

proving them to be essential for reliable and efficient analysis. 

Biosensors 

A biosensor is a powerful tool made by combining a bioreceptor and physicochemical detector 

with a transducer [137]. The bioreceptor, which can be a biomolecule like an antibody, aptamer, 

enzyme, nucleic acid, or cell, is responsible for detecting the desired target analyte. Through 

precise biorecognition, these sensors boast high selectivity for their designated analyte, 

shielding against problematic signal interference from other substances [138]. Ultimately, the 

transducer translates biorecognition into a measurable signal. In order to create a robust 

biosensor, it is necessary to first immobilize the bioreceptor onto the transducer surface through 

either a reversible or irreversible method. There are several strategies available to achieve this, 

such as surface adsorption, covalent binding, cross-linking, entrapment (using beads or fibres), 

bioaffinity, and chelation or metal binding. The selection of a specific strategy depends on 
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various factors, including the type of sample, desired selectivity, and level of complexity [138]. 

In a biosensor, the transducer plays a crucial role in converting the energy generated by a 

physical change during a reaction into a different form. This transformation, known as 

‘signalization’, allows the biorecognition event to be measured. Today, transducers come in an 

array of types, including optical, electrochemical, quartz crystal piezoelectric, calorimetric, and 

thermal variations. Studies have shown that the majority of transducers operate by producing 

either optical or electrical signals, which are proportional to the interactions between the 

analyte and bioreceptor. A schematic diagram of the main components of a biosensor is shown 

in Figure 4. 

 

Figure 4: Schematic diagram of a biosensor. 

 

Biosensors have taken the world by storm, serving as valuable tools for analysis and diagnosis. 

With their unparalleled performance, they have surpassed all other methods currently in use. 

Their operational simplicity, affordability, and lack of skill requirements have made them 

accessible to the average person for everyday use. As a result, they have found their way into 

a diverse range of fields, including self-monitoring for diabetes and heart conditions, forensic 

investigations such as drug discovery, agricultural and environmental detection, the food 

industry, and biodefense [139]. Undoubtedly, the success of biosensors in today's market hinges 

on their ability to continuously improve features such as selectivity, sensitivity, stability, 

reproducibility, and portability while keeping costs low. Various output signals, based on 

transducers, have been utilized to enhance the performance of biosensors such as optical (such 

as absorbance, luminescence, chemiluminescence, and surface plasmon) [140], mass 

(piezoelectric and magnetoelectric) [141], and thermometric [142]. 

Electrochemical Biosensors: 
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According to IUPAC, an electrochemical biosensor is a sophisticated device that combines a 

biological recognition element with an electrochemical transducer to provide precise and 

partial quantitative data on a specific analyte [143]. In other words, the sensor uses the power of 

an enzyme or antibody to directly interact with the electrochemical component and produce 

critical information on the substance being analysed. As research has shown, there is a diverse 

range of electrochemical detection methods available, such as amperometry, potentiometry, 

voltammetry, and more. These techniques utilize different electrical principles to achieve their 

results and contribute to the numerous applications of electrochemistry, including field-effect 

transistors, spectroscopy, and surface plasmon resonance. In addition, emerging techniques like 

ellipsometry, waveguide-based technology, and even atomic force microscopy have been 

combined with electrochemistry, showcasing the potential for continuous innovation in this 

field. 

 

Figure 5: A schematic diagram of an electrochemical biosensor. 

Förster Resonance Energy Transfer (FRET) based Optical Biosensors: 

FRET is a powerful tool in biosensor development as it enables the precise and sensitive 

detection of biomolecules without having to alter or label them. By measuring the fluorescence 

of the acceptor molecule, FRET can pinpoint the exact proximity of both the donor and acceptor 

fluorophore. Therefore, even slight changes in the environment that affect the distance between 

the two molecules are immediately reflected in the level of fluorescence. As a result, FRET 

allows for the detection of subtle variations in the environment, such as the presence of a 
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specific biomolecule, without requiring direct labelling or modification of that biomolecule 

[144,145]. Furthermore, FRET is a non-radiative process, eliminating the risk of producing 

ionizing radiation [146]. 

Moreover, the use of FRET biosensors offers a distinct advantage in terms of specificity. These 

sensors possess the ability to accurately detect a specific biomolecule or environmental change 

without being influenced by other substances or alterations that may be present. This 

exceptional specificity is achieved by skilfully designing the biosensor to possess a strong 

affinity for the target biomolecule and engineering the donor and acceptor molecules to be in 

close proximity [147]. Not only are FRET biosensors highly specific, but they are also incredibly 

sensitive and adaptable. These versatile sensors have the capability of detecting numerous 

biomolecules and changes in the environment. Furthermore, they have a diverse range of 

applications, such as monitoring protein-protein interactions, measuring enzyme activity, and 

tracking changes in pH [148–155 ]. 

FRET is a fascinating phenomenon found in photochemical and quantum mechanical 

processes. It involves the transfer of energy from a photon-excited donor fluorophore to an 

electron-acceptor fluorophore in its ground state within a distance of 1-10 nm. This discovery 

was named after German scientist Theodor Förster, who first described it [156]. FRET is widely 

used as a valuable tool in biochemistry and biophysics to measure molecular interactions, such 

as protein-DNA and protein-protein interactions, as well as changes in protein structure. To 

track the formation of a conjugate between two molecules, FRET makes use of a donor and 

acceptor fluorophore, respectively. These labelled fluorophores play an essential role in 

revealing important molecular dynamics. 

Moreover, the emission of the acceptor is mainly detected through intermolecular FRET 

between the donor and acceptor when they come into close proximity (1–10 nm) with each 

other. By labelling the target protein with a donor and acceptor at two distinct sites, 

conformational changes in the protein can be monitored. As the protein twists or bends, FRET 

changes are observed as the relative orientation and distance between the donor and acceptor 

fluorophores change. This powerful technique can also be utilized to detect ligand binding 

through fluorescent indicators [157–159], as changes in protein conformation or molecular 

interactions can be detected through FRET. With FRET, researchers can measure the distance 

between the two components and deduce whether the individual molecule has undergone 

conformational changes or undergone interactions with other molecules. 
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Principle of FRET: FRET, or Förster resonance energy transfer, is an essential 

phenomenon in photo-physiochemistry. It operates through a distance-dependent mechanism 

and involves the transfer of energy from a photon-activated donor fluorophore to an appropriate 

ground-state electron acceptor fluorophore. This transfer occurs through dipole-dipole 

interactions when the two molecules are in close proximity [160]. The fundamental principle of 

FRET hinges on the donation of energy from a donor to an acceptor molecule through dipole-

dipole interactions and non-radiative energy transfer over time and space. This transfer is only 

possible when the molecules are within 1-10 nm of each other and when their electronic energy 

levels align [161]. The first step in the process is the excitation of the donor fluorophore 

molecule, achieved by absorbing a specific frequency of light's energy (expressed as E = hυ) 

at a particular wavelength. This excitation causes the donor molecule to transmit a portion of 

its energy to the acceptor molecule, provided that the two are in close proximity. Consequently 

the donor molecule’s fluorescence emission decreases while the acceptor molecule's 

fluorescence emission increases. The effectiveness of this energy transfer lies in various 

factors, such as the distance between the donor and acceptor molecules, their overlapping 

spectral profiles, and their relative orientation. To better visualize this energy transfer and the 

fluorescence phenomenon, Figure 6 (B) displays a Jablonski diagram of a donor-acceptor pair 

undergoing FRET. This diagram serves as a representation of the intricate processes occurring 

within FRET. Jablonski's diagram showcases the dynamic interplay of energy levels and their 

transitions between a donor and acceptor molecule. This diagram outlines four distinct energy 

levels: the ground state (S0), the first excited singlet state (S1), the first excited triplet state, and 

a non-fluorescent ground state (S0) following emission. When the donor molecule absorbs 

light, it is propelled into the first excited singlet state (S1). At this point, it can either return to 

the ground state (S0) through spontaneous emission, creating fluorescence, or it can engage in 

FRET, channelling its energy to the acceptor molecule. In FRET, energy is passed from an 

excited donor molecule (S1) to a ground-state acceptor molecule (S0). This results in the 

acceptor molecule being excited to its first excited singlet state (S1) while the donor molecule 

returns to its ground state (S0) without releasing fluorescence. Following this transfer, the 

acceptor molecule then emits fluorescence as it returns to its ground state (S0). The Jablonski 

diagram depicted in Figure 6 [162–171] offers a visual representation of FRET efficiency, which 

heavily relies on the degree of spectral overlap between the donor and acceptor fluorophores, 

as well as the distance and orientation of these molecules. 
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Figure 6. (A) Energy transfer between two fluorophore molecules. (B) Jablonski diagram fordonor–acceptor pair 

in FRET. (C) The orientation of the donor-acceptor pair is parallel to each other for maximum transfer of energy, 

as represented by the spectral overlapping of the emission spectra of the donor (D) and the absorption spectra of 

an acceptor (A). (D) Overlapping integral during FRET.  

 

Donor and Acceptor Fluorophores: In FRET, the donor is a fluorophore molecule that 

emits radiation when excited by a photon with the right frequency and wavelength. This energy 

is then transferred to an acceptor molecule through non-radiative means. Donor molecules can 

range from fluorescent proteins to nanomaterials like quantum dots or dyes, and they all can 

transfer energy through FRET. On the other end, the acceptor molecule receives this energy 

from the donor and can also be a variety of fluorescent molecules, such as proteins, quantum 

dots, or dyes [172]. 

 

 2.4 Material Characterization 

Various techniques have been implemented to characterize the material of the 3D-printed 

carbon electrodes and the micro/nanorobots. Such as scanning electron microscopy (SEM), X-

ray photoelectron spectroscopy (XPS), Energy-dispersive X-ray spectroscopy (EDS, also 

abbreviated EDX or XEDS) and Fourier transform infrared spectroscopy (FTIR) etc. with the 

prime focus on the SEM.  All these instruments are available in the CEITEC, BUT.  
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Scanning Electron Microscopy (SEM) 
 

An SEM is an electron microscope with the capability to produce images by scanning a sample 

surface with its focused beam of electrons. Electrons interact with the atoms in the sample, 

causing it to produce several signals that contain many details about surface topography and 

the composition of the sampling system. It also provides information about the type of 

morphology (texture), chemical composition, and the crystalline structure and orientation of 

the material constituting the sample [173]. 

Fundamental Principles of Scanning Electron Microscopy (SEM): It is based on the fact 

that if kinetic energy applies to a sample, then signals are produced on the interaction of 

electrons. These interactions can be divided into two major categories: elastic interactions and 

inelastic interactions. Elastic scattering is caused by the deflection of an incident electron from 

a specimen’s atomic nucleus or outer shell electrons with similar energy. This type of 

interaction is known for its low energy loss during collision and wide-angle scattering of 

electrons. Backscattered electrons (BSE) are elastically scattered incident electrons with an 

angle of more than 90⁰ and produce a useful signal for imaging the sample. Inelastic scattering 

happens through the different interactions involving the incident electrons with the electron 

and atoms of the sample, which leads to a substantial energy transfer from a primary beam 

electron into that atom (Figure 7). The extent of energy dissipation relies on whether the 

electrons in the specimen are excited singly or collectively, as well as on the binding energy 

between the electron and the atom. 

Consequently, specimen ionization causes the excitation of electrons in specimens, resulting in 

the production of secondary electron (SE); it is commonly defined as having energies lower 

than 50 eV and is used for imaging or analysis of the sample. The secondary and backscattered 

electrons generate an image. Secondary electrons emitted from the specimen are responsible 

for revealing morphology and topography, while the backscattered electrons depict contrast 

that is connected to the composition of elements. Apart from these signals used for image 

formation, many other signals are also produced when an electron beam strikes a sample, such 

as characteristic x-rays, Auger electrons and cathodoluminescence [174].  
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Figure 7. Schematic diagram of the working principle of SEM 

 
Figure 8 shows the electrons sourced from tungsten filament lamps located at the top of the 

column and the electromagnetic lenses used. The electrons are released after heat energy is 

applied to the electron source, allowing them to move at a high velocity towards the anode, 

which is positively charged. The electron beam triggers the primary scattered (Primary) 

electrons with high energies, whereas the secondary ones are emitted from the specimen 

surface at low-energy levels. The electron beam is directed at the specimen, and it interacts 

with the sample to produce signals that reveal information about the topography of surfaces 

and also component elements. 

The sample does not require any special handling for visualization under the SEM; even dried 

samples that have been air-dried can be viewed directly. However, the microbial specimens 

must be fixed, dehydrated, and dried to retain the cell structures, which cannot collapse under 

a high vacuum in the microscope. Next, the samples are coated with a thin layer of heavy metal 

elements that enable the spatial scattering of electric charges on the surface specimen for better 

image production high clarity. 
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Figure 8. Schematic diagram of SEM instrumentation 

 

The microscope scans a thin section by moving a beam of electrons back and forth. When these 

electrons hit the specimen, the surface emits secondary electrons, which are captured by a 

special detector. As the secondary electrons reach and penetrate the detector, they impact a 

scintillator (a luminescence material that fluoresces if charged particles or high-energy photons 

strike it). This produces a flash of light that is converted into an electric current by a 

photomultiplier and activates the cathode ray tube by sending the signal. This gives an image 

that can be viewed as well as photographed [175]. 

 

Energy-dispersive X-ray spectroscopy (EDX) 
 

Energy-dispersive X-ray spectroscopy (EDS, also known as EDX or XEDS) is an analytical 

tool that allows the study of the elemental composition of a sample. When the sample is excited 
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by an electron beam, it will emit some of its absorbed e-beam energy by releasing one electron 

from the shell and leaving a positive hole in space. When this electron moves out, another 

electron is attracted to take its place from an outer shell. When the electron goes from an outer 

higher-energy shell of an atom to the inner lower-energy shell, then there is a release of energy 

in the form of X-ray, which is produced from this energy difference. This X-ray’s energy is 

unique to the specific elements and their transition. The X-rays produced during the process 

are captured by a silicon drift detector, which detects the signal and analyses it with 

corresponding software. Indeed, the chemical data information may be represented in either 

the elemental mapping or line scans. Thus, the X-rays can be used to determine every element 

that is present in such a sample. It is worth noting that EDX can be applied in either qualitative 

or quantitative measurements, allowing a user to identify the types of elements and determine 

the concentration percentage of each element. And likewise, the standard SEM method needs 

simple sample prep and is also non-destructive [176,177]. 

 

Figure 9. Schematic diagram of the working principle of EDX 

 

X-ray photoelectron spectroscopy (XPS)  

 
X-ray photoelectron spectroscopy is a very surface-sensitive analytical technique where the 

kinetic energies of released electrons are recorded after exposing a sample to X- rays. The two 

main features of this technique that make it essential as an analytical method are its surface 

sensitivity and its ability to expose chemical state information from the elements in the sample. 

All components other than hydrogen can be determined. At the same time, XPS has been 
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applied to probe the surface of almost every material, ranging from plastics or textiles through 

soils to soils and semiconductors [178, 179]. 

The sample is exposed to soft X-rays (Figure 10) with energies lower than ∼6 keV, and the 

kinetic energy of the emitted electrons is analysed. There is a complete transfer of energy from 

the x-ray to a core-level electron to emit a photoelectron. This is mathematically expressed in 

Eq. (1), stating that the energy of the x-ray (hν) equals the binding energy (BE) of the electron, 

which represents how tightly it is bound to the atom/orbital, plus the kinetic energy (KE) of the 

emitted electron, and the spectrometer work function (Φspec), a constant value [179]. 

 

hν =BE + KE + Φspec.                                                                 Eq. 1 

 

To determine the binding energy of an electron, Eq. (1) can be rearranged to get Eq. (2), where 

the terms on the right are either known (hν and Φspec) or measured in the XPS experiment (KE),           

 

BE= hν - KE - Φspec.                                                                     Eq. 2 

 

 
Figure 10. Schematic diagram of the photoemission measurement principle. 

 

 

Photoluminescence 

Photoluminescence spectroscopy, commonly known as PL, is a noncontact and non-destructive 

method used to explore the electronic structure of materials. During the process, light is 

directed onto a sample, leading to photo-excitation, where the material absorbs energy and 

enters an excited state. The excess energy is then dissipated through the emission of light, 

known as luminescence, referred explicitly to as photoluminescence in the context of photo-
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excitation.  This phenomenon involves electrons moving into excited states within the material, 

and upon returning to their ground states, they release excess energy, potentially as light 

through a radiative process or without light in a nonradiative process. The energy of the emitted 

light (photoluminescence) is associated with the difference in energy levels between the excited 

and ground states of electrons. The relative contribution of the radiative process influences the 

amount of emitted light. Overall, photoluminescence spectroscopy offers valuable insights into 

material properties without physically touching or damaging the sample [180,181]. 

Forms of Photoluminescence: Fluorescence and phosphorescence 

Photoluminescence encompasses fluorescence (lasting 10-9-10-7 seconds) and phosphorescence 

(lasting 10-3-10-2 seconds after the incident light removal). The Jablonski diagram illustrates 

the quantum mechanics of these processes. In fluorescence, a molecule in the singlet ground 

state (S0) absorbs a photon, promoting it to a singlet excited state (S1). The emission of light 

happens when the molecule returns from S1 to S0 in less than 10 nanoseconds, facilitated by 

their same spin multiplicity.  

Phosphorescence occurs when a molecule, typically containing atoms with higher mass and 

significant spin-orbit coupling, experiences intersystem crossing (ISC) between singlet S1 and 

triplet T1 electronic states. Due to the conservation of angular momentum, spin-orbit coupling 

allows phosphorescence to take place as a radiative transition from the T1 to the S0 state. This 

explains why phosphorescence operates on a much slower timescale, ranging from 

microseconds to thousands of seconds, compared to fluorescence [182–184]. In summary, 

fluorescence is the emission of light from a molecule’s first excited singlet state (S1) following 

the absorption of a photon, while phosphorescence involves light emission from a molecule's 

triplet state (T1) after intersystem crossing from S1 as shown in Figure 11. 
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Figure 11. Energy diagram of fluorescence and phosphorescence. 

 

Excitation and Emission 

The definite wavelengths needed to activate a photoluminescent material and the colours it 

emits vary based on the material’s properties, which are measured in nanometres (nm).  

Excitation: Ultraviolet (UV) wavelengths are commonly employed for this purpose. Usually, 

UV excitation light sources utilize longwave UV at 365 nm (UVA 315 to 400 nm) or shortwave 

UV at 254 nm (UVC 200-280 nm). Emission: Photoluminescent materials generally produce 

colours within the visible spectrum, ranging from violet (400 nm) to red (750 nm). It’s worth 

noting that some materials may emit light outside the visible colour spectrum, in the UV or 

near-IR range (above 750 nm). 
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3.1 Chemical Sensing 

Phenolic Compounds Detection 

Phenolic compounds play a crucial role in industrial development, serving as raw materials for 

resins, plastics, germicides, pharmaceuticals, textiles, dyes, and petrochemical products [185–

188]. However, the release of these toxic compounds into the environment poses health risks to 

the heart, kidneys, and liver [189–193]. Addressing the high toxicity and persistency of phenolic 

compounds, scientists focus on their removal from water and wastewater using methods such 

as distillation, adsorption, incineration, solvent extraction, chemical oxidation, and membrane 

separation [66]. Various materials are employed to enhance the efficiency of these processes. 

Commonly used methods for detecting phenolic contaminants include chromatography/mass 

spectrometry [194], spectral analysis [195], and capillary electrophoresis [196]. For instance, Liu et 

al. employed high-performance liquid chromatography coupled with tandem mass 
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spectrometry (HPLC-ESI-MS/MS) for the analysis of trace bromophenols in river and seawater 

samples [197]. The method successfully detected six bromophenols in samples with 

concentrations ranging from pM to nM. Chen et al. developed an analysis method using 

surface-enhanced Raman spectroscopy and principal component analysis for 2,4-

dichlorophenol (2,4-DCP), 2,4,5-trichlorophenol (2,4,5-TCP), and 2,3,4,6-tetrachlorophenol 

(2,3,4,6-TeCP) [198]. 

The suggested approach enables the simultaneous detection of three phenolic contaminants 

with a low limit of detection (LOD). Ali et al. utilized multi-walled carbon nanotubes-based 

solid-phase extraction and capillary electrophoresis to analyse 4-cyanophenol and 3-

nitrophenol [199]. This method proved effective for extracting and estimating phenolic 

contaminants in municipal wastewater. 

Nevertheless, these techniques demand costly instruments and intricate procedures, rendering 

them time-consuming, expensive, and unsuitable for on-site rapid detection. In contrast to 

traditional instrumental methods, electrochemical sensors, consisting of identification elements 

and signal transducers, have become the prevailing choice for analysis. This is attributed to 

their simplicity, cost-effectiveness, rapid response, high sensitivity, portability, and 

miniaturization, making them suitable for real-time and on-site quantitative and qualitative 

analysis in complex matrices. 

Carbon materials provide optimal solutions to challenges (sensitivity and selectivity), offering 

abundance, high biocompatibility, and diverse properties stemming from carbon–carbon 

molecular orbital hybridization. They play a pivotal role in various fields, notably 

electrochemical sensing, energy storage, and conversion. Graphene-like carbon materials, such 

as graphene and carbon nanotubes, are extensively explored in electrochemical sensors, 

particularly for phenolic compound detection [200]. 

Predominantly utilized in electrochemical sensors, carbonaceous materials address critical 

challenges like sensitivity and specificity. Various carbonbased electrodes such as glassy 

carbon, graphite, carbon black, fullerenes, carbon nanotubes, graphene-related materials, and 

nanostructured porous carbon materials ensure inert electrochemistry, electrocatalytic 

diversity, and cost-effectiveness. Beyond electrochemical sensors, these materials are 

commonly used in optical sensors. Graphene-based materials and carbon nanotubes, with 

unique optical properties, high conductivity, and easy functionalization, stand out for sensing 

applications, offering enhanced selectivity, chemical stability, and biocompatibility [191].  

There is no denying that graphene-based materials possess extraordinary qualities, such as 

impressive adsorption capacity, superior electrical conductivity, and noteworthy optical 
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properties [201–203]. In parallel, conducting polymers have emerged as promising materials for 

phenolic compound removal, leveraging their outstanding optical, electric, electrical, and 

magnetic properties [204–209]. Additionally, conducting polymers exhibit excellent 

electrocatalytic properties and rapid electron transfer capabilities due to their inherent 

conductivity [210,211]. 

Conducting polymers find extensive applications in batteries [212], electrochromic devices [213], 

actuators [214,215], and supercapacitors [216]. Beyond phenolic compound removal, materials 

based on graphene and conducting polymers exhibit significant potential in sensing 

applications [217–219]. These materials have been widely utilized in sensors for detecting 

phenolic compounds, achieving detection capabilities down to the femtomolar range. 

An electrochemical sensor (Cyclic voltammetry (CV)) for 4-nitrophenol (4-NP) was developed 

by incorporating polycarbazole (PCZ) polymer, graphene (Gr), and nitrogen on a glassy carbon 

electrode (GCE). Comparative analysis with other electrodes revealed that the PCZ/nitrogen-

doped Gr-GCE exhibited superior electrochemical catalytic activity for 4-NP due to the 

catalytic ability of nitrogen atoms enhancing the electrical properties of Gr, along with a 

synergistic effect between PCZ and nitrogen-doped Gr. The peak current demonstrated direct 

proportionality to 4-NP concentration within the range of 0.8 to 20 µM, achieving a low 

detection limit (LOD) of 0.062 µM [220]. 

Similarly, a CV was developed for 4-nitrophenol (4-NP) by synthesizing polyaniline (PANI) 

in graphene oxide (GO) dispersion in the presence of 4-NP for molecularly imprinted polymer 

(MIP) fabrication. MIP offers exceptional specificity and durability in harsh chemical 

environments. The sensor’s response was linear for 4-NP concentrations ranging from 0.06 to 

1.4 mM, with a low detection limit (LOD) of 20 µM [221]. To enhance the sensitivity of 

differential pulse voltammetry (DPV) sensor for 4-NP detection, PANI was reinforced with 

interconnected and porous hybrid GO–iron tungsten nitride nanoflakes. The electrocatalytic 

performance of the PANI–GO–iron tungsten nitride-modified glassy carbon electrode (GCE) 

surpassed that of PANI-modified GCE. Both oxidation and reduction signals increased with 4-

NP concentrations ranging from 0.03–3 µM and 0.01–4 µM, respectively. The LOD values for 

oxidation and reduction peak currents were excellent at 5.2 nM and 2.4 nM, respectively [222]. 

Another DPV sensor was developed by drop coating a mixture of partially RGO– PANI on the 

surface of GCE, but this time for the detection of phenol. As both RGO and PANI have good 

electrical conductivity and electrochemical activity, their combination resulted in better 

electrochemical properties. The current response was linear to the phenol concentration over 

0.01–10 µM with a correlation coefficient of 0.9922. The LOD was calculated to be 4.5 nM 
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[223]. A work has reported a SWV sensor for 2,4-DCP based on the combination of Gr and PANI 

that have outstanding electroanalytic activities toward an analyte with diamond, which is an 

anti-passivating agent that has a high resistance to fouling, on the surface of GCE. The 

oxidation peaks showed a linear relationship to the analyte concentration from 5 to 80 µM, and 

the calculated LOD was 0.25 µM [224].  

In the development of an amperometric (AMP) sensor for 2-nitrophenol (2-NP), graphene (Gr) 

and polyaniline (PANI) were incorporated with cerium tungstate on the surface of a glassy 

carbon electrode (GCE). This sensor, characterized by non-toxicity, a large surface area, 

chemical stability, and strong absorption capability, demonstrated wide linearity within the 

range of 1 nM to 1 mM. It achieved a low limit of detection (LOD) of 0.87 nM and exhibited 

excellent selectivity towards 2-NP when tested against various interferents [225]. 

Organophosphates Detection 

Pesticides, widely employed for pest control in agriculture, include organophosphate pesticides 

(OPs), known for their high efficacy in insect eradication [226]. Common OPs comprise 

chlorpyrifos, diazinon, malathion, and parathion [227]. Unregulated pesticide usage leads to 

environmental contamination and residue presence in various food commodities [228]. 

Researchers have reported OPs residues, such as chlorpyrifos in cabbage, tomatoes, cayenne 

pepper, and carrots, and diazinon exceeding thresholds in long beans [229–231]. While gas 

chromatography (GC) and high-performance liquid chromatography (HPLC) remain reliable 

for detecting OPs due to their high selectivity and sensitivity [232,233], they require trained 

personnel, extended preparation and analysis times, and expensive equipment. They are 

unsuitable for on-site detection [234]. Thus, there is a need for a simple, rapid, and cost-effective 

on-site detection method for OPs in food commodities to ensure public safety. Electrochemical 

sensors offer a solution that is relatively inexpensive, adaptable to cloudy samples, and easily 

portable [235]. 

Various amperometric sensors have been developed for the detection of organophosphates in 

fruits and vegetables. Detection methods for organophosphate compounds commonly involve 

the use of the enzyme acetylcholinesterase (AChE) as a receptor. AChE catalyzes the 

hydrolysis of acetylthiocholine chloride, resulting in the production of thiocholine [236]. 

Thiocholine, an electroactive compound, can be detected using an amperometric method.  

Mahmoudi et al. [237] demonstrated high-sensitivity detection of paraoxon compounds using 

AChE. The method successfully detected paraoxon in spinach and cabbage samples at a 
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concentration of 10 nM. Xu et al. [238] developed a highly sensitive electrochemical sensor for 

detecting chlorpyrifos with a low limit of detection (LOD) of 70 pg/mL. The method leverages 

the synergistic effect of copper oxide nanoflowers (CuO NFs) and carboxyl-functionalized 

single-walled carbon nanotubes (c-SWCNTs). CuO NFs enhance the electrode surface area and 

electron transfer, while c-SWCNTs improve the effectiveness and stability of aptamer 

immobilization as a receptor.  Mishra et al. [239] created a portable electrochemical sensor 

embedded in gloves for detecting organophosphate compounds on food surfaces. This method 

effectively detects solutions of methyl parathion (MP) and methyl paraoxon (MPOx) with a 

concentration of 200 µM on fruits and vegetables. In 2017, Surucu et al. developed an efficient 

electrochemical strategy for qualitative analysis of fenitrothion in tomato samples. The assay 

utilized a modified pencil graphite electrode with a composite film of reduced graphene oxide 

(RGO) and poly(E)-1-(4-((4-(phenylamino)phenyl)diazenyl)phenyl)ethanone (DPA). The 

method demonstrated high efficiency and selectivity for fenitrothion [240]. In 2018, Xu et al. 

introduced a novel electrochemical approach for detecting methyl parathion and paraoxon. The 

method involved the use of N-carbamoylmaleimide functionalized carbon dots (N-MAL CDs) 

deposited on the surface of a screen-printed carbon electrode (SPE), denoted as N-MAL 

CDs/SPE [241]. In 2017, J. Mehta et al. reported screen printed immunosensor modified with 

graphene quantum dots for the detection of the parathion. The use of GQDs has enabled the 

development of a highly sensitive and reliable immunosensor for parathion detection. This 

sensor demonstrated a dynamic linear response and an impressively low detection limit of 46 

pg/L [242]. 

Further, in 2018, G. Bolat et al. reported highly sensitive electrochemical detection of the 

fenitrothion pesticide using a disposable pencil graphite electrode modified with self-

assembled peptide-nanotubes. The electrochemical response of this sensor was linear with a 

lower detection limit of 0.0196 μM [243]. Zhang et.al. reported a stable biosensor for 

organophosphorus pesticide detection based on chitosan-modified graphene in 2020 with a 

detection limit of 54 pM [244]. 

3.2 Biosensors 

A fundamental biosensor comprises a receptor, transducer, and processor. The recognition 

layer is formed by sensing elements like whole cells, antibodies, enzymes, or nucleic acids. 

These are integrated with the transducer through immobilization techniques like adsorption, 

cross-linking, or covalent binding. Transducers are selected based on the measurement 



33 
 

parameters, such as amperometric (current measurement at constant potential) [245], 

potentiometric (potential measurement at constant current) [246], piezoelectric (measurement of 

changes in mass), thermal (measurement of changes in temperature) [247], or optical (detection 

of changes in light transmission) [248]. Traditional analytical techniques involve multiple steps, 

extensive labour, time, and expensive instruments. In contrast, biosensors offer a quick, simple, 

and cost-effective alternative suitable for deployment in small hospitals and laboratories in 

remote areas lacking sophisticated instrument facilities.  

Currently, quantitative real-time polymerase chain reaction (qPCR) stands as a standard 

method, utilizing a fluorescent signal in conjunction with DNA polymerase chain reaction for 

DNA quantification [249–253]. Despite its capability to detect the presence of 1–10 copies/mL of 

DNA samples, PCR remains limited to professional laboratories due to the requirement for 

specialized instrumentation [254,255]. Alternative approaches are under development to 

streamline DNA detection for point-of-care testing, including colourimetric [256], microfluidic 

platform-based optical detection [257], and electrochemical methods [258]. Among these 

techniques, electrochemical methods stand out for their ultra-sensitivity and well-established 

nature [259]. In electrochemical DNA sensors, nucleic acid hybridization is combined with 

electrochemical reactions to detect target DNA selectively [260,261]. However, the direct 

application of electrochemical methods for detecting a single copy of DNA in biological 

samples may be challenging. To overcome this, signal amplification approaches are utilized to 

enhance sensitivity and selectivity for low-concentration targets [262]. Moreover, 

electrochemical sensors present a promising avenue for both laboratory and point-of-care 

approaches, offering the potential for miniaturization and quantitative measurements [263,264]. 

Electrochemical transduction systems are known for their robustness, ease of use, portability, 

and cost-effectiveness. Electrodes in electrochemical biosensors are made from various 

materials such as glassy carbon, carbon paste, graphite composites, carbon/graphite 

formulations, carbon nanotubes, graphene, and gold. Screen-printed electrodes (SPEs) have 

gained popularity due to their easy and reproducible fabrication, both in laboratory and 

commercial settings [265]. Commercially available SPEs, functionalized or not, and in-house 

production facilities in many laboratories contribute to their widespread use. The configuration 

of the electrode, the chosen materials, and the immobilization of the bioreceptor on the 

electrode surface are all critical factors in ensuring the effectiveness of electrochemical 

biosensors. 



34 
 

A lot of work has been reported in the past for the detection of biomolecules such as DNA and 

bacterial detection, etc.  In recent years, nucleic acids have found widespread application in 

various biosensors and bioanalytical assays due to their diverse physical, chemical, and 

biological properties [266]. In biosensors based on nucleic acids, the sensing elements are 

typically oligonucleotides with a known sequence of bases or fragments of DNA or RNA. 

Nucleic acid biosensors operate through highly specific hybridization of complementary 

DNA/RNA strands or serve as highly specific receptors for biochemical/chemical species 

[267,268]. These biosensors are particularly promising as they offer the potential for obtaining 

sequence-specific information in a faster, simpler, and more cost-effective manner than 

traditional methods. Unlike enzymes or antibodies, nucleic acid recognition layers can be easily 

synthesized and regenerated for multiple uses. Combining nucleic acid biosensors with 

polymerase chain reaction (PCR) methods, as demonstrated by Bell and Ranford-Cartwright, 

can enhance sensitivity and specificity [269,270].  

Detection techniques play a crucial role in biosensor design, selected based on their specific 

applications. Among the various devices developed, electrochemical DNA biosensors have 

garnered significant attention due to their high sensitivity and rapid response. These devices 

are particularly valuable for sequence-specific DNA sensing. The miniaturization and 

advanced technology of electrochemical devices make them excellent tools for DNA 

diagnostics. Electrochemical detection of DNA hybridization typically involves monitoring 

current at a fixed potential. Various electrical modes have been developed for the detection of 

both label-free and labelled objects [271–278]. The immobilization of the nucleic acid probe onto 

the transducer surface plays a pivotal role in the overall performance of DNA biosensors and 

gene chips [279,280]. 

In 2018, J. Lee et al. introduced a versatile gold/iron-oxide nanoparticle-carbon nanotube 

(CNT) hybrid nanomaterial as a platform for virus DNA sensing. The limits of detection for 

influenza virus and norovirus were estimated to be around 8.4 pM and 8.8 pM, respectively. 

[281]  M. Shariati et al. developed an exceptionally sensitive label-free biosensor for human 

papillomavirus DNA using gold nanotubes on nanoporous polycarbonate in electrical 

alignment, achieving a remarkable limit of detection (LOD) of 1 fM. [282] J. Xu et al. presented 

a label-free and highly sensitive electrochemical detection method for pathogenic DNA, 

achieving an estimated limit of detection of 1 fM. [283] M. Khater et al. conducted the 

electrochemical detection of a plant virus using gold nanoparticle-modified electrodes, 

achieving an estimated limit of detection (LOD) of 100 nM. [284] C. Singhal et al. presented a 
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paper-based DNA biosensor for detecting the chikungunya virus, employing gold shells coated 

magnetic nanocubes. The sensor achieved a detection limit of 0.1 nM with a linear range 

spanning from 0.1 nM to 100 μM. [285] Y. Xiang et al. presented ‘Quantum Dot layer-by-layer 

assemblies as signal amplification labels for ultrasensitive electronic detection of 

uropathogenic’, achieving a detection limit of 0.22 fM based on signal-to-noise 

characteristics.[286] 

3.3 2D Materials towards 3D-printing  

Compared to other nanomaterials, 2D nanostructures demonstrate promising applications for 

in vitro detection of small biological molecules, neurotransmitters, and proteins, serving as 

biomarkers. They are cost-effective, easily synthesized, and offer rapid response times for 

screening various disorders, including potentially fatal cancers [287]. These nanostructures 

enhance the sensitivity, selectivity, and stability of sensing platforms [288]. 2D nanoarchitectures 

coupled with advanced nanotechnology improve real-time detection of gases, pollutants, and 

small biomolecules, contributing to both in vitro and in vivo diagnosis [289]. Point-of-care testing 

devices, with portability, flexibility, non-invasiveness [290], low cost, time-effectiveness, 

improved sampling frequency, and implantability [291], have revolutionized the sensing 

systems. Trials involving wireless transmission of analytical data to medical centres have been 

successful. Still, the development of ready-to-use and reusable sensors lags due to device 

complexity and high costs [292]. With technological progress, sensors have become integral to 

various facets of human life. The identification and sensing of proteins, enzymes, antibodies, 

and other biomolecules hold significant biological, technological, and pharmaceutical 

importance. In this regard, the utilization of 3D-printed sensors incorporating 2D materials has 

emerged as an excellent option due to their straightforward processing and frequently 

adjustable properties. In this context, graphene emerges as a promising platform for the 

biological recognition of glucose in real samples [293]. Zhang and colleagues developed a highly 

sensitive non-enzymatic glucose biosensor using a simple screen-printing method. 

Specifically, graphite electrodes were modified with a microflower structure composed of 

copper oxide/few-layer graphene, leading to a substantial enhancement in sensor performance. 

These sensors effectively mitigated interference from real sample components, such as 

dopamine and ascorbic acid. The 3D-printing approach simplified the fabrication process 

without compromising sensor efficacy. While reports on printed biosensors with 2D materials 
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are limited, they primarily focus on graphene-related materials for detecting biomolecules or 

monitoring human body activities through pressure sensors. 

Yet, MXenes demonstrate promise as a material platform for printable and wearable sensors, 

as pioneered by Guo et al. [294]. Guo and collaborators introduced a groundbreaking flexible 

and degradable pressure sensor, marking the first instance of predicting patients’ health status 

by electronically mapping the skin (i.e., electronic skin). The adjustable pressure sensor could 

be affixed to human skin for various biomonitoring tasks, including measuring wrist physical 

force, showcasing potential applications for predicting the healthcare status of early-stage 

Parkinson’s disease. Cheng et al. [295] employed a straightforward abrasive paper stencil 

printing process to create an MXene-based piezo-resistive sensor with randomly distributed 

spinous microstructures. This sensor is designed to monitor body activities and medical states 

when placed on joints or muscles. In the realm of wearable sensors, temperature sensors are 

experiencing rapid advancements for on-skin temperature monitoring, allowing for real-time 

tracking. Wang and colleagues pioneered a stretchable temperature sensor using a cellular 

graphene/polydimethylsiloxane composite through a direct 3D ink-writing technique [296]. The 

authors claimed high-temperature sensitivity (0.008 ◦C) towards printed composites. Notably, 

the sensitivity of the printed grid structure remained stable even under significant external 

deformations, highlighting the considerable potential of flexible devices. 

3.4 Nano/micromotors for Sensing 

The progress made in nanotechnology has sparked the development of powerful artificial 

nano/micromotors that utilize energy to perform complex tasks on a miniature level.[14,297–299] 

The use of nano/micro motors to drive tiny machinery is a fascinating area of study, offering 

potential possibilities. These micromotors are capable of propelling liquids using various 

energy sources, converting them into powerful mechanical movement. This marks a significant 

advancement in the development of practical nanomachines, showcasing their ability to harness 

energy and take on a range of applications. Over the recent years, these nano/microscale motors 

have become increasingly prevalent. These miniature marvels utilized a variety of propulsion 

techniques and emerged as innovative contributors to this evolving field. Tubular micromotors, 

with lengths ranging from 5 to 15 μm and adjustable tube openings (1 to 5 μm diameter), have 

shown promising potential for developing selective assays in complex media. These 

micromotors typically feature an outer layer made of polymer or (carbon/2D) nanomaterials, 
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while the inner layer serves as a catalyst (platinum, manganese dioxide, silver, or zinc). An 

intermediate layer (usually nickel) can be included to control motion through a magnetic field; 

this is crucial for analytical applications mimicking the way magnetic particle-based assays 

work. Synthesis methods like template electrosynthesis or rolled-up approaches are commonly 

employed, with template electrosynthesis being preferred for its low cost, simplicity, and 

versatility in analytical applications. Janus micro motors, with their unique spherical 

morphology, combine different physical and chemical characteristics into one single unit to 

perform complex analytical tasks with proficiency. It can be composed of various materials 

(carbon nanomaterials, 2D nanomaterials, polystyrene, responsive polymers, magnesium) 

coated or incorporating catalytic metals, quantum dots, or magnetic materials. Different 

synthetic routes, including sputtering metallic films on microbeads, pickering emulsion, 

polymer self-assembly, or bipolar electrochemistry, contribute to their high versatility. Janus 

micromotors offer substantial possibilities in analytical chemistry, allowing easy tuning of their 

structure to incorporate multifunctional abilities, as demonstrated in previous publications from 

our research group [300–302]. 

In the era of rapid industrialization, the excessive release of harmful pollutants into water and 

air poses a significant threat to human health. Addressing this issue, researchers are actively 

pursuing advanced technologies for pollution detection, a crucial step in environmental 

remediation [117,118]. The evolution of micromotors has garnered attention in ecological science 

due to their remarkable advantages, such as small size and autonomous movement, enabling 

non-invasive and continuous mixing. These features make micromotors effective in efficiently 

detecting various pollutants in different sample types, even in low volumes. Tailored functional 

micromotors have been successfully applied in environmental science to sense toxins, bacteria, 

heavy metal ions, and more. For instance, Wang and team introduced an enzyme-powered 

micro fish micromotor, proving its efficacy as a potent tool for water quality testing through a 

speed-sensing strategy [303]. Similar to the correlation between the lifetime and swimming 

behaviour of live fish in natural settings with water quality, these micromotors swimming 

performance and lifespan were influenced by toxins in the water. Specifically, the micromotors 

were propelled by bubbles generated from catalase catalysis during H2O2 decomposition. 

Toxins could inhibit the enzyme catalase, the biocatalytic engine of the micromotor, causing a 

time-dependent loss in catalase activity and impacting motion performance. By observing the 

velocity, the enzyme-powered microfish offered optically sensitive visualization of changes in 

motion performance in the presence of pollutants like Hg2+, Cu2+, sodium azide, and 
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aminotriazole. Remarkably, this artificial microfish addressed ethical and reproducibility 

concerns, making it a powerful tool for real-time water quality testing. They later utilized 

bubble-propelled dye-coated micromotors for rapid detection of nerve agents like sarin and 

soman simulants, employing an ‘on–off’ fluorescent strategy [304]. The ‘on–off’ signal changes 

were induced by the quenching effect of nerve agents on the fluorescent dye. Autonomous 

locomotion significantly enhanced the fluorescence quenching efficiency of nerve agents, 

enabling real-time detection. In contrast to traditional static methods for nerve agent detection, 

these micromotors offered a real-time on-site sensing approach, showing great potential for 

detecting various chemical agents. 

Utilizing the luminescence quenching mechanism, a bubble-propelled micromotor system with 

‘on–off’ luminescence was introduced for efficient sensing of trinitrotoluene (TNT), a highly 

toxic substance with potential carcinogenic and mutagenic effects [305]. In another approach, 

Liu and colleagues [306] devised an ‘on–off’ fluorescent MnO2-catalyzed bubble-powered 

micromotor for detecting Fe3+ in water with high sensitivity and excellent selectivity. These 

micromotors featured a hollow tubular structure with an outer layer of Eu-MOF and an inner 

layer of ethylendiaminetetraacetic acid (EDTA). Notably, EDTA, with its abundant functional 

groups, exhibited a strong affinity for heavy metal ions, including Fe3+. This design allowed 

the micromotors to integrate the detection and removal of Fe3+ in the water sample, serving as 

a dual-functional tool for sensing and removing various targets in environmental sciences.  

In addition to heavy metal ions and toxin detection, monitoring water pH is a crucial aspect of 

environmental science. Micromotor sensors, exhibiting pH-responsive fluorescent variations, 

serve as valuable tools for real-time pH sensing [307]. Leveraging this pH-responsive sensing 

strategy, Li and colleagues [308] introduced a biodegradable Fluorescein Isothiocyanate (FITC) 

based micromotor for gas sensing. These micromotors could detect gases such as ammonia 

(NH3) and hydrogen chloride (HCl) capable of affecting solution pH, which operates 

exclusively in aqueous environments.  The autonomous movement of micromotors accelerated 

solution mixing. As the fluorescence intensity of FITC correlated with the pH value, the 

micromotors displayed strong fluorescence in an NH3 gas environment while showing minimal 

fluorescence in an HCl gas environment. Notably, these micromotors, primarily composed of 

a biodegradable polymer and enzyme-powered, minimized environmental pollution. 

Micromotor-based sensing platforms mark a new era in environmental science, overcoming 

previous sensing strategy limitations through their tiny size and autonomous movement. 
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Solovev et al. [309] developed a catalytic reaction-driven tubular micro/nanomotor using a 

Ti/Fe/Pt nanomembrane rolled into a tubular structure. This unmodified micro/nanomotor 

demonstrated substantial towing force through the bubble recoiling mechanism, efficiently 

capturing and transporting various particles. The tubular micro/nanomotors, floating on the 

solution and moving at the water-air interface [310], exhibited the capability to catch floating 

metallic nanoplates, assembling them into regular arrays. This delivery property was extended 

to capture and directionally transport microparticles and cells in microfluidic channels [311]. The 

easy modification of these micro/nanomotors allows for diverse biofunctions, including 

selective capture, transport, isolation, and release of biomolecules. Kagan et al. [16] created a 

tubular micro/nanomotor using the template-assisted electrodeposition method for effectively 

isolating nucleic acid targets through surface modification. Half-coated with Au, the tubular 

micro/nanomotors were then modified with a binary self-assembled monolayer consisting of a 

thiolated capture probe and short-chain 6-mercapto-1-hexanol. The modified tubular 

micro/nanomotors exhibited enhanced collection efficiency by selectively collecting 

surrounding targets, including single-stranded DNA, through local convection induced by 

bubble ejection. 

Additionally, these biofunctionalized tubular micro/nanomotors, carrying the target DNA, 

moved forward to escape untreated samples, such as human serum, achieving selective capture, 

delivery, and isolation of target DNA in a complex sample solution. A similar approach was 

employed for rolled-up tubular micro/nanomotors [17]. Metallic tubular micro/nanomotors were 

fabricated and subjected to a deposition process, coating half of the tube with Au. The Au 

surface was then modified with streptavidin, enabling the capture of biotinylated beads. In 

another study, Orozco et al. [312] utilized a molecular imprinting method to create polymer-

based catalytic reaction-driven tubular micro/nanomotors with biofunctions. Molecular 

imprinting occurred during the electrodeposition of the outer poly(3,4-

ethylenedioxythiophene) (PEDOT) layer, allowing direct biofunctionalization with binding 

sites after template etching. The outer wall’s recognition properties were maintained under 

harsh operating conditions, such as high temperature, pressure, and extreme pH [312]. 

Subsequently, researchers used biofunctionalized tubular micro/nanomotors to capture and 

isolate anthrax simulant spores. Visual confirmation of spore elimination was achieved via 

biofunctionalized tubular micro/nanomotors [313]. 

Micromotors hold immense potential in the field of sensing due to their self-propulsion 

behaviour. Here, we have provided an overview of the development of these micromotors and 
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their applications in sensing. Initially, we introduced propulsion mechanisms that allow the 

micromotors to move autonomously [307], followed by highlighting their sensing strategies. It 

also covered applications in environmental science, food safety, and biomedical areas. 

However, the practical implementation of micro motors for sensing continues to face 

challenges, as many rely on toxic materials and corrosive fuels, raising concerns about potential 

contamination. The small size limits fuel and catalyst loading, impacting motion performance 

and lifespan. 

Additionally, limited surface area hinders the immobilization of functional molecules, affecting 

detection sensitivity. Present micromotor-based sensing platforms are often specialized and 

lacking flexibility. Addressing these challenges requires further scientific efforts to make 

micromotor-based sensing platforms more adaptable for practical use. 
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4.1.1 Introduction 

There is a substantial need to diagnose the phenolic compounds in industrial, environmental, 

or food samples because of the phenolic compound’s toxic behaviour [314,315]. Conventional 

analytical methods used for detection, such as chromatography [316], capillary electrophoresis 

[317], and spectrophotometry [318], are time-consuming and not portable. Electrochemical 

methods have been proven suitable for rapid and mobile detection of phenols and their 

substituents [319,320]. Various electrochemical analytical techniques (such as voltammetry) can 

be used to to facilitate the electrochemical oxidation of the phenols at the solid electrode and, 

thus, enable their detection. Unfortunately, these phenolic compound’s electro-oxidation 

produces phenoxy radicals, which combine to form a passivating layer at the electrode surface 

[314]. Considerable efforts have been made to identify new electrode materials and develop a 

surface pre-treatment that would effectively avoid surface fouling effects caused by the 

oxidation of the phenols [321–323]. 3D-printing to fabricate phenol sensing platforms represents 

a promising approach, as electrodes can be fabricated at low cost. 3D-printing, also known as 

additive manufacturing, is a recent technology that consists of a layer-by-layer deposition 

process guided by computer-aided design (CAD) software [11]. This novel technique has many 

advantages compared to traditional electrode manufacturing techniques, including the rapid 

production of devices with low waste generation, high accuracy, repeatability, high resolution, 

and high durability. 

Furthermore, it offers the possibility of customizing the produced object shape and geometry 

through a highly automated system with minimal human intervention [8,9]. In particular, the 

fused deposition modelling (FDM) printing technique can be utilized for the fabrication of the 

3D-printed nanocarbon electrodes (3DnCE), where a composite filament consisting of 

thermoplastic polymer (polylactic acid (PLA)) and nanocarbon is extruded down the nozzle, 

and the desired shape is printed. Inconsolably, these surfaces provide poor electrochemical 

activity due to the high amount of PLA needed for the successful extrusion and deposition of 

the materials. Hence, activation (post-treatment) is necessary to increase the electrochemical 

activity of the electrodes [324]. Thermal, electrochemical, and solvent treatment activations are 

the most used ones [325]. However, the solvent treatment activation using N,N’-

dimethylformamide (DMF) represents one of the simplest and fastest approaches, providing 

improved electrochemical responses due to the removal of the PLA and the exposure of the 

nanocarbon on the electrode surface [326].  
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In this work, we demonstrate for the first time that the 3DnCEs significantly improve the 

sensing of phenolic compounds through voltammetric measurements. Such improvements 

promote the oxidation process by delaying the kinetics of polymeric film formation [327] on the 

electrode surface, as it is possible to sense the analytes at higher concentrations than glassy 

carbon electrodes. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

techniques have been used to investigate the oxidation behaviour of phenols. Furthermore, the 

pH conditions have been optimized for an enhanced electrochemical response of the phenolic 

compounds. 3DnCEs have been proven for the simultaneous detection of several compounds. 

These developments provide insight into the application of a 3DnCE for the voltammetric 

detection of phenolic compounds. 

4.1.2 Experimental Section 

Reagents 

Phenol, 2,3-dichlorophenol, 2,4-dichlorophenol, 2,6-dichlorophenol, 3-chlorophenol, 4-

chlorophenol, 2,4,6-trichlorophenol, 4-nitrophenol were purchased from Sigma-Aldrich 

(Czech Republic). Monobasic potassium phosphate (Sigma) and dibasic potassium phosphate 

(Merck), sodium chloride (Merck), and potassium chloride (Merck) were used for the 

preparation of phosphate buffer solution (PBS) were purchased. Deionized water having 

resistivity not less than 18.2 MΩ cm was used. Commercially available filament, conductive 

nanocarbon/ polylactic acid (PLA) filament (Graphene Laboratories Ink., New York, USA) 

was used for 3D-printing of the electrodes. pH measurements were carried out by Thermo 

Scientific Orion Star A111 pH meter. 

 

Fabrication of 3DnCE using graphene/PLA filament 

For the fabrication, fused deposition modelling is a method in which a spool of thermoplastic 

filament is melted inside a printing nozzle and laid down layer by layer according to the input 

program assigned to the printer (Prusai3 MK3s printer, Prusa Research, Czech Republic) with 

an Olsson Ruby ruby-tipped 0.6 mm nozzle (3DVerkstan, Sweden). Nanocarbon/PLA filament 

is evicted from the nozzle at a temperature of 220 °C and bed temperature of around 60 °C as 

the printing conditions [9,328,329]. The dimensions of the 3D-printed electrode were as follows: 

length: 1.6 cm, width: 0.6 cm (r = 0.3 cm) and 3mm thickness. Just the circular portion of the 

electrode was immersed in the electrolytic solution for the electrochemical estimations [330]. 
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The as-printed electrode consists of a composition of conductive graphene and non-conductive 

PLA polymer. Solvent activation was carried out to improve the electrode’s electrical 

conductivity by immersing the printed nanocarbon electrodes in DMF for six hours. After six 

hours, the electrodes were rinsed thoroughly with ethanol and then with ultrapure water and let 

dry for 24 hours [324]. 

 

Electrochemical Instruments 

The electrochemical measurements were conducted at room temperature (25 ⁰C) using a three 

electrodes configuration where Ag/AgCl (1 M KCl) was used as a reference electrode, a 

platinum wire was used as a counter electrode, and 3DnCE served as a working electrode, using 

Metrohm Autolab (PGSTAT 204) operated by Nova 2.14 software. 

Material Characterization  

The surface morphology of the 3DnCEs was evaluated with scanning electron microscopy 

(SEM) using the Verios 460L instrument (FEI, USA) to assess the changes before and after 

DMF treatment.  

Electrochemical Detection 

The influence of pH on the 4-chlorophenol voltammograms was investigated by CV using 50 

µM 4-chlorophenol in 100 mM PBS as an electrolyte solution at different pH values 

(3,5,7,9,11). The scan rate of 10 mVs-1 was maintained for the various analytes. 

5 mM stock solutions of (phenols, 2,3-dichlorophenol, 2,4-dichlorophenol, 2,6-dichlorophenol, 

3-chlorophenol, 4-chlorophenol, 2,4,6-trichlorophenol, 4-nitrophenol) were prepared in 100 

mM PBS solution, and DPV was performed at pH 11 by varying concentration (25-125 µM) 

of each analyte. 

4.1.3 Results and Discussion 

As described previously, we activated the nanocarbon/PLA electrodes (3DnCE) using a DMF 

activation method, which was mentioned earlier in 326. Structural characterization of 3DnCE 

was performed using SEM to investigate the effect of the DMF treatment on the electrode 

morphology. The 3D-printed electrode surface is highly dominated by the presence of PLA, 
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which aggregated nanocarbons forming a composite with a dense structure Figure 12(A). The 

SEM image of the DMF-treated 3DnCEs Figure 12(B) reveals that PLA has been partly 

removed from the electrode surface, and the nanocarbon forms a mesh-like structure [324].  

 

Figure 12. SEM of 3DnCE (A) PLA/nanocarbon electrode without activation (inset) photograph of the 3DnCE 

as/printed (B) PLA/nanocarbon electrode after DMF activation. 

 

Subsequently, we employed the activated 3DnCE to detect 4-chlorophenol as an archedtypal 

compound. To evaluate the accuracy and precision of the 3DnCE, five different electrodes have 

been taken and measured their response value in 4-chlorophenol by keeping the concentration 

(100 µM) constant. The output response of all the different electrodes was consistent and 

obtained a mean peak current at 0.24 µA and a relative standard deviation of 8.81% (n=5). 

Since the pH value has a vital role in the electro-oxidation process of 4-chlorophenol, as a 

phenolic group dissociates, the electrochemical characterization was carried out at various pH 

values. CV Figure 13(A) shows the oxidation peak corresponding to the oxidation of 4-

chlorophenol to the chloro-phenoxy radical, which appears during the positive scans. However, 

no reduction peak appears, suggesting that the process is chemically irreversible. 

Interestingly, a reversible redox peak with 0.3 V oxidation and 0.2 V reduction value was 

observed at pH 3. This could be attributed to the presence of oxygenated functional groups 

(such as quinones) in nanocarbon electrodes [325]. When the pH is changed, electrochemical 

behaviour is affected in two ways. As the pH increases, the peak intensity also increases 

significantly, but the oxidation of the 4-chlorophenol is shifted to lower potential values. The 

rise in the peak intensity can be related to the availability of 4-chlorophenol in the anion form 

at higher pH values. Similarly, the peak shifts towards the lower potential values are associated 
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with the low pKa value of the 4-chlorophenol as while shifting from the acidic medium to the 

alkaline solutions, the concentration of the H+ ions decreases, which shifts the equilibrium 

towards the 4-chlorophenol anion species (see Eq. (3)).  

C6H4ClOH ↔ C6H4ClO- + H+ Eq.3 

Figure 13(B) shows oxidation potential values as a function of pH in PBS. The oxidation 

potential value decreases with the increase in the pH values following a linear trend, which is 

in close agreement with the Nernst equation (Eq. (4)): 

E=E⁰ + 0.059pH Eq.4 

Where E⁰ is the standard electrode potential, and E is the potential at 25 ⁰C. The slope extracted 

from the fitted equation (y = -0.0487x + 1.0604) is 0.0487, shown in Figure 13(B), 

corresponding approximately to n=1 from 0.059/n. Therefore, the oxidation of the 4-

chlorophenol implies one electron and one proton have been transferred in the electrochemical 

reaction.  

 

Figure 13. (A) Influence of pH on CV response of 50µM 4-chlorophenol in 100 mM PBS between +1.2 V and 0 

V at a scan rate of 10 mVs-1 (a) pH 3 (b) pH 5 (c) pH 7 (d) pH 9 (e) pH 11. (B) Oxidation potential values of 50 

µM 4-chlorophenol as a function of pH in PBS.  

 

These results emphasize the influence of pH on the electro-oxidation process of 4-chlorophenol 

and conclude that the oxidation reaction would be favoured in the strong alkaline medium (pH 

11). The oxidation reaction would be favoured because the current obtained at that pH is the 
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highest and the oxidation potential the lowest. Further studies were continued using this 

optimum pH value. 

 

Figure 14. Influence of chemical structure of chlorophenols, nitrophenol and phenol on their voltammetric 

response (a) PBS (b) 2,6-dichlorophenol (c) 4-chlorophenol (d) 2,4-dichlorophenol (e) 2,3-dichlorophenol (f) 

2,4,6-trichlorophenol (g) 3-chlorophenol (h) 4-nitrophenol (i) phenol, conc. 50 µM Conditions:  DPV scan rate 

10 mVs-1, PBS buffer (100 mM, pH11) 

 

The voltammetric behaviour of 2,3-dichlorophenol, 2,4-dichlorophenol, 2,6-dichlorophenol, 3-

chlorophenol, 4-chlorophenol, 2,4,6-trichlorophenol, 4-nitrophenol, phenol, was studied using 

differential pulse voltammetry (DPV). Figure 14 displays the typical voltammograms of 

various chlorophenols, 4-nitrophenol, and phenol in PBS (100 mM, pH 11) using 3DnCE. Each 

of these phenolic compounds shows an oxidation peak, attributed to the formation of the 

corresponding phenolate ions, which appear at different potentials and provide different 

currents. These differences in the electrochemical behaviour are correlated with the structural 

differences of the compounds.  

It has been reported that the electrochemical oxidation of aromatic compounds may be 

impacted by the number of substituents, as well as their electronic nature and positioning at the 

aromatic ring [331]. Not only the ring substituents influence the reactivity of the phenolic 

compounds through steric, resonance (mesomeric, ±M), and field (inductive, ±I) effects, but 

also the electron-withdrawing substituents decrease the basicity (lower the pKa) of phenol. On 

the other hand, electron-donating substituents increase the basicity and nucleophilicity of 

phenol [332]. The pKa value of the phenol, 4-chlorophenol, 2,4-dichlorophenol, 3-chlorophenol, 

2,6-dichlorophenol, 2,3-dichlorophenol, 2,4,6-trichlorophenol and 4-nitrophenol is 10.02, 
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9.38, 7.89, 9.02, 6.79, 7.45, 6.42, 7.15, respectively [333]. Corresponding, their oxidation 

potential vs Ag/AgCl is 498 mv, 513 mv, 568 mv, 593 mv, 612 mv, 637 mv, 670 mv, and 901 

mv, respectively.  There is an increase in the oxidation potential of disubstituted chlorophenols 

as compared to monosubstituted chlorophenols. The greater stability of the compound is 

directly correlated to the number of substituents, which favours the electronic delocalization, 

thus lowering the compound’s acidic strength [334]. Therefore, phenolic compounds with 

electron-withdrawing substituents are more resistant to oxidation than the phenols with 

electron-donating substituents.  

 

 

Figure 15. Effect of concentration of (A) 3-chlorophenol (B) 4-nitrophenol (C) 4-chlorophenol and (D) phenol 

on the DPV response, (a) in PBS, (b) 25 µM, (c) 50 µM, (d) 75 µM, (e) 100 µM and (f) 125 µM of each analyte, 

respectively, using a 100 mM PBS at pH 11. 

 

Calibration curves were constructed for 3-chlorophenol, 4-nitrophenol, 4-chlorophenol, and 

phenol. Figure 15(A–D) shows the DPV responses of the 3DnCEs using different 

concentrations of 3-chlorophenol, 4-nitrophenol, 4-chlorophenol, and phenol in 100 mM PBS 

at pH 11.  Comparing the DPVs obtained in the presence and absence of analytes illustrates the 
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successful electro-oxidation of the phenols, chlorophenols, and nitrophenols. These 

compounds show characteristic oxidation peaks using the 3DnCEs, and their intensity is 

proportional to  

the concentration. To compare the analytical performance of a 3D-printed electrode with glassy 

carbon, a concentration calibration study of 4- nitrophenol was carried out (Figures 16 and 

17) using a glassy carbon electrode. Figure 16 shows the DPV response of the glassy carbon 

electrode as the concentration of 4-nitrophenol is varied.  

 

Figure 16. Effect of concentration of 4-nitrophenol on the DPV response using glassy carbon electrode (a) in 

PBS, (b) 25 µM, (c) 50 µM, (d) 75 µM, (e) 100 µM and (f) 125 µM, respectively, using a 100 mM PBS at pH 11. 

 

Similarly, Figure 17 shows the concentration calibration curve of 4-nitrophenol using a glassy 

carbon electrode. It is clear that after 100 µM concentration, passivation of the electrode occurs, 

as there is a decrease in the current intensity at 125 µM compared to 100 µM. By contrast, 

Figure 15(B) shows the same study carried out using a 3DnCE electrode, where no passivation 

is observed, and the peak intensity increased continuously as far as 125 µM concentration. 

Furthermore, the current peak intensities of the glassy carbon electrode were lower than those 

of the 3DnCE. However, the peak potential is observed at 0.88 V, which is similar to the value 

found with the 3DnCE. 
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Figure 17. DPV Calibration curves of 4-nitrophenol by using a glassy carbon electrode. Between 25-125 µM of 

the analyte in 100 mM PBS at pH 11. 

 

 

Figure 18. DPV Calibration curves of 3-chlorophenol, 4-nitrophenol, 4-chlorophenol and phenol. Between 25-

125 µM of the analytes in 100 mM PBS at pH 11. 

 

The calibration graphs of peak current density versus analyte concentration are plotted in 

Figure 18 for different phenols, chlorophenols, and nitrophenols. Interestingly, the linear plots 

for all the analytes gave similar results, i.e., the peak current density increases with the increase 

in the concentration and reaches a maximum value of up to 125 µM. Whereas in glassy carbon 
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electrode, the maximum concentration is lower, only reaching to the 100 µM. Hence, 3D-

printed electrodes show better response with lower rates of passivation with respect to glassy 

carbon electrode.  

The calibration curves obtained for 3-chlorophenol, 4-nitrophenol, 4-chlorophenol, and phenol 

are y = 0.0325x + 0.4257, y = 0.0165x + 0.3408, y = 0.0014x + 0.0917 and y=0.0273x + 0.5152, 

respectively. It is clear that 3-chlorophenol and phenol detection is more sensitive than the 

remaining compounds [335]. 

 

 

Figure 19. Determination of phenols mixtures. DPV for mixtures of phenolic compounds in 100 mM PBS at 

pH11: (a) 3-chlorophenol and 4-nitrophenol and (b) phenol and 4-nitrophenol at 50 µM concentrations of each 

compound. 

 

We investigated the simultaneous detection of phenols. Two simultaneous detections of 

mixtures of 3-chlorophenol with 4-nitrophenol and phenol with 4-nitrophenol were carried out 

by DPV analysis (Figure 19) using 3DnCEs. This was performed simultaneously by keeping 

the same, i.e., 50 µM concentration of each compound. The results show well-defined 

independent anodic peaks at 0.545V and 0.823V and 0.450V and 0.805V, which correspond to 

the oxidation of the 3-chlorophenol and 4-nitrophenol; or phenol and 4-nitrophenol, 

respectively. This indicates that the simultaneous determination of 3-chlorophenol and 4-

nitrophenol or phenol and 4-nitrophenol compounds is feasible with 3DnCEs [336].   
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 4.1.4 Conclusion 

In Chapter 4.1, we have demonstrated the utility of the 3D-printed nanocarbon electrodes as 

electrochemical detectors for the individual and simultaneous detection of phenolic compounds 

in aqueous solutions. The electrochemical behaviour of phenolic compounds was thoroughly 

studied by using voltammetry. The influence of pH on the oxidation of phenols was studied, 

and it was found that alkaline pH is the most suitable for the detection of these phenolic 

compounds. The chemical nature of the substituent plays a vital role in the oxidation potential 

of these phenolic compounds due to the inductive and mesomeric effects. Furthermore, the 

increase in the number of substituents also shifted the oxidation potential towards more positive 

values. The simultaneous analysis of various phenolic compounds in the mixture was also 

successfully carried out. Thus, 3D-printed electrode offers great promise for the environmental 

screening and industrial monitoring of toxic phenolic compounds. 
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List of Abbreviations 

 

3D      Three dimensional 

3DnCE     3D-printed nanocarbon electrodes 

DMF      N,N’-dimethylformamide 

SEM      Scanning Electron Microscopy 

EDS      Energy Dispersive Spectroscopy 

XPS      X-ray photoelectron spectroscopy 

CAD      Computer-aided design 

FDM      Fused Deposition Modelling 

PLA      Polylactic acid 

CV      Cyclic voltammetry 

DPV      Differential Pulse Voltammetry 

PBS      Phosphate Buffered Saline 

±M      Mesomeric 

±I      Inductive 

µM      Micromolar 

mM      Millimolar 

mV s−1      Mili volt per second 
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4.2.1 Introduction 

3D-printing has propelled the manufacturing of electrochemical sensors due to its enormous 

benefits, such as low price and fast prototyping. Its ability to produce autonomous fabrication 

with minimal human intervention and waste makes it an exceptional tool [8,9]. The manufacture 

of custom-made electrodes for particular capabilities with control over the dimensions, 

configuration, and morphology will be beneficial in electrochemistry [337]. Fused deposition 

modeling (FDM), which has gained popularity for 3D-printing, uses thermoplastic material for 

electrode fabrication [4]. Such electrodes have proven to be adaptable and useful in a variety of 

applications, including environmental measurements, energy storage, and bio-sensors 

[325,338,339]. This utilization of 3D-printed electrodes has encouraged the detection of different 

analytes with diverse electrochemical activity.  

Organophosphate nerve agents act as precursors for chemical warfare agents and pesticides due 

to their rapid action and toxicity [323,340]. Many tons of these chemical bombs are claimed to 

have been disposed of in the oceans all over the world after World War II, presenting a threat 

to the whole of the biosphere [341,342]. The toxicity of these compounds is of great concern; 

hence, a detection method that is fast, compact, and reliable is required. Various analytical 

procedures, such as gas chromatography [343–345] and liquid chromatography [344–347],  are used 

frequently for the detection of organophosphates and are shown to be sensitive and have high 

precision. However, these techniques require a tedious setup and complex procedures that are 

not suitable for field-based analysis. On the contrary, electroanalytical methods have great 

advantages such as high sensitivity, fast response, simplicity to operate and comparatively low 

cost [348,349]. 

The use of 3D-printed metal electrodes for the detection of nitroaromatic explosives and nerve 

agents has been reported [337]. However, these 3D metal electrodes have a few drawbacks, 

including cost and limited pH operating range [338]. Non-metal materials, such as graphene 

[67,350–353], carbon nanotubes [354–356], mesoporous carbon [357,358], etc. and their composites 

[359,360] have been used as alternatives to metals because they have good electrochemical 

performance as sensors and their surface properties can be tuned to desired responses. These 

methods require complex electrode surface modifications. To make the process facile and user-

friendly, and to avoid complications such as surface modifications, 3D-printed can be used as 

an alternative. 3D-printed nano-carbon electrodes (3DnCEs) have proven to be efficient and 

cost-effective (2–3 Euro cents approx. per electrode) as sensors. The filament used in 3DnCEs 
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is a combination of nanocarbon and polylactic acid (PLA). The latter is a thermoplastic polymer 

and is responsible for the successful extrusion of the nanocarbon from the printer nozzle into 

the desired shape [361,362]. These filaments provide an encouraging platform for the 

electrochemical sensing of phenols [10,319]. Following the 3D-printing process, the 

electrochemical activity of the 3DnCEs is then activated for PLA removal [324]. Various post-

treatment methods, such as chemical [324,326,363], electrochemical [324], and thermal treatment 

[325,364], are widely used. These treatments increase the electrode’s electrochemical response by 

exposing the nanocarbon on the surface of the electrode after the significant removal of PLA. 

The use of N,N'-dimethylformamide (DMF) as a solvent activator is regarded as an easy and 

rapid approach [326]. These refinements also favor detection by delaying the surface passivation 

of the electrode [327].  

Herein, we focused on an alternative sensing tool for the detection of organophosphates using 

3D-printing technology. 3DnCEs were employed for the electrochemical investigation of 

organophosphate nerve agents (Scheme1) by displacing the 3D metal electrodes and the 

standard glassy carbon electrodes (GCEs). 3DnCEs significantly improved the sensing of 

organophosphate nerve agents through voltammetric measurements. As proof, a comparison 

was done between standard glassy carbon electrodes (GCEs) and the 3DnCEs using cyclic 

voltammetry (CV).  3DnCEs have also been tested for the detection of fenitrothion, methyl 

parathion, parathion, and paraoxon using differential pulse voltammetry (DPV). 

 

Scheme 1. Fabrication of 3DnCEs using fused deposition modeling and their activation by DMF for the detection 

of various organophosphates by means of cyclic voltammetry. 

 

 

Methyl parathion, paraoxon 

Fenitrothion, parathion
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4.2.2 Experimental section 

Reagents  

Methyl parathion, paraoxon, parathion, and fenitrothion were purchased from Sigma-Aldrich 

(Czech Republic). Acetone (Merck) was used to make the stock solutions. Sodium acetate 

buffer (3M, pH 5.2±0.1) was obtained from Sigma-Aldrich. Deionized water was utilized with 

a resistivity of at least 18.2 MΩ cm. The electrodes were 3D-printed using available conductive 

nanocarbon/ PLA filament (Graphene Laboratories Ink., New York, USA). To prepare 

[Fe(CN)6]
3-/4- redox probe electrolyte, 1 mM of both K3Fe(CN)6 and K4Fe(CN)6  were mixed 

in a 0.1 M KCl aqueous solution.  

 

3DnCE fabrication using graphene/PLA filament  

 

Fused deposition modeling was utilized to create 3D printed electrodes using a 3D printer 

(Prusai3 MK3s printer, Prusa Research, Czech Republic) with an Olsson Ruby ruby-tipped 0.6 

mm nozzle (3DVerkstan, Sweden). The printing parameters were 220 °C nozzle temperature 

and 60 °C bed temperature [9,328,329]. The specifications of the 3D-printed electrode were: length 

1.6 cm, breadth 0.6 cm (r = 0.3 cm), and thickness 3 mm [362]. The rectangular section was 0.2 

cm wide. For the measurements, only the circular section of the electrode was submerged in 

the electrolyte solution. However, the freshly printed electrodes contained a composite of an 

insulating PLA polymer and conducting graphene. To improve their electrical conductivity, the 

as-printed nanocarbon electrodes were immersed in DMF for six hours. Then, the electrodes 

were cleaned with ethanol and subsequently with ultrapure water and allowed to air-dry for 24 

hours. 

 

Electrochemical instruments  

Analytical measurements were carried out using Metrohm Autolab (PGSTAT 204) and Nova 

2.14 software at 25 ⁰C (room temperature). They were performed in a three-electrode set-up 

cell filled with a redox marker aqueous solution consisting of 1 mM K3[Fe (CN)6]/K4[Fe (CN)6] 

containing 0.1 M KCl as the electrolyte. The reference, counter, and working electrodes were 

Ag/AgCl, Pt wire, and activated 3DnCEs, respectively. CV measurements were performed at 
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a scan rate of 10 mV s−1. The modified Randles-Ševčík equation was used to compute the 

electroactive area (A) of the 3DnCE  (Eq. (5)) [324]:- 

 Ip = 3.01*105 n3/2 (α Dred v)1/2 A C*red,                                                    Eq. (5) 

Where Ip is peak current, n is the number of electrons (n = 1), α for symmetry factor (α = 0.5), 

Dred for reduced species diffusion coefficient (Dred = 6.32 10−6 cm 2 s −1), v is the scan rate, and 

C*red is the bulk concentration of electroactive ions. 1.86 cm2 was computed as the 

electrochemically active area A. 

Materials characterization  

To analyze the alterations before and after DMF treatment, the surface morphology of the 

3DnCEs was examined using scanning electron microscopy (SEM) on the Verios 460L 

instrument (FEI, USA), having an electron beam accelerating voltage of 5 kV. X-ray 

photoelectron spectroscopy (XPS) was used to determine the atomic configuration of the 

3DnCEs using an AXIS Supra instrument (Kratos Analytical, Japan) with monochromatic Al 

Ka (1486.7 eV) as excitation source and the data were plotted using Casa XPS software.  

Electrochemical detection 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to evaluate the 

electrochemical properties of the 3DnCEs. 1mM stock solutions of methyl parathion, 

parathion, fenitrothion, and paraoxon were prepared in 25 mL acetone. A buffer solution of 20 

mM sodium acetate (pH 5.2) was made, and CV and DPV were performed at different analyte 

concentrations (2-72 µM). For the various analytes, a scan rate of 50 mV s−1 was maintained.  

4.2.3 Results and Discussion 

3DnCEs were activated using DMF, as reported previously [365]. The SEM images in Figure 

20 manifest the 3DnCE surface morphology before and after activation. Figure 20(A) depicts 

the dominance of the PLA, which formed a dense composite structure with nanocarbon 

filaments. The partial removal of PLA and disclosure of the nanocarbon filaments (mesh 

structures) on the electrode’s surface is depicted in Figure 20(B). 
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Figure 20. SEM image of a 3DnCE (A) PLA/nanocarbon electrode before activation. Inset image of the printed 

3DnCE with a circular diameter 0.6 cm (B) 3DnCE after DMF activation.  

Figure 21 presents the X-ray photoelectron spectroscopy (XPS) image of the 3DnCE before 

and after activation to reveal the chemical composition of the electrode surface. The wide-scan 

XPS spectra in Figure 21 detect carbon and oxygen as the primary elements. The polymer 

matrix contained carbon and oxygen as significant elements, and the filament contained 

nanocarbon filler [325,366,367]. The peaks of the as-printed 3DnCE revealed that the 

PLA/nanocarbon electrodes largely contained PLA polymer (77% C vs. 23% O). After DMF 

activation, we observed a significant increase in carbon percentage (83% of C vs. 17% of O), 

indicating that the PLA had been partially removed, exposing the nanocarbon on the electrode’s 

surface. 

 

 

 

5µm
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Fig 21. XPS spectra of 3DnCEs before and after activation.  

 

Figure 22. (A) Cyclic voltammograms showing response of methyl parathion at various concentrations of (a) 0 

µM, (b) 2 µM, (c) 6 µM, (d) 20 µM, (e) 30 µM, (f) 56 µM, (g) 72 µM, using 3DnCE. (B) Cyclic voltammograms 

of methyl parathion at (a) 0 µM, (b) 6 µM, (c) 12 µM, (d) 20 µM, (e) 30 µM and (f) 56 µM, at glassy carbon 

electrode. Conditions: 20 sodium acetate buffer, pH 5.2. 

 

Cyclic voltammetry was used to investigate the electrochemical activity of the 3DnCE toward 

methyl parathion. Figure 22(A) represents CVs of blank and various concentrations of the 

analyte (methyl parathion) from 2 µM to 72 µM in 20 mM sodium acetate buffer solution (pH 

5.2) at a sweep rate of 50 mV s−1 [323]. Two primary electrochemical responses were observed 

while cycling the electrode in the potential range of -1.2 to 0.8 V. The first one displayed a 

couple of distinct redox peaks, having an oxidation potential (Epa) of ~0.12 V and a reduction 

potential (Epc) of ~0.0 V. The second response exhibited a peak at Epc = −0.6 V (reduction 

potential) [368–373]. 

We utilized the current of the reduction peak as an analytical signal, as its current increased 

linearly as the concentration of the methyl parathion increased. The linear equation obtained 

from the linearly fitted curve between the cathodic current vs the methyl parathion 

concentration (2 µM to 72 µM) had a slope of -2.41 A/M with a correlation coefficient of 

0.99. To evaluate the reproducibility of the 3DnCEs, the response of the electrodes (n = 5) was 

observed in 5 µM of methyl parathion, with RSD of 5%. The calculated limit of detection 

(LOD) was 0.5 µM. To compare the 3DnCE with the conventional glassy carbon electrode, CV 

was also performed using the glassy carbon electrode (GCE) for the methyl parathion while 

keeping the parameters constant (scan rate 50 mV s−1) as shown in Figure 22(B). A greater 

A B
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reversibility was observed (anodic potential Epa = 0.11 V and cathodic potential Epc = 0.05 V), 

which could be attributed to the smooth surface of the GCE. 

The advantage of 3D printed electrodes is demonstrated by the faster rate of passivation at the 

GCE compared to 3DnCE (not shown). The current response of the GCE was lower in 

comparison to 3DnCE with regression coefficient value, R2 = 0.91. The electroactive area was 

calculated using the Randles-Ševčík equation (Eq. 1) for both 3DnCE and GCE, giving 1.86 

cm2  for the 3DnCE and 0.15 cm2  for the GCE [374,375]. A control experiment was performed 

for the other organophosphates (paraoxon, fenitrothion, and parathion) under the same 

conditions.  

 

Figure 23. (A) Cyclic voltammetric responses of (a) blank buffer solution, (b) paraoxon ethyl, (c) parathion, (d) 

methyl parathion, (e) fenitrothion. (B) DPV responses of (a) methyl parathion, (b) paraoxon ethyl, (c) parathion, 

and (d) fenitrothion. Conditions: 5 µM concentration of each analyte, 20 mM acetate buffer (pH 5.2). 

 

Figure 23(A) shows the electrochemical responses of parathion, paraoxon, fenitrothion and 

methyl parathion. As these organophosphates (OPs) possess a similar structure as methyl 

parathion, they also exhibit identical electrochemical characteristics [323,376,377]. It should be 

noted the peak current was different for different OPs, as shown in the DPVs in Figure 23(B). 

This was because the response of the OPs was affected by their molecular structures [372,373].  

Figure 24 shows the DPV response of fenitrothion at different concentrations (15–75 µM) in 

20 mM sodium acetate buffer solution (pH 5.2). The reduction peak appeared on the addition 

of the fenitrothion in the solution, and it increased with increased concentration of analyte 

[323,378]. Similarly to the previous example, fenitrothion followed the same reduction 

A B
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mechanism. It showed a peak at around 0.07 V. A series of different concentrations were 

analyzed and the linear trend following the peak current and the concentration, with slope of -

23.6 A/mM (R² = 0.99). 

 

Figure 24.  Concentration dependence of DPV signal of fenitrothion, (a) in blank sodium acetate, (b) 15 µM, (c) 

30 µM, (d) 50 µM, (e) 75 µM. Conditions: 20 mM sodium acetate buffer solution (pH 5.2). 

 

To evaluate the feasibility of the proposed electrochemical sensor, methyl parathion was 

measured in four different water samples. Real water samples (tap, river, pond, and lake water) 

were collected. Then, 1 mM methyl parathion was spiked in 1 mL of tap, river, pond, and lake 

water samples in 1:20 dilution. To perform the electrochemical measurement, the 1 mL spiked 

water samples containing the analyte were further mixed with 10 mL sodium acetate buffer 

solution. Therefore, the final concentration of the methyl parathion in the solution was 4.5 µM 

in each case. An intense peak was observed, as shown in Figure 25. These findings confirm 

the similar behavior to that previously reported data. Hence, the developed 3DnCE sensor has 

outstanding detection capabilities for organophosphates in real samples as well. 
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Fig. 25: Real sample analysis for 3DnCE in (a) blank sodium acetate buffer (black), (b) blank sodium acetate 

buffer with blank real water samples (tap, river, pond, lake) shown in blue colour. Whereas the buffer with real 

water sample (1 mL) containing 20x diluted methyl parathion is shown in different colours. (c) Buffer with 1ml 

pond water containing 20x analyte (maroon), (d) Buffer with 1ml river water containing 20x analyte (pink), (e) 

Buffer with 1ml lake water containing 20x analyte (green), (f) Buffer with 1ml tap water containing 20x analyte 

(red), respectively. Conditions: 20 mM sodium acetate buffer, pH 5.2, Methyl parathion stock solution 

concentration 1mM. 

4.2.4 Conclusions 

The viability of 3D-printed nanocarbon electrodes for the electrochemical reduction of methyl 

parathion, parathion, paraoxon and fenitrothion has been proved by utilizing cyclic 

voltammetry and differential pulse voltammetry. The projected technology provides new 

possibilities for sustainable, cost-effective, simple, rapid, and sensitive OPs analysis. Although 

the development of 3D-printed electrochemical sensors and their applications are in its early 

stages, it has a lot of potential for on-demand decentralized fabrication of such electrochemical 

detectors. 
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List of Abbreviations 

 

3D      Three dimensional 

3DnCE     3D-printed nanocarbon electrodes 

DMF      N,N’-dimethylformamide 

SEM      Scanning Electron Microscopy 

EDS      Energy Dispersive Spectroscopy 

XPS      X-ray photoelectron spectroscopy 

CAD      Computer-aided design 

FDM      Fused Deposition Modelling 

PLA      Polylactic acid 

CV      Cyclic voltammetry 

DPV      Differential Pulse Voltammetry 

PBS      Phosphate Buffered Saline 

µM      Micromolar 

mM      Millimolar 

mV s−1      Mili volt per second 
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4.3.1 Introduction  

Over the past few years, 3D-printing, also referred to as additive manufacturing, has emerged 

as a powerful tool for fabricating a range of analytical devices and custom labware [8,379,380]. 

Technology has given rise to innovative applications in many fields. It provides practical 

solutions to scientific problems and has found a distinct segment in environmental protection 

[9,10]. The technology consists of layer-by-layer deposition of the appropriate material and 

instant formation of the required 3D object. In comparison to more traditional subtractive 

methods, 3D-printed devices can provide several advantages, including i) easy fabrication 

approach; ii) reduced waste output owing to fast production; iii) great precision, consistency, 

and resolution; iv) shape and geometries modification; v) little human interventions; vi) 

availability of a diverse variety of materials that may be treated, allowing for multifunctional 

qualities; and vii) excellent durability without loss of sensitivity and efficiency [8,11,361]. In 

response to those advantages, the scientific community has begun to employ 3D-printing 

technologies to provide analytical devices, particularly for electrochemical biosensing [381,382]. 

This work reports on enzyme-linked electrochemical detection of DNA hybridization using 

3D-printed nanocarbon electrodes (3DnCes). Various electrochemical methods have been 

introduced that use enzyme-coupled detection based on enzymes such as alkaline phosphatase 

[383–392], peroxidase [393,394], or glucose oxidase [395] in combination with the respective 

substrates. As a result of enzymatic conversion of the substrate, electrochemically detectable 

products (such as electrochemically oxidizable 1-naphthol) are formed [248,277,396–399]; such an 

approach takes advantage of the signal amplification caused by the ability of the enzyme 

molecule to convert multiple substrate molecules into the electroactive indicator. In contrast to 

complex, time-consuming electrochemical enzyme-linked techniques requiring electrode 

surface modification, interfacing or various immobilization procedures, the DNA modification 

with a bio affinity tag (such as biotin) in connection with target DNA (t-DNA) adsorption at 

the carbon electrode surface enables the enzyme-linked detection to be performed in a very 

simple way [277,400–402]. 

In the following sections, we demonstrate the characterization of the 3DnCe and the 

development of a system for electrochemical detection of DNA hybridization (based on a facile 

adsorptive immobilization of the t-DNA on the 3DnCe surface and its hybridization with a 

complementary probe linked with alkaline phosphatase enzyme). 
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4.3.2 Experimental Methods 

 
Materials and Chemicals Used 

Sodium carbonate (Na2CO3), sodium bicarbonate (NaHCO3), disodium phosphate (Na2HPO4), 

monopotassium phosphate (KH2PO4), bovine serum albumin (BSA), Tween®20, and 1-

naphthyl phosphate were purchased from Sigma-Aldrich and streptavidin-alkaline phosphatase 

(SALP) from Promega. Commercially available filament (graphene/polylactic acid (PLA)) was 

collected from Graphene Laboratories, Inc., New York, NY, USA (commercial name of the 

product “Black Magic 3D”). By mixing 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6 and 0.1 M KCl, 

[Fe(CN)6]
3-/4- redox electrolyte was prepared. 1x sodium phosphate buffer (PBS) of pH 7.4 was 

prepared by mixing 10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl and 2.7 mM KCl in 1 

liter of distilled water. Carbonate buffer (pH 9.5) consisted of 0.5 M Na2CO3 and 0.5 M 

NaHCO3.  

Oligodeoxynucleotides (ODN; with or without 5’-biotin modification) acquired from Sigma-

Aldrich; their sequences were as follows: 

Target (t-DNA): 5’-GGCACAAACACGCACCTC  

Complementary biotinylated probe: 5’-Biotin-GAGGTGCGTGTTTGTGCC  

Non-complementary control (NC): 5’-Biotin-CCCTAACCCTAACCCTAACCCTAA 

3DnCes printing with nanocarbon/PLA filament 

 

The electrode printing was done using the Fused Deposition Modeling (FDM) methodology. 

FDM is a rapid manufacturing technique that involves layer-by-layer coating of thermoplastic 

material in accordance with the printer’s input program. The printer (Prusa i3 MK3s printer 

with an Olsson Ruby ruby-tipped 0.6 mm nozzle (3DVerkstan, Sweden) from Prusa Research, 

Czech Republic) was used for printing the electrodes. Printer settings included 220 °C as the 

extrusion temperature of nanocarbon/PLA filament from the nozzle and 60 °C as the bed 

temperature [361,395,403]. The 3D-printed electrode dimensions were 1.6 cm in length, 0.6 cm in 

breadth (r = 0.3 cm), and 3 mm in thickness. The rectangular section was 0.2 cm wide. 

Electrochemical measurements were carried out by immersing the circular section of the 

electrode into the background electrolyte solution [362].  
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In order to enhance the electrical conductivity of the 3DnCes, a previously developed solvent-

activation procedure was used [327]. For activation, the as-printed electrodes were immersed in 

N, N-dimethylformamide (DMF) overnight to expose the graphene encapsulated within 3D-

printed objects without disrupting their structural and mechanical properties, as shown in 

Scheme 2. After activation, ethanol was used to wash the electrodes, followed by ultrapure 

water and thermal drying for one hour at 120 ⁰C [364].  

 

Scheme 1: Schematic representation of the fabrication and activation of 3DnCe: (a) printing of 3DnCe; (b) solvent 

activation (DMF); (c) 3DnCe after DMF activation. 

 

Material characterization 

Analysis of the 3DnCe surface morphology before and after DMF activation was carried out 

with scanning electron microscopy (SEM) using a TESCAN LYRA3 with an accelerating 

voltage of 10 kV. The atomic composition of 3DnCe was analyzed by X-ray photoelectron 

spectroscopy (XPS) using an AXIS Supra instrument (Kratos Analytical, Japan) with 

monochromatic Al Ka (1486.7 eV) excitation source and the spectra were fitted using Casa 

XPS software.  

ODN hybridization on the electrode surface and electrochemical 

measurements 

The t-DNA (50 µg/mL) was adsorbed at the 3DnCe electrode surface using a 10 µL drop 

containing 200mM NaCl for 120 seconds (s). The concentrations of ODNs varied according to 

the experiment while keeping the NaCl concentration at 200mM. The electrode with adsorbed 

(c) Activated Electrode(a) 3DnCE electrodes (b) DMF Activation
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t-DNA was then washed with 1x sodium phosphate buffer (PBS), pH 7.4, for 60 s, followed 

by incubation in 5% bovine serum albumin (BSA) in PBS for 120 s to block the ODN-

uncovered surface of the electrode. Afterwards, the electrode was rewashed in 1x PBS for 60 

s. Then, the biotinylated probe of concentration 50 µg/mL (10 µL) was added on the electrode 

surface in order to hybridize with t-DNA for 120 s.  

After the hybridization step, the electrode was rinsed with 1x PBS for 60 s and then incubated 

for 120 s in 1.5 mL 1x PBS solution containing 100-fold diluted streptavidin-alkaline 

phosphatase (SALP) and 2% BSA. In this step, the SALP conjugate was attached to the 

biotinylated DNA probe. After that, the electrode was rinsed in 1x PBS containing 0.05% 

Tween20 for 60 s, followed by 60 s washing with 1x PBS. After final rinsing, to carry out 

electrochemical measurements, the electrode was placed in a voltammetric cell containing 15 

mL carbonate (0.5 M K2CO3 and 0.5 M NaHCO3) buffer (pH 9.5), containing 0.5mM 1-

naphthyl phosphate. For the enzymatic production of electroactive 1-naphthol from inactive 1-

naphthyl phosphate, the electrode with immobilized SALP was incubated in the solution for 

180 s before voltammetric measurements in the same solution (see Scheme 3). Subsequently, 

linear sweep voltammetry was used to detect the enzyme-produced 1-naphthol, with initial 

potential −0.5 V, end potential +0.9 V, scan rate 1 V/s, and potential step 5mV. The 3DnCes 

were used as working electrodes, Ag|AgCl|3 M KCl electrode as a reference, and platinum wire 

as an auxiliary electrode. Peak heights were measured relative to linear baseline in GPES4 

software with all peak potentials indicated against Ag|AgCl|3 M KCl. 

 

Figure 26: Evaluation of the electroactive area of the 3D-printed electrode. Voltammetric measurements were 

performed in a three-electrode cell containing a redox marker aqueous solution comprised of 1mM K3[Fe 
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(CN)6]/K4[Fe (CN)6] containing 0.1M KCl. Cyclic voltammetric response of the 3D-printed electrode at a scan 

rate of 10 mV/s. (Black) as-printed and (Blue) DMF activated (for 15 hours).  

 

To compute the electroactive area of the 3D-printed electrode, cyclic voltammetric (CV) 

measurements were performed at a scan rate of 10 mV/s in a three-electrode cell containing a 

redox marker aqueous solution of 1 mM K3[Fe (CN)6]/K4[Fe (CN)6] containing 0.1 M KCl, 

using a CHI440 Electrochemical Workstation (CH Instruments, Inc., USA), at room 

temperature (25 °C) as shown in Figure 26.  

 

Scheme 3: Schematic representation of the analytical protocol: (a) introduction of the 3DnCe; (b) immobilization 

of the t-DNA on 3DnCe; (c) BSA blocking; (d) introduction of biotinylated probe and hybridization event; (e) 

binding of SALP; (f) conversion of 1-naphthyl phosphate to 1-naphthol; (g) electrochemical measurements.  

 

4.3.3 Results and Discussion  

Characterization of the 3DnCe 

SEM characterization was done to explore the microstructure of the 3DnCe before and after 

DMF treatment Figure 27. A close examination revealed that the as-printed electrodes 

consisted of nano-carbon (nano-C) with a filament-like structure embedded in the polymer 

matrix, as shown in Figure 27(A). However, there was a significant drop in the amount of the 

PLA after DMF activation while retaining the nano-C almost completely Figure 27(B). As a 
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result, more conductive nano-C was exposed on the electrode surface, thus increasing its 

electro-active area 326. 

 

 

Figure 27: SEM of 3DnCe: (A) PLA/nano-carbon electrode as-printed (without DMF treatment); (B) PLA/nano-

carbon electrode after overnight DMF treatment. 

 

XPS spectroscopy was also performed to determine the elemental composition of the activated 

3DnCe as shown in Figure 28. The wide scan XPS spectrum in Figure 28(A) identified carbon 

and oxygen as the primary components of each sample due to the presence of polymer matrix 

and nano-C filler [366,367]. The quantitative analysis of the peaks of the as printed 3DnCe 

confirmed that the electrode was mostly composed of PLA polymer (67% of C vs. 33% of O). 

Deconvolution of the C 1s spectrum Figure 28(B) showed that its peak distribution comprised 

three peaks at 285, 287, and 289 eV, which were ascribed to the C–C, C–O, and C=O functions 

that make up the PLA, respectively. A considerable increase in carbon content was detected 

after DMF activation of the 3DnCe, indicating a partial breakdown of the PLA. Moreover, a 

new carbon peak was observed at 285 eV, which was associated with the C=C of the nano-C 

embedded on the electrode surface, indicating the removal of an additional PLA (Figure 

28(C)). In consequence, the percentage of C in nano-C fibers increased (92% of C vs. 8% of 

O) as shown in Figure 28(A).  
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Figure 28: (A) XPS spectrum analysis of 3DnCes without and with DMF treatment. XPS C 1s core level spectrum 

of (B) the 3DnCe without DMF treatment and (C) the 3DnCe with DMF treatment. 

 

DNA hybridization assay with enzyme-linked electrochemical detection 

In this study, we evaluated the potential applications of 3DnCe for DNA biosensing. For the 

detection of DNA hybridization, a 3DnCe electrode was used as the transducing platform. As 

described in the previous section, the DNA duplex was formed by adsorptive immobilization 

of the target strand on a 3DnCe surface and its subsequent exposure to a complementary probe 

strand bearing a biotin tag at its end. An enzyme-labelling technique was employed to detect 

the hybrid duplex [386,404]. Streptavidin-ALP conjugate was used as the enzyme label and was 

attached to the biotinylated probe. As a result of the enzyme activity, 1-naphthyl phosphate was 

transformed into 1-naphthol. Consequently, its oxidation peak was measured as the sensor 

response to the DNA hybridization events. To test the feasibility of 3DnCe-based detection, 
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some preliminary optimization experiments were performed (such as conditions of surface 

blocking with BSA, hybridization time and SALP binding time, conditions of washing, etc.), 

which are described in the following section. 

Conversion of 1-naphthyl phosphate to electroactive 1-naphthol catalyzed by the SALP is one 

of the important factors determining the performance of the sensor. Hence, the effects of 

enzyme conversion time on the voltammetric peak featuring the analytical signal (Figure 29) 

were studied. To perform the experiment, 1-naphthyl phosphate was spiked into the electrolyte 

solution together with 1.5 μl of SALP (directly into the electrolyte solution). Thus, 1-naphthyl 

phosphate was hydrolyzed to produce 1-naphthol, giving an oxidation peak around 0.3 V at the 

3DnCe. Figure 29(A) shows the effect of the enzyme conversion time on the 1-naphthol 

oxidation peak, and Figure 29(B) demonstrates the peak intensity relationship with the enzyme 

conversion time. In agreement with expectations, the LSV signal increased with the incubation 

time as the 1-naphthol concentration was increasing, providing proof of electrochemical 

response to the produced indicator detectable at the 3DnCe. Further, BSA surface-blocking 

conditions, SALP binding conditions, and washing conditions were optimized (not shown). 

The results of hybridization control experiments are shown in Figure 30. 

 

 

Figure 29: (A) Baseline-subtracted LSV responses of 1-naphthol enzymatically generated in the background 

electrolyte (carbonate buffer) solution measured on the 3DnCe (a) carbonate buffer; time after SALP addition: (b) 

1 min; (c) 3 min; (d) 15 min. (B) Dependence of the peak current on the conversion time (1, 3, 5, 10, 15 minutes). 

1-naphthyl phosphate concentration in the carbonate buffer: 0.5 mM, SALP addition: 1.5 L of the stock solution 

into 15 mL of carbonate buffer. Measuring conditions: Carbonate buffer (0.5 M K2CO3 and 0.5 M NaHCO3) pH 

9.5, LSV: initial potential -0.5 V, end potential + 0.9 V, scan rate 1 V/s and step potential 5 mV. 
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Figure 30: Hybridization optimization study for 3DnCE. Blue: the response of bare electrode (no DNA) in the 

carbonate buffer. Black: the response of the bare 3DnCE in the carbonate buffer with 0.5mM naphthyl phosphate. 

Red: The response of the electrode is only with a biotinylated probe. Green: response of the electrode with t-

DNA only. Orange: response of the electrode after hybridization of t-DNA with complementary biotinylated 

probe. Purple: response of the electrode after hybridization of t-DNA with non-complementary DNA). 

Conversion time = 180 s, measurements conditions.  

 

 

The DNA hybridization study was carried out subsequently using 3DnCes. Before DNA 

hybridization, each DNA strand was subjected to necessary experimental controls. Figure 31 

displays baseline-corrected sections of linear sweep voltammograms obtained at the 3DnCes 

after adsorption and/or hybridization (t-DNA with biotinylated probe) of the DNA. Control of 

the bare 3DnCe in the carbonate buffer can be seen in Figure 31a. The electrode surface was 

not modified with any DNA, and no indicator was added to the buffer, so we did not obtain 

any signal. Figure 31b shows an experiment with t-DNA alone adsorbed (from 50 µg/mL) at 

the 3DnCe followed by blocking with BSA. Then, 1x PBS washing (60 s) and incubation in 

BSA+SALP (120 s) was done. After 60 s, the electrode was rinsed in 1x PBS containing 0.05 

% Tween20, followed by 60 s in 1x PBS and placed in a voltammetric cell with 15 mL of 

carbonate buffer pH 9.5 containing 0.5mM 1-naphthyl phosphate (see Scheme 3). No SALP 

binding to t-DNA occurred as there was no biotin attached to the t-DNA, and, accordingly, 

only a small signal was detected, which was probably due to some non-specific SALP binding 

to the electrode surface. 
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Further, a control experiment with the biotinylated probe alone (50 µg/mL, no t-DNA) 

adsorbed at the 3DnCe was performed, as shown in Figure 31c. After the adsorption of the 

biotinylated probe to the electrode, BSA was used to block the unoccupied electrode surface. 

As in the previous t-DNA control, 1x PBS washing (60 s) and incubation in BSA+SALP (120 

s) was done. After 60 s of washing in 1x PBS containing 0.05 % Tween20, the electrode was 

washed in 1x PBS again for 60 s. A well-defined peak was observed because of the presence 

of the biotin on the probe (as SALP has an exceptional high binding affinity for biotin) 405. 

Figure 31d shows a positive control experiment after the hybridization of the t-DNA with the 

biotinylated probe (both 50 µg/mL) following Scheme 3. A well-defined peak was observed 

after the hybridization reaction of the t-DNA with a complementary biotinylated probe, which 

allows strong binding of the SALP (which is responsible for the conversion of the 1-naphthyl 

phosphate into 1-naphthol). A similar response was observed with the conventional pyrolytic 

graphite electrode (PGE, Figure 32), implying that the 3DnCe is a potent alternative tool for 

DNA sensing. Figure 31e demonstrates the hybridization reaction experiment (following 

Scheme 3) of t-DNA with the non-complementary DNA (both 50 µg/mL). The signal greatly 

diminished in the presence of non-complementary DNA, which was expected since 

hybridization does not take place when the two DNA strands are not complementary. However, 

a small signal was observed, which could be ascribed to the non-specific SALP binding to the 

3DnCe’s surface [388,406]. 

 

Figure 31: LSV responses at the 3DnCes: (a) bare electrode in background electrolyte (without DNA on the 

electrode and without 1-naphthyl phosphate in the buffer); (b-e) control experiments topped off by incubation of 

the electrode in SALP and 1-naphthyl phosphate solutions after (b) adsorption of 50 µg/mL t-DNA, no 

hybridization with the biotinylated probe; (c) no target DNA adsorption, adsorption of 50 µg/mL biotinylated 

probe only; (d) positive control hybridization experiment with target and complementary (biotinylated) probe; (e) 
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negative control hybridization experiment with target and non-complementary biotinylated probe. Conversion 

time, 180 s. Experimental conditions: carbonate buffer (0.5 M K2CO3 and 0.5 M NaHCO3) pH 9.5, LSV: initial 

potential -0.5 V, end potential + 0.9 V, scan rate 1 V/s and step potential 5 mV. 

 

Figure 32: LSV response at the basal plane pyrolytic graphite electrode: (a) bare electrode in background 

electrolyte (without any DNA on the surface of the electrode, and without naphthyl phosphate in the background 

buffer); (b-e) control experiments topped off by incubation of the electrode in SALP (in 2% BSA) and 1-naphthyl-

phosphate in background electrolyte after (b) adsorption of 50 µg/mL t-DNA, no hybridization with biotinylated 

probe; (c) adsorption of 50 µg/mL biotinylated probe only (no t-DNA adsorption); (d) positive control experiment: 

hybridization of t-DNA with complementary (biotinylated) probe; (e) negative control experiment: hybridization 

of t-DNA with non-complementary biotinylated probe. Conversion time, 180 s. Experimental conditions as in 

Figure 31.  

 

Biotinylated DNA probe optimization  

Following experiments were performed to examine the influence of biotinylated probe 

concentration on the indicator signal resulting from hybridization with t-DNA following 

Scheme 3. Some preliminary measurements had been made prior to this, such as the response 

of the 3DnCes in the carbonate buffer alone and the same buffer with 1-naphthyl phosphate as 

a control (not shown). Figure 33(A) illustrates data from 3DnCes with the fixed target DNA 

concentration (50 µg/mL) and varied biotinylated probe concentrations. As the biotinylated 

probe concentration increased from 0 to 50 µg/mL, we observed well-developed hybridization 

peaks following an increasing trend [400]. Figure 33(B) shows the data from a single 

measurement of various probe concentrations (with a 3-min enzymatic conversion time). The 

line of regression obtained for the biotinylated DNA probe was y = 0.25x + 1.946, having R2 

= 0.99, and it exhibited an almost linear response up to 50 µg/mL, as shown in Figure 6. Hence, 
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the biotinylated probe concentration of 50 µg/mL was used to evaluate the response of the t-

DNA at various concentrations.  

 

Figure 33(A): Effect of biotinylated probe concentration on the LSV hybridization response: (a) 0 µg/mL; (b) 

2.5 µg/mL; (c) 5 µg/mL; (d) 10 µg/mL; (e) 25 µg/mL; (f) 50 µg/mL, respectively. Concentration of target DNA, 

50 µg/mL; conversion time, 180 s; background electrolyte: 0.5 M carbonate buffer, pH 9.5. Figure 33(B) 

Dependence of the LSV peak height on biotinylated probe concentration. (0, 2.5, 5, 10, 25, and 50 µg/mL), 

whereas the concentration of target DNA is fixed to 50 µg/mL; conversion time 180 s. Measuring conditions as 

in Figure 31. 

 

Influence of the target DNA concentration on the hybridization signal 

To evaluate the influence of the target DNA concentration on the indicator peak height, we 

utilized the 3DnCe as the transducer, and we followed Scheme 3. To perform this experiment, 

the t-DNA was adsorbed on the 3DnCe. Then, the free surface of the electrode was blocked 

with 5 % BSA (120 s) to avoid unspecific binding of the biotinylated DNA to the electrode 
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surface. Afterwards, the biotinylated probe was added to the 3DnCe and hybridized with t-

DNA for 120 s. Then, the 3DnCe was immersed into the BSA+SALP solution (120 s). After 

each step, the electrode was washed with 1xPBS (60 s). For electrochemical measurements, 

the electrode was fixed in a cell containing a carbonate buffer with 1-naphthyl phosphate. 

Concentration of the t-DNA varied from 0 to 50 µg/mL, whereas the concentration of the 

biotinylated probe was fixed to 50 µg/mL. 

 

Figure 34(A): Effect of target DNA concentration on the LSV hybridization response by changing the target 

DNA concentration: (a) 0 µg/mL; (b) 2.5 µg/mL; (c) 5 µg/mL; (d) 10 µg/mL; (e) 25 µg/mL; (f) 50 µg/mL. Figure 

34(B) Calibration curve for the target DNA concentration on 3DnCes with 95% confidence limits. Conditions: 

concentration of biotinylated probe was fixed to 50 µg/mL; concentrations of the target DNA varied from 0 

µg/mL; 2.5 µg/mL; 5 µg/mL; 10 µg/mL; 25 µg/mL; to 50 µg/mL with 180 s as optimum time of the enzymatic 

conversion of 1-naphthyl phosphate into 1-naphthol. Measuring conditions as in Figure 31. 

 

The 1-naphthol oxidation peak height increased with increasing t-DNA concentration (from 0 

to 50 µg/mL in solution), with 180 s as the enzyme conversion time (shown in Figure 34(A). 

Figure 35 shows histogram plots illustrating the mean and standard deviation obtained from 



83 
 

measurements with various t-DNA concentrations. The dependence of the peak height on t-

DNA concentration with 95% confidence limits is depicted in Figure 34(B) and shows a nearly 

linear response. The peak currents linear regression equation is given as y = 0.1965x + 2.042 

with R2 = 0.98. The precision was estimated using a set of five different measurements of the 

concentration 10 μg/mL of t-DNA (180 s as conversion time, not shown). The mean peak 

height in this sample was calculated to be 3.81 μA, with 32 per cent as the relative standard 

deviation. Furthermore, using LOD = 3SD/Slope, the limit of detection was also computed and 

determined to be 0.95 μg/mL. Moreover, the electrode stability was assessed by storing the 

3DnCe for 100 days under ambient conditions and measuring the t-DNA (conc. 50 µg/mL) 

response (by following the procedure mentioned above). The electrodes retained 81% of their 

original signal and demonstrated excellent signaling properties. 

 

Figure 35: Dependence of the peak height on t-DNA concentration with 95% confidence limits. Histograms 

illustrate the mean and standard deviation obtained from three independent measurements. Concentrations of the 

t-DNA: 0 µg/mL; 2.5 µg/mL; 5 µg/mL; 10 µg/mL; 25 µg/mL; 50 µg/mL; concentration of biotinylated probe: 50 

µg/mL, enzymatic conversion (transformation of 1-naphthyl phosphate into 1-naphthol) 180 s. Experimental 

conditions as in Figure 31. 

 

4.3.4 Conclusion  

Here, we demonstrated an enzyme-linked DNA hybridization assay using a 3D nanocarbon 

electrode as the transducing platform. In this method, the 3DnCe surface was modified with 

target DNA and its hybridization with biotinylated DNA probe was detected using enzymatic 
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conversion of the electro-inactive compound (1-naphthyl phosphate) to electro-active indicator 

(1-naphthol). The novelty of this work lies in the employment of the wide-scale use of 3D-

printing technology to create custom-shaped devices on demand and in an environmentally 

benign manner. Using cost-effective, easily accessible 3DnCes, we demonstrated fast detection 

of the target DNA using a complementary biotinylated probe (50 µg/mL) within the 

concentration range from 0 to 50 µg/mL. This method has also proven to have good selectivity, 

as shown in the control experiment with non-complementary DNA strand. Based on the 

encouraging results of this study, it can be expected that 3D-printing might become an essential 

element of biosensor fabrication in the near future because of its custom-made property.  
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List of Abbreviations 

 

3D      Three dimensional 

3DnCes     3D-printed nanocarbon electrodes 

DMF      N,N’-dimethylformamide 

SEM      Scanning Electron Microscopy 

EDS      Energy Dispersive Spectroscopy 

XPS      X-ray photoelectron spectroscopy 

CAD      Computer-aided design 

FDM      Fused Deposition Modelling 

PLA      Polylactic acid 

CV      Cyclic voltammetry 

LSV      Linear Sweep Voltammetry 

PBS      Phosphate Buffered Saline 

DNA      Deoxyribonucleic acid 

t-DNA      Target Deoxyribonucleic acid 

µg/mL      Microgram per milliliter 

s      second       
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5.1.1 Introduction 

In recent years, self-propelled microrobots (MRs) [407–410]   —which can exhibit autonomous 

motion by harnessing chemical energy— have attracted great attention in different fields, 

including catalysis, environmental remediation, cancer therapy, and protein detection, among 

others.[112,411–415] In particular, self-propelled MRs are currently at the forefront of analytical 

chemistry owing to their unique capability to perform “on-the-fly” bio-recognition. The term 

“on-the-fly” refers to the capability of MRs to perform chemical pre-concentration or 

interactions with target analytes while in motion.[416,417] The main benefits of chemistry “on-

the-fly” rely on the suitability of MRs to rapidly pre-concentrate targets on their surfaces (even 

in small volumes of complex biosamples), accelerating interactions while avoiding several 

samples post-treatments (e.g., washing/mixing procedures).[300,380,409,418] 

Graphene quantum dots (GQDs) are a type of 0D carbon nano allotrope that present excellent 

fluorescent features for optical analyses.[419,420] In addition, the high solubility, low toxicity and 

excellent water solubility of GQDs, together with their sp2-like skeleton, make them ideal for 

processing carrier tasks in aqueous and/or physiological environments.[421–424] In particular, the 

sp2-like skeleton of GQDs can behave as Fluorescence Resonance Energy Transfer (FRET) 

acceptors or donors by non-covalently absorbing (e.g., π–stacking interactions or hydrophobic 

interactions) with biomaterials, like single strand DNA (ssDNA).[425,426] Although their 

aforementioned benefits, the exploration of GQDs as bulky material for MRs fabrication is 

almost an unexplored field, in which Escarpa’s group is leading this field. In particular, they 

have demonstrated the advantages of using graphene quantum dots-based self-propelled 

microrobots (GQD–MRs) by means of rich surface chemistry and high surface area, favouring 

sensing activity.[427,428] 

Detection methods involving optical readouts represent a pivotal strategy to evaluate DNA 

hybridization between a specific nucleic acid target and a complementary nucleic acid 

probe.[429–432] Optical DNA biosensing is primarily based on the FRET principle, which relies 

on the resonance energy transfer from an excited donor fluorophore to a corresponding acceptor 

fluorophore.[170] This donor–acceptor relationship helps to improve the analytical performance 

of the biosensor effectively, resulting in a highly sensitive technique.[433] Otherwise, the water 

solubility of GQDs is known to facilitate homogeneous assays, which are vital to DNA 

detection.[434–436] The driving force of any DNA hybridization process relies on an adequate 

close proximity of the complementary strands of DNA for proper interactions, in which 
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diffusion and transport are the main kinetic limiting steps.[437] In order to overcome this 

drawback, microrobots have provided new insight into the field of analytical chemistry by 

improving fluid mixing and localized convection. Compared to conventional methods, the 

implementation of microrobots can dramatically improve probe interaction for lower samples 

and reagent usage without the implementation of an external mixing source, the fact that can 

improve kinetic processes by reducing incubation times by ‘on-the-fly’ reactions.[416,438–441] 

Although few types of self-propelled MRs have already been proposed as DNA biosensing 

platforms employing different readouts,[441–444] to the best of our knowledge, the exploration of 

GQD–MRs for this aim is nowadays an unexplored field.  

Herein, dynamic biocarriers made of GQD–MRs have been synthesized and evaluated towards 

the “on-the-fly” determination of DNA. For this aim, tubular GQD–MRs were fabricated via a 

membrane-assisted electrodeposition method [445–447] by electrochemically depositing GQDs 

(chemically active surface, outer layer), Ni (magnetic core, middle layer) and Pt (motion 

inducer, inner layer); see Scheme 4A for illustration. The inner walls of GQD-MRs with 

deposited platinum were responsible for inducing motion by the catalytic disproportionation of 

H2O2 into H2O and O2.
[448] The formation of O2 molecules triggers a nucleation process, leading 

to the subsequent growth of oxygen bubbles. These bubbles can then diffuse and ultimately 

pop out from an open end of the asymmetric tubular form of GQD-MRs. As a result, when a 

bubble is expelled from one end of the tube, a movement takes place in the opposite 

direction.[448–450] Afterwards, the resulting GQD–MRs were biofunctionalized with a 

biomarker probe (i.e., Fluorescein Amidites Labelled, FAM-L). According to the FRET 

phenomena, the FAM-L probe acted as a fluorophore, while the GQD–MRs served as the 

fluorescence quenching platform. The non-covalent π-π stacking interactions between i) the 

structures of the nucleobases of the FAM-L probe and ii) the sp2-rich skeleton of GQDs leads 

to the adsorption of the FAM-L probe on GQD–MRs,[425] resulting in the FAM-L@GQD–MR 

dynamic biocarriers. Such π-π stacking interactions are the ones responsible of fluorescent 

quenching. Nonetheless, it is important to note that the interactions between the FAM-L and 

GQD–MRs involve a continuous competition between electrostatic repulsion and hydrophobic 

interactions.[451] For the optical analytical assay, the resulting dynamic biocarriers were propel-

induced by utilizing a 1% v/v H2O2 buffered medium containing different concentrations of a 

complementary DNA sequence (DNA target). The changes in the fluorescence (FL) emission 

of the FAM-L probe with increasing concentrations of DNA target —owing to the 

hybridization process— (inputs) were used as the optical output signals (see Scheme 4B).[426] 
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Further, the selectivity of the devised dynamic biocarriers was also interrogated by using both 

mismatch and non-complementary DNA sequences.  

 

Scheme 4. Fabrication of self-propelled GQD–MRs and their exploitation as dynamic biocarriers for the optical “on-

the-fly” DNA determination. (A) GQD–MRs were synthesized via membrane-assisted electrodeposition of i) GQDs (outer 

layer), ii) Ni (middle layer) and iii) Pt (inner layer). (B) Biofunctionalization of GQD–MRs with a biomarker (i.e., FAM-L 

probe) via π-stacking interactions, where the resulting FAM-L@GQD-MRs (dynamic biocarriers) promotes a quenching in 

the fluorescence activity of the probe. The optical analytical assay relies on “on-the-fly” DNA determination using different 

concentrations of a complementary DNA target under fuel-induced motion (1% v/v in H2O2), where the DNA hybridization 

process between probe and target derives in an FL recovery. 

 

5.1.2 Experimental Methods 

Materials, Chemicals and DNA Sequences 

GQDs, H2O2 and sodium dodecyl sulfate (SDS) were provided by Sigma-Aldrich. Commercial 

Ni and Pt plating solutions were purchased from Singapore. DNA sequences were obtained 

from the Sigma-Aldrich (Czech Republic), which are given as follows: FAM-L DNA probe: 5′ 

[6FAM] ACC AGG CGG CCG CAC ACG TCC TCC AT 3′; DNA target: 5′ATG GAG GAC 

GTG TGC GGC CGC CTG GT 3′; Mismatch DNA: 5′ ATG GAG GAC GTG CGC GGC CGC 

CTG GT 3′; Non-Complementary DNA target: 5′ A-AAA GTG TTT TTC ATA AAC CCA 

TTA TCC AGG ACT GTT TAT AGC TGT TGG AAG GAC TAG GTC 3′. Biological fluids 

(i.e., sigmatrix urine diluent (mimics human urine) and plasma from humans) for the 

implementation experiments were obtained from Sigma-Aldrich. 
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Synthesis of self-propelled GQD–MRs 

GQD–MRs were prepared by using our established membrane-assisted electrodeposition 

method (see Scheme 4A)[446,447,452]. Briefly, a 100 nm thick Au layer was sputtered on a 

Whatman Cyclopore polycarbonate membrane (3 μm pore size) via electron-beam evaporation 

and subsequently affixed on a piece of Cu tape as the electrical contact to fabricate a working 

electrode. Then, it was placed in a three-electrode configuration cell using a Pt wire and an 

Ag/AgCl (1 M KCl) electrode as the counter and reference electrodes, respectively. 

Electrochemical depositions were run in an AUTOLAB potentiostat (Metrohm). Firstly, i) the 

outer layer was made by depositing GQDs employing a 0.1 mg·mL-1 dispersion (support 

electrolyte: 0.1 M H2SO4 containing 0.5 M Na2SO4) via cyclic voltammetry (CV): potential 

window: +0.3 to –1.5 V vs. Ag/AgCl; scan rate: 50 mV·s-1; number of cycles: 40 cycles. 

Afterwards, ii) Ni middle layer deposition was carried out by chronoamperometry (bias 

potential: +1 V vs. Ag/AgCl; time: 60 s), while chronopotentiometry (current: –20 mA; time: 

500 s) was utilized for iii) the Pt inner layer electrodeposition. Once the electrodeposition was 

done, the membrane was detached from the copper tape, carefully washed with deionized water 

and hand polished with an alumina slurry (0.5 μm) in order to remove the Au layer. Then, the 

membrane was thoroughly washed (3 times) with deionized, dissolved in dichloromethane and 

finally washed with isopropanol, ethanol and deionized water thrice under ultrasounds. Finally, 

the resulting self-propelled GQD–MRs were magnetically collected and air-dried.  

Preparation of dynamic biocarriers 

1 mL of a GQD–MRs dispersion (0.1 mg·mL-1 in 100 mM Tris-HCl buffer solution, pH 7.0) 

was mixed with 40 nM of the FAM-L probe for 5 min at room temperature to induce 

supramolecular π-stacking interactions.[431] The resulting dynamic biocarriers (FAM-L/GQD–

MRs) were then properly washed with Tris-HCl buffer by collecting them magnetically. 

According to the FRET phenomena, the quenching observed at the FL emission band of the 

FAM-L was indicative of the proper biofunctionalization.[433,148,453] 

Optical assay for DNA determination 

The optical assay for DNA determination was carried out by adding different concentrations 

(0.05 –100 nM) of DNA target into a fluorescence cell containing a 0.1 mg·mL-1 aqueous 

solution of dynamic biocarriers under H2O2-induced motion (1% v/v). The mixture was aged 
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for 5 min at room temperature to promote the hybridization between the FAM-L probe and the 

DNA target. The recovery of the FL emission band of the FAM-L probe confirmed the 

hybridization process. It is important to point out that the “on-the-fly” hybridization assay was 

optimized by studying different experimental conditions, such as pH and concentration of the 

buffered medium and incubation time, as shown in Figure 36.  

 

Figure 36. (A) Hybridization time optimization study (target DNA hybridization (1 nM) with FAM-L probe (40 

nM)) (red) GQDs-MRs in motion by using1% H2O2 (black) GQDs-MRs without motion. During the time 

optimization study, the fluorescence intensity increased with the increase in time up to 7 minutes (in case no H2O2) 

whereas up to 5 minutes (in case H2O2). (B) Effect of pH study (5, 6, 7, 8) on DNA hybridization using GQD–

MRs. While pH 5 exhibited poor signals due to partial protonation of ssDNA's phosphate backbone, resulting in 

weak hybridization, at pH 6 protonation and deprotonation led to a slightly higher signal. A significant signal 

increase occurred at pH 7, peaking at pH 8, indicating pH strongly influences hybridization efficiency.160,454,455 

(C) Effect of the salt concentration (50, 75, 100, 200 mM) on the DNA hybridization process. Increasing Tris-

HCl concentration (50 to 200 mM) enhanced the peak, possibly due to Tris molecules forming hydrogen bonds 

with DNA backbones and binding to solid surfaces via -NH3
+ groups. Additionally, -NH3

+ groups attached to 

A B

C
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DNA phosphate groups, while -OH groups formed hydrogen bonds with the adsorbent surface, contributing to the 

observed increase.456,457 Conditions: Excitation wavelength 490 nm.  

 

Finally, experiments with biological samples (urine and human serum) were performed as 

follows: GQD–MRs were dispersed in the biological fluids (0.1 mg·mL-1) and then mixed with 

40 nM of the FAM-L probe for 5 min at room temperature to induce supramolecular π-stacking 

interactions. After washing steps by magnetic collection, the motors were incubated with 1 nM 

of DNA target in the corresponding biological fluids and self-propelled by adding 1% of H2O2 

as fuel. The experiments were carried out in triplicate (n=3). 

Equipment and Procedures 

The surface morphology and atomic distribution of GQD–MRs were characterized by using a 

scanning electron microscopy coupled to an energy-dispersive X-rays detector (SEM-EDX, 

TESCAN LYRA 3 XMH). The charge distribution of the microrobots was determined via Z-

potential by using a Malvern Zetasizer. For the optical measurements, FL measurements were 

performed using a Jasco FP-8300 spectrofluorometer at room temperature. The FL emission 

spectra of GQD–MRs was recorded from 370 to 550 nm using a λex = 350 nm, while the spectra 

of dynamic biocarriers were conducted from 500 to 700 nm at an excitation wavelength, and 

for the GQDs-MRs coupled with FAM-L probe was recorded at λex = 490 nm. In order to avoid 

the effect of the fuel, optical measurements were carried out by subtracting the background 

employing the solvent (water containing either 1% v/v in H2O2 or pure water blank 

experiments). Furthermore, UV-vis absorption spectroscopy (Jasco V-750 spectrophotometer) 

and VERTEX 70v FT-IR Spectrometer were employed to confirm the interactions between 

GQD–MRs and the biomolecules. A Nikon ECLIPSE TS2R inverted microscope integrated 

with a Basler digital camera (acA1920-155uc) was utilized to record the autonomous motion 

behaviour of the microrobots. In detail, 10 μL of microrobots was added on a glass slide. 

Subsequently, a drop of both 1% H2O2 and 0.1% SDS (v/v) were added to induce the motion 

while improving the viscosity of the solution thanks to the presence of the SDS surfactant.[111] 

Videos were recorded using the NIS Elements Advanced Research software at 25 fps to record 

the motion of the bubble-propelled microrobots. Fiji software was used to treat the videos in 

order to calculate the speed and trajectories of the MR-based materials. Fluorescence 

microscopy measurements of FAM-L@GQD–MRs were performed using a Nikon Eclipse Ti2 
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fluorescence microscopy employing different excitation wavelengths (green excitation/red 

emission for GQDs and blue excitation/green emission for FAM-L).  

5.1.3 Results and Discussion  

Material characterization of GQD–MRs 

GQD–MRs were synthesized by following our previously reported membrane-assisted method. 

To confirm their successful fabrication, a material characterization by means of SEM, EDX 

and FL analyses was carried out (Figure 37).  Figure 37(A) displayed the lateral SEM image 

of the GQD–MMs, indicating a microrocket-like structure with a tubular length of around 10 

μm and a cross-sectional diameter of around 1 μm (see inset image). A magnified longitudinal 

view of the microrobot (Figure 37(B)) was utilized for EDX analyses. The elemental mapping 

composition of the material shown in Figure 37(C-D) revealed the presence of main elements, 

such as Pt and Ni, respectively. According to this characterization data, results suggest that the 

self-propelled GQD–MRs made of three layers (GQDs, Ni and Pt as outer, middle, and inner 

layers, respectively) were successfully synthesized. Further, the inherent fluorescent features 

of GQDs [458,459]  were also explored in the resulting GQD–MMs. Figure 37(E) depicts the 

emission spectrum of GQD–MMs, with a maximum intensity at 430 nm (excitation light: λex 

= 350 nm). This result clearly confirms that the optical properties of the pristine GQDs were 

properly transferred to the micromachine.  

Following this, the bubble-induced self-propulsion behaviour of GQD–MRs via H2O2 

decomposition was explored, where the Pt inner layer is the one in charge of catalysing the 

fuel.[460–462] For this aim, the speed of GQD–MRs was monitored by using 1% (v/v) of H2O2. 

The bubble propulsion of the GQD–MRs was clearly visualized in the micrographs of Figure 

38(A), with an average speed as fast as 233 ± 36 μm·s-1 (Figure 38(B)). Taking into account 

the biotoxicity of H2O2 at high concentrations, such a low concentration of fuel (1% H2O2) was 

chosen in order not to disrupt the following biological purpose: the optical “on-the-fly” DNA 

determination. It is important to highlight that the amount of fuel used in this work is in line 

with the concentrations of H2O2 reported by another research groups for biosensing approaches 

since, in all cases, the experiments are carried out ex vivo.[417,443,463,464] 
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Figure 37: Material characterization of self-propelled GQD–MRs. (A) SEM image (inset: cross-sectional 

view at higher magnification) and (B) SEM-EDX image of GQD–MRs with its corresponding elemental mapping 

composition for (C) Pt, (D) Ni. (E) Fluorescence emission spectra of GQD–MRs at λex = 350 nm (green line: 

control emission spectra utilizing the aqueous media without the presence of GQD–MMs). 

 

 

Figure 38: Motion behaviour of microrobots. (A) Optical microscope images showing the trajectory of GQD–

MRs at different intervals of times (0 s, 2 s, 3 s, 5 s, 8 s, 10 s, respectively); Scale bar: 10 μm. A yellow bar is 

added to guide the eye to follow the microrobot; (B) Histograms depicting the average speed data of GQD–MRs 
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(a) before and (b) after biofunctionalization with the FAM-L probe. Experimental conditions: Motion tracking 

was done in 1% H2O2 (v/v) for 5 different microrobots (n=5). 

 

Exploration of dynamic biocarriers made of GQD–MRs 

Having verified the successful synthesis and motion of GQD–MRs, the next step focused on 

their exploration of biological applications. As a proof-of-principle, the “on-the-fly” DNA 

determination was considered. For this aim, GQD–MRs were biofunctionalized with the FAM-

L probe via π-stacking interactions.  

Firstly, both GQD–MRs and FAM-L@GQD–MRs were characterized via FTIR spectroscopy. 

As shown in Figure 39, both spectra present the characteristic absorption bands corresponding 

to the stretching and bending vibration of the aromatic C–H group at 3385 cm-1, C=C stretching 

at 1637 cm-1, C–H aromatic at 2000 cm-1, and epoxy stretching vibration of C–O–C groups at 

1049 cm-1. Unfortunately, after conjugation, the peaks that could be attributed to the amino 

groups from FAM-L (i.e., located around 654 cm-1, 1620 cm-1 and 3310-3350 cm-1 

corresponding to NH2/N–H, N–H and N–H amines, respectively) [465–467]  clearly overlapped 

with the weak peaks from the bare GQD-MRs. Consequently, the FTIR analysis does not reveal 

the proper decoration of GQD–MRs with the FAM-L probe. Thus, further characterization was 

carried out by means of UV-vis spectroscopy.  

Figure 40 shows the UV-vis spectra of bare GQD–MRs and FAM-L@GQD–MRs (before and 

after hybridization with the DNA target). While the absorption spectrum of bare GQD–MRs 

exhibited the typical bands at 240 nm and 270 nm —assigned to π–π* transition of C=C in 

aromatics [468], a red shift was observed after functionalization with the FAM-L probe, 

demonstrating a significant change in the optical properties as compared to unmodified GQD–

MRs. 
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Figure 39: The FTIR spectra of the bare GQD–MRs (black), FAM-L@GQD–MRs (red).  

 

This fact can be ascribed to the biofunctionalization of GQD–MRs with FAM-L probe via π-

stacking interactions. Importantly, an additional optical change was reached after material 

hybridization with the DNA target, resulting in a band at 262 nm, suggesting the proper 

desorption of the FAM-L probe.[469,470] Additional optical characterization was run by means 

of fluorescence microscopy.  

The optical images shown in Figure 41 evidenced the fluorescence features of both GQDs and 

FAM-L probe in the dynamic biocarriers, indicating a proper material biofunctionalization. In 

addition, the speed of the resulting FAM-L@GQD-MR dynamic biocarriers was also 

monitored, displaying a significant speed decrease from 233 ± 36 μm·s-1 to 187 ± 57 μm·s-1 

when compared with the non-biofunctionalized counterpart (Figure 38(B)). This is also an 

indication that the biomarker might be immobilized on the microrobot surface since the speed 

of MRs is influenced by the nature of the surface exposed on the medium. Finally, the charge 

distribution of GQD–MRs before and after biofunctionalization was recorded by Z-potential 

under various conditions (bare GQD–MRs, and FAM-L@GQD–MRs before and after 

hybridization with the target DNA). 
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Figure 40: The UV-vis absorption spectrum of the bare GQD–MRs (blue), FAM-L@GQD–MRs before (red) 

and after hybridization with the target DNA (green). 

 

As shown in Figure 42(A), the Z-potential value of GQD–MRs decreased from –49 ± 5 mV to 

–65 ± 1 mV after biofunctionalization with the FAM-L probe. This Z-potential decrease is in 

agreement with the negative phosphodiester backbone of the FAM-L probe.431 To demonstrate 

the suitability of the dynamic biocarriers to interact with a complementary DNA target, they 

were firstly incubated with an aliquot of DNA target (40 nM) for 5 min to promote the DNA 

hybridization process. As expected, the Z-potential value was completely recovered after DNA 

hybridization, yielding to a Z-potential value of –42 ± 6 mV. This data fully demonstrates that 

the dynamic biocarriers can properly interact with the DNA target, resulting in a release of the 

biomarker from the GQD–MRs’s walls. It is important to point out that these experiments were 

run under static conditions (considering the microrobots as passive particles). 

Further, these results are also in line with the ones obtained by FL measurements (Figure 

42(B)), in which a quenching on the emission band of the FAM-L probe (control) at 527 nm 

(λex = 490) was clearly observed after immobilization on GQD–MRs via π-stacking 

interactions, while the intensity of the emission band remarkably increased when the dynamic 

biocarriers were exposed to a fixed concentration of DNA target driven by the DNA 
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hybridization process. All in all, it is safe to conclude that the FAM-L probe was successfully 

immobilized on the GQD–MRs’ walls via π–stacking interactions, as well as the DNA target 

provides a proper environment to release such interactions after hybridization. Thus, motivated 

by these promising results obtained under static conditions, the last step was focused on 

exploiting the devised dynamic biocarriers towards the “on-the-fly” determination of DNA.  

 

 

Figure 41. (a) is depicting the control of the GQD–MR in the bright field mode. (b) fluorescence due to the GQDs 

embedded on the surface of the microrobots. (c) fluorescence of FAM-L probe present on the surface of the GQD–

MRs. (d) is depicting the multichannel image of the GQD–MR with DNA probe on its surface. 

 

 

a b

c d

A B
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Figure 42. Characterization of microrobots at the different biofunctionalization stages under static 

conditions. (A) Z-potential values of GQD–MRs and dynamic biocarriers before and after DNA target 

interactions. (B) Emission spectra of FAM-L probe (control, orange line) and dynamic biocarriers before (red 

line) and after DNA target interactions (blue line). Experimental conditions: λex = 490 nm; [FAM-L probe] = 40 

nM; Hybridization time: 5 minutes.  

 

Optical “on-the-fly” DNA determination using dynamic biocarriers 

Once verified the formation of the dynamic biocarriers and their feasibility towards DNA 

determination via a DNA hybridization process, the optimization of the “on-the-fly” detection 

conditions was first studied. This includes optimizing pH, salt concentration, and incubation 

time (Figure 36). From this optimization study, it can be concluded that the best experimental 

conditions are: i) pH: 7, salt concentration: 200 nM, and incubation time: 5 min. 

As demonstrated by Zeta potential, UV-vis spectroscopy and FL analyses, the reported 

conditions successfully reached the DNA hybridization, which was monitored via FRET effect 

by employing different concentrations of DNA target. During all the processes, the temperature 

was fixed to room temperature to make the experiments simpler in the cuvette.  

After optimizing these factors, the last stage was focused on exploring their optical “on-the-

fly” biorecognition capabilities. For this aim, a fluorometric assay was run by adding a fixed 

amount of dynamic biocarriers containing different concentrations of DNA target at the nM 

range to a quartz cuvette. Further, the solution was filled with a drop of H2O2 to reach 1% H2O2 

(v/v) to induce the “on-the-fly” DNA determination. Thus, the intensity changes on the 

emission band of the FAM-L probe were monitored after 5 min of incubation time and 

represented as ΔFL = Ix – I0, where Ix and I0 are the fluorescence intensity obtained before and 

after adding different x concentrations of DNA target, respectively (Figure 43). Herein, the 

optical detection principle relies on monitoring the fluorescence recovery of the quenched 

FAM-L probe presented in the dynamic biocarriers after incubation with different 

concentrations of DNA target (complementary to the FAM-L probe sequence).[160-472] Thus, 

the addition of the DNA target promotes the hybridization between the FAM-L probe 

immobilized on the GQD–MRs and the target, leading to a double-stranded DNA (ds-DNA) 

formation. Since the resulting ds-DNA has a poor binding affinity to the GQD–MRs,[473,474] it 

releases from the surface of the dynamic biocarriers, resulting in a fluorescence intensity 

recovery. Hence, the changes in the fluorescence intensity band of the FAM-L probe with 

regarding different concentrations of DNA target (optical readouts) were the key to the “on-

the-fly” DNA determination. 
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As shown in Figure 44, the “on-the-fly” DNA determination study was conducted via FL 

analyses, where the emission band intensity increases with increasing concentration of DNA 

target ranging from 0.05 to 100 nM. In contrast, linear range was obtained from 1 to 100 nM 

(Figure 43(A)). Figure 43(A) (inset) displays a linear plot of [DNA target] vs. ΔFL with its 

corresponding error bars (n=3). An excellent calibration curve —ΔFL = 1.70 + 0.04 [DNA 

target] (nM), R2 = 0.99 at the 1.0–100 nM range was yielded, with a detection limit as low as 

0.05 nM. Importantly, a control calibration plot under static conditions (without H2O2-induced 

motion) was also run in order to demonstrate the benefits of the dynamic biocarriers (Figure 

45). As shown in Figure 43(B), the sensitivity of the method was 3 times enhanced under 

motion conditions. In addition, while the dynamic biocarriers obtained an excellent linear trend 

with increasing the [DNA target] through the “on-the-fly” analysis, a non-linear trend was 

observed during the static control (Figure 46). Principally, the continuous motion of the 

microrobots enhanced the mass transport within the solution. Further, due to the propulsion of 

the microrobots, the rate of diffusion increases, which amplifies the homogeneous dispersion 

of desired materials. 
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Figure 43. Benefits of exploiting dynamic biocarriers towards the optical “on-the-fly” DNA determination. 

(A) Emission spectrum of dynamic biocarriers before and after adding different [DNA target], demonstrating how 

the FL of the FAM-L probe is progressively recovered after “on-the-fly” DNA hybridization (n=3). Inset: 

calibration plot under motion conditions represented as ΔI/I0 vs. [DNA target]. (B) Histogram depicting the FL 

intensities achieved by the FM/GQD–MRs towards a fixed concentration of DNA target (1 nM) under motion 

(1% H2O2) or non-motion (no fuel) conditions (inset: schematic representation of microrobots with motion). (C) 

FL intensities achieved by the dynamic biocarriers towards different targets (1% H2O2) (i.e., mis-match (a) and 

non-complementary DNA (b) DNA target (c); target concentration: 1 nM) (inset: emission spectrum of the 

dynamic biocarriers (1% H2O2) i.e., FAM/GQD-MRs (red), FAM/GQD-MRs with non-complementary DNA 

(green) and FAM/GQD-MRs with mis-match DNA (blue). Experimental conditions: λex = 490 nm, hybridization 

time: 5 min, concentration (mis-match, non-complementary DNA): 1 nM. 

 

Thus, enabling them to enhance the efficiency, velocity, and yield of their processes. Hence, it 

demonstrates the pivotal role of “on-the-fly” analyses in rapidly interacting/being intimate with 

the target of interest, making it possible to reach better sensitivities. 

 

Figure 44: Effect of the different concentrations (0.05, 0.10, 0.5, 1, 10, 25, 50, 100 nM) of the target DNA on the 

fluorescence emission spectra of the GQDs-MRs (with motion). Conditions: Excitation wavelength 490 nm, 

FAM-L probe concentration 40 nM, hybridization time 5 minutes.  

 



105 
 

 

Figure 45. Effect of the different concentrations (1, 10, 25, 100 nM) of the target DNA on the fluorescence 

emission spectra of the GQDs-MRs (no motion). An inset shows the concentration calibration curve for the target 

DNA hybridization based on the performance of GQDs-MRs in the absence of motion. Conditions: Excitation 

wavelength 490 nm, FAM-L probe concentration 40 nM, hybridization time 5 minutes.  

 

Compared to the state-of-the-art DNA-based MRs utilized so far for the optical “on-the-fly” 

determination of DNA (see Table S1),[441,442,444,475] to the best of our knowledge, this supposes 

the first GQD-based MRs for optically monitoring DNA, presenting one of the lowest detection 

limits (0.05 nM vs. 10–1300 nM). Only the work carried out by Wu et al. surpassed the 

presented GQD–based MRs, where a detection limit of 0.01 nM was yielded using Au-Pt 

bimetallic nanomotors.[442] 

The selectivity of the dynamic biocarriers towards the complementary DNA target was 

evaluated by exploring alternative DNA targets, such as mis-match and non-complementary 

DNA sequences. As shown in Figure 43(C), a significant decrease in the emission band 

intensity was observed after the mis-match DNA hybridized with the FAM-L probe anchored 

to the GQD–MRs. Nonetheless, such intensity was 15 times lower than the one achieved by 

the complementary DNA target. Otherwise, almost no fluorescence response was evidenced 

when the dynamic biocarriers were exposed to the non-complementary DNA target. This 



106 
 

suggests that the devised GQD–MR-based dynamic biocarriers preferably interact with the 

complementary DNA target, validating the selectivity of the microrobots.  

Finally, in order to validate its applicability in biological samples, the “on-the-fly” 

determination of DNA was also monitored employing biological fluids (urine and human 

plasma). To perform this study, 1 nM of the DNA target was spiked to urine and human plasma 

samples in the presence of dynamic biocarriers under motion conditions (fuel concentration: 

1% H2O2), and the recovered concentration was optically quantified per triplicate (n=3) by 

extrapolation in the calibration curve from Figure 43(A) (inset).  The average concentration of 

DNA target found in both urine and human plasma was 1.27 ± 0.34 nM and 1.31 ± 0.07 nM, 

respectively. These results evidenced a nonsignificant interfering effect from the complex 

matrices, demonstrating that the dynamic biocarriers can also be utilized for the “on-the-fly” 

monitoring of DNA in biological fluids.  

 

 

Figure 46. Comparison between the fluorescence intensity of the FAM-L probe (40 nM) hybridized with the 

target DNA (variable concentration). Red depicting the fluorescence response of the FAM-L probe, when GQDs-

MRs were in motion while blue represents the micromotors without motion. Conditions: Excitation wavelength 

490 nm, FAM-L probe concentration 40 nM, hybridization time 5 minutes. 
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5.1.4 Conclusion  

Herein, a facile and cost-effective fabrication of dynamic biocarriers made of GQD-based self-

propelled microrobots carrying a biological marker is presented for their exploration as 

unconventional optical platforms for enhancing analytical assays via “on-the-fly” interactions. 

As a proof-of-concept, the “on-the-fly” determination of DNA has been considered by 

immobilizing a DNA probe (viz. FAM-L probe) via supramolecular π–π interactions, obtaining 

excellent detection limits and selectivity when comparing with non-specific/mis-match DNA 

targets. Remarkably, this method was 3 times enhanced when the microrobots were in motion 

mode; in other words, it was enhanced when the biocarriers were in dynamic mode by taking 

advantage of the fuel (1% H2O2). In addition, the feasibility of the developed dynamic 

biocarriers was also explored by spiking the DNA target in two different biological fluids (i.e., 

urine and plasma), demonstrating promising recoveries in both cases. Consequently, the 

preparation of hybrid MRs by combining different materials exhibiting different features (i.e., 

GQD with fluorescence and π-stacking interactions, Pt with self-propelling capabilities and Ni 

responding to an external magnetic field) provides multifunctional microrobots capable of 

performing analytical tasks in a rapid, sensitive and selective way. This work opens a way for 

rapid DNA optical assays, which are dramatically enhanced by the presence of micromachines. 
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Type of 

Micromotors 

Target detected Detection Range Environment Detection 

Limit 

Reference 

Catalytic 

Nanomotors (Au-

Pt bimetallic 

nanowire) 

DNA sensing 0.01 -100 nM In-vitro 0.01 nM [442] 

Enzyme-powered 

micromotor 

DNA detection 10 nM to 1000 nM In-vitro 10 nM [441] 

Catalytic, 

magnetic and 

hybrid 

micromotors 

Gastric cancer 

biomarker 

detection 

1000 to 10000 nM In-vitro 1300 nM [444] 

Helical hydrogel 

micromotor 

Tumor DNA 

detection 

2500–25,000 nM In-vitro 250 nM [475] 

GQD-MRs- based 

dynamic 

biocarriers 

DNA detection 1–100 nM In-vitro 0.05 nM Present work 

 

Table S1. Table showing different microrobots exploited towards the optical “on-the-fly” 

determination of DNA. 
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List of Abbreviations 

 

0D      Zero dimensional 

GQDs      Graphene Quantum Dots 

Ni      Nickel 

Pt      Platinum 

SEM      Scanning Electron Microscopy 

EDS      Energy Dispersive Spectroscopy 

UV-vis      Ultraviolet–visible spectroscopy 

MRs      Microrobots 

FRET      Fluorescence Resonance Energy Transfer 

DNA      Deoxyribonucleic acid 

ss DNA     Single-stranded DNA 

FAM-L     Fluorescein Amidites Labelled 

H2O2      Hydrogen Peroxide 

FL      Fluorescence Intensity 

nM      Nano Molar 

FTIR      Fourier-transform infrared spectroscopy 
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5.2.1 Introduction  

Food safety is a paramount concern in today’s world, with an increasing global population and 

the globalization of food supply chains. The proliferation of foodborne pathogens is a growing 

matter for public health and the food industry. Salmonella is an anaerobic, gram-negative, rod-

shaped bacterium that readily spreads among humans and animals, leading to food and 

waterborne diseases.[476] S. enterica serovar Typhimurium (S. typhimurium) is the principal 

representative among a cluster of bacterial species responsible for numerous cases of foodborne 

illnesses (diarrhoea, abdominal pain, nausea) each year, leading to hospitalizations and millions 

of dollars in annual economic losses worldwide.[477,478] In 2022, the World Health Organization 

(WHO) reported 34 instances of food safety incidents related to Salmonella across member 

states and territories.[479] Among Salmonella infections, S. typhimurium had the highest 

incidence rate, which was linked to nosocomial infections and severe food poisoning with a 

substantial fatality rate.[480] This data underscores the significance of addressing Salmonella-

related risks to public health. To combat such risks, the European Union has implemented strict 

standards to ensure Salmonella-free food.[481,482] However, this underscores the importance of 

addressing Salmonella-related risks to public health and emphasizes the need for innovative 

and rapid methods of identifying and mitigating Salmonella contamination in food products. 

Traditional culture-based methods are time-consuming and prevent fast action.[483] Alternatives 

such as polymerase chain reaction (PCR)[484] and enzyme-linked immunosorbent assays 

(ELISA)[485,486] methods offer high reliability and low limits of detection. Still, they are 

laborious, time-consuming and require specialized equipment and personnel. Therefore, it is 

crucial to develop prompt, robust, and cost-effective novel methods for real-time detection of 

Salmonella contamination and other food-related pathogens. 

Over the past decade, there has been significant progress in biosensing technologies and the 

development of new biomaterials.[487–490] These advancements have been effectively applied 

for the detection of biomarkers associated with major foodborne pathogens in a myriad of 

biodefense, food safety, and public health settings.[439,491–493] Quantum materials (QMs) have 

paved the way for groundbreaking developments in food safety. In this context, particularly 

the emerging field of ‘active quantum materials’ is revolutionizing the way we approach food 

safety. Quantum dots are zero-dimensional carbon nanostructures that exhibit quantum 

confinement effects, leading to size-dependent electronic properties[494], making them ideal 

carriers for optical biosensors. Furthermore, these QMs can significantly enhance the 
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capabilities of biosensors due to their unique physicochemical properties and diverse surface 

chemistry.[420–423,495]  

Chemically propelled microrobots, powered by chemical energy sources, are micro- and 

nanomachines capable of manoeuvring through complex environments. This enables them to 

reach predetermined locations for targeted sensing. Particularly noteworthy is their proficiency 

in “on-the-fly” bio-recognition, enabling rapid interaction with target substances.  It eliminates 

the need for additional steps in the detection process. Thus resulting in a significant reduction 

overall costs. Owing to these exceptional benefits, microrobots are employed in various fields 

such as catalysis, environmental remediation, cancer therapy, biosensing, among other 

applications.[441,443,496–498] 

In view of the potential of QMs for biosensing, our research group explored the integration of 

such materials as active elements in polycaprolactone/Pt catalytic Janus microrobots for 

fluorescence detection of Escherichia coli (E. coli) endotoxins in clinical samples, including 

human serum and urine,[428] as well as S. enterica endotoxins in milk, eggs, and 

mayonnaise.[499] A notable drawback of this method lies in its constrained selectivity and 

specificity. This approach predominantly depends on recognizing the oligosaccharide core, a 

shared fragment present in endotoxins across most gram-negative bacteria. Later, the strategies 

were implemented by our research group for the use of selective affinity peptides in OFF-ON 

approaches but using chalcogenides as active materials for encapsulation into the 

micromotors,[500,501]. Quantum materials can also be used as the external layer of catalytic 

tubular microrobots prepared by template-assisted electrodeposition. The resulting quantum 

materials enhanced microrobots (QEMRs) have a high density of active functional groups for 

probe immobilization, combining at the same time the enhanced fluid mixing and motion in 

microvolume samples.[427] The “moving biosensors” with optimal analytical features, as 

already illustrated by our research group for the detection of DNA. The outer QMs layer allows 

for the incorporation of fluorescein amidite-labelled DNA probe by π- π interactions. In the 

presence of the target DNA, the probe is released, increasing the fluorescence of the solution 

for OFF-ON detection and allowing detection at the nM range.[502] In all these strategies, only 

a few microliters of sample are required, achieving detection in a few minutes. This study aims 

to demonstrate the huge potential of quantum materials enhanced microrobots for food safety 

applications related to the detection of S. typhimurium endotoxin by limiting the required 

sample volumes. 
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5.2.2 Experimental Methods 

Chemicals 

Citric acid (cat. 251275), nickel tetrahydrate (cat. 262277), nickel chloride hexahydrate (cat. 

N6136), boric acid (cat. 15665), chloroplatinic acid hydrate (cat. 520896), sodium dodecyl 

sulphate (cat. 71727) (SDS), polyethylene glycol (cat. 89510) (PEG), Tween 20 (cat. P9416), 

hydrogen peroxide (30%, cat. 216763) (H2O2), Triton X-100 and endotoxins from S. enterica 

Typhimurium (cat. L6143) and S. enterica Enteritidis (cat. L7770) were purchased from Merck 

(Madrid, Spain).  Rhodamine (RhO)-labeled affinity peptide (RhO-NFMESLPRLGMH) was 

custom-made by Quimigen (Madrid, Spain). 

 

Equipment Used 

Scanning electron microscopy with energy-dispersive X-ray detection (SEM-EDX) 

characterization was performed using a TESCAN LYRA 3 XMH instrument. Further, 

VERTEX 70v FT-IR Spectrometer were used to validate the interactions between the 

microrobots and the affinity peptide. To evaluate the charge distribution of the microrobots, Z-

potential measurements were conducted with a Malvern Zetasizer. Fluorescence measurements 

were performed with a Biotek Cytation 5 imaging reader at room temperature. Nikon ECLIPSE 

Ti-S/L100 inverted microscope equipped with a multi-LED light illumination source 

(CoolLED’s pE-4000), a zyla sCMOS camera and a G-2A epifluorescence filter (510-560 nm) 

was used to capture the autonomous motion behaviour of the microrobots and to capture 

fluorescence images. 

Synthesis of Graphene Quantum Dots (GQDs) 

QDs were produced via direct pyrolysis using 2 g of citric acid (CA). CA was heated to 200°C 

in a 5 mL beaker on a heating mantle. Within 30 minutes, the liquid transformed from 

colourless to pale yellow to orange, indicating the generation of the QDs, which were 

subsequently dispersed in alkaline solution. For more details on the synthesis, see the previous 

procedure followed.[503]  

 

Synthesis of GQMs/Ni/Pt microrobots 
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Microrobots were synthesized by using the previously established membrane-assisted 

electrodeposition method, following Scheme 5.[427,446,447,452] In brief, a 100 nm-thick layer of 

gold (Au) was sputtered onto a Whatman Cyclopore polycarbonate membrane (cat. 

WHA70602513, purchased from Merck) with 5 μm pore size using electron-beam evaporation 

(1.4 kV, 1.8 mA). This modified membrane was assembled in a custom-made Teflon cell, using 

aluminium foil as the electrical contact for the working electrode. A platinum wire was used 

as a counter electrode, while an Ag/AgCl electrode in a 1 M KCl solution acted as the reference 

electrode. The membrane-based electrode was then integrated into a three-electrode cell 

configuration, employing electrochemical depositions that were carried out using an 

AUTOLAB potentiostat (Metrohm). The electrodeposition process involved the following 

steps: (i) Formation of the outer GQD layer: GQDs were deposited from a 0.1 mg·mL-1 

dispersion in a supporting electrolyte of 0.1 M H2SO4 containing 0.5 M Na2SO4 using cyclic 

voltammetry. The potential window ranged from +0.3 to –1.5 V vs. Ag/AgCl, with a scan rate 

of 50 mV·s-1 and a total of 40 cycles. ii) Deposition of the Ni middle layer: The Ni middle layer 

was deposited from a solution containing 2M of nickel sulfamate, 82mM of nickel chloride and 

485mM of boric acid (pH, 4) through chronopotentiometry, maintaining a bias potential of +1 

V vs. Ag/AgCl for 350 seconds. iii) Electrodeposition of the Pt inner layer: The Pt inner layer 

was electrodeposited using a 4 mM H2PtCl6 solution in 0.5 M boric acid by 

chronoamperometry with a current set to –20 mA for 2000 seconds.  

 

 

Scheme 5. Synthesis of QMs/Ni/Pt microrobots: Template-assisted method was used to incorporate i) QMs 

(outer layer), ii) Ni (middle layer) and iii) Pt (inner layer) via electrodeposition. 

 

Following electrodeposition, the membrane was carefully detached from the Teflon cell and 

thoroughly rinsed with deionized water. Subsequently, it underwent a hand-polishing process 

with an alumina slurry (0.5 μm) to remove the Au layer. The membrane was then subjected to 
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a series of washes, including 2x dichloromethane (30 min vortex, 3 min centrifuge at 7000 

rpm) followed by 2x washing in isopropanol (15 min vortex, 3 min centrifuge at 8000 rpm) 

and at last, it was subjected to 3x deionized water (15 min vortex, 10000 rpm). The resulting 

microrobots, were stored in 1 mL of deionized water for further use and remained stable for 4 

weeks without any changes in their properties.  

 

Functionalization of the GQMs/Ni/Pt microrobots with affinity peptide 

After the synthesis, the microrobots underwent modification by combining 100 μL of the as-

synthesized microrobots with 50 μg mL-1 of peptide (100 μL), and allowing them to incubate 

at 25 °C for 10 minutes at 950 rpm to initiate the electrostatic interactions between the two 

which led to the quenching of the fluorescence of the affinity peptide (OFF state) as shown in 

Scheme 6. The resulting active quantum carriers were then properly washed with deionized 

water by centrifuging twice for 5 min at 5000 rpm and finally resuspended in 90 μL of solution 

containing 1% PEG. 

 

Microrobots motion study and endotoxin detection assay  

Microrobots motion and speed was studied by placing a 1 μL of microrobot solution in a glass 

slide, 1 μL of H2O2 solution (final concentration, 9%) and 1 μL of PEG solution (final 

concentration, 1 % v/v). The videos were recorded, and the speed was tracked using NIS 

Elements Advanced Research software (Nikon). 

The detection assay involved mixing 90 μL of the microrobots at a final concentration of 10 

microrobots μL-1 with 15 μL of S. enterica endotoxin solutions to get a final concentration 

ranging from 0 to 300 μg mL-1, along with 45 μL of 30% H2O2 (final concentration, 9%) in a 

96-well microplate. The mixture was allowed to sit undisturbed for 5 minutes to allow 

microrobot motion in the solution. Subsequently, fluorescence was measured at 560 nm 

(excitation) and 601 nm (emission) (ON state) (Scheme 6). Each experiment was conducted in 

triplicate. 

 

Bacteria culture 

E. Coli strain B or Staphylococcus aureus bacteria were cultivated in Luria-Bertani medium 

incubated at 100 rpm and 37 °C for 16 h. The culture media was then collected and used to test 

the performance of the procedure. All the experiments followed UAH regulations, and all 

biosafety measurements were taken.  
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5.2.3 Results and Discussion  

An OFF–ON fluorescence detection strategy is employed for the sensitive detection of low 

levels of endotoxins by functionalization of the surface of the microrobots with a fluorescence-

labelled affinity peptide, as described in Scheme 6. The presence of sp2 groups in the outer 

QEMRs surface facilitates the immobilization by π stacking. In the presence of the target 

endotoxin, the peptides are released from the microrobots surface, increasing the fluorescence 

of the solution in a concentration-dependent manner. The strategy is implemented in a 

microplate reader for future routine analysis. By harnessing the properties of quantum materials 

and the agility of microrobots, these innovative systems promise precision, speed, and 

versatility.  

 

Scheme 6. Self-Propelled GQDs microrobots as active biocarriers for ‘On-the-fly’ detection of S. Enterica Endotoxin 

Biofunctionalization of QEMRs with Rhodamine labelled affinity peptide, resulting in peptide@QEMRs, acting 

as active biocarriers inducing peptide’s fluorescence quenching. The analytical assay relied on the real-time on-

the-fly detection of S. Enterica endotoxin using 9% v/v in H2O2 as fuel. This initiated the release and interaction 

of the affinity peptide with the S. Enterica endotoxin, resulting in fluorescence recovery. 

 

QEMRs synthesis, functionalization, and characterization 

We prepared microrobots by electrodeposition technique. To confirm the successful synthesis 

of microrobots and to elucidate its surface morphology and composition, SEM-EDX was 

conducted. Figure 47(A) (a) showcases the SEM images of the microrobots, revealing a 

tubular structure with an approximate length of 5 μm and a cross-sectional diameter of 2.5 μm. 

The elemental mapping in Figure 47(A), such as (b) (c) (d) —indicates the presence of key 

elements, notably C, Ni and Pt. These findings suggest the successful synthesis of self-

propelled microrobots and the presence of three distinct layers: QMs, Ni, and Pt as the outer, 

middle, and inner layers, respectively.  
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The outer QMs-based layer serves as the chemically active surface. Due to its exceptional 

chemical reactivity and unique electronic properties, it is a suitable choice for facilitating 

various chemical reactions and interactions at the material’s surface.[504,505] Hence, after the 

addition of the fluorescence-labelled affinity peptide (acting as fluorophore), due to the 

electrostatic interactions between the GQMs and the peptide, it led to the quenching of the 

fluorescence of the solution (according to the FRET phenomenon).[439,506] Nickel (Ni), on the 

other hand, forms the magnetic core, constituting the middle layer of this composite structure. 

The presence of nickel in this configuration likely imparts magnetic properties to the material, 

potentially enabling it to respond to magnetic fields and exhibit magnetic behaviour, facilitating 

the washing steps, and holding considerable promise to explore alternative propulsion schemes 

desirable in labile samples.[507,508] Pt serves as the innermost layer in this composite material, 

functioning as a motion inducer. It is strategically placed within the inner wall of the tubular 

configuration to initiate motion. This placement allows for a precise and controlled mechanism 

for inducing motion. Within this tube, Pt undergoes nucleation, maturation, and diffusion, 

ultimately expelling oxygen from one of the micromotor’s openings and propelling it in the 

opposite direction, which triggers the dynamic motion of the microtube, as required for specific 

applications.[14,448] 

 

Figure 47 (A). (a) SEM and EDX (b-d) images of the QEMRs. (B) Effect of the surfactants on the speed of the 

QEMRs at 9% H2O2 levels and 1% of each surfactant. Errors bars represent the standard deviation of 3 

measurements. 
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Before employing these microrobots for analyte detection, we investigated the impact of 

various surfactants on the speed, as depicted in Figure 47(B). It was observed that in the 

absence of surfactants, microrobots were unable to achieve self-propulsion, especially at lower 

concentrations of H2O2. This highlights the essential role of surfactants in lowering the surface 

tension of the microrobots and stabilizing the generation of bubbles, which ultimately improves 

the micromotor speed.[509–511] Hence, to optimize the concentration of H2O2, we explored 

various surfactants, specifically anionic (SDS) and non-ionic (PEG, Tween 20, Triton X-100) 

surfactants at 1% concentration. Notably, we found that the use of 1% SDS resulted in 

significantly higher microrobots speed. In contrast, the use of non-ionic surfactants such as 

PEG, Tween 20, and Triton X-100 resulted in a significant decrease in micromotor speed. This 

reduction in speed can be attributed to the non-ionic surfactants with larger molecular mass, 

which is approximately four times that of the other surfactants used, and it substantially slowed 

down the microrobots.[510–512] Yet, for further studies, 1% PEG solution to block the potential 

non-specific binding of fluorescent biomolecules to the microrobots, minimizing the 

background noise and thus enhancing the performance in the analytical detection step.[513]  

Once the synthesis and motion of QEMRs were confirmed, we studied the presence of surface 

functional groups and successful functionalization by FTIR spectroscopy. The FTIR spectra of 

the microrobots revealed the characteristic absorption bands corresponding to the stretching 

and bending vibration of the aromatic C–H group at 3385 cm-1, C=C stretching at 1637 cm-1, 

C–H aromatic at 2000 cm-1, and epoxy stretching vibration of C–O–C groups at 1049 cm-1 (as 

shown in Figure 48). Whereas the peaks (i.e., located around 654 cm-1, and 3400 cm-1 

corresponding to N–H amines, respectively) were attributed to the presence of amino groups 

from peptide.[465–467] Additionally, the presence of C=O stretching at 1650 cm-1 and C-N group 

at 1250-1020 cm-1, confirmed the conjugation (peptide@QEMRs). Moreover, the slight shift 

of the peptide@ QEMRs spectra towards the lower wavenumbers also confirmed the 

conjugation.  
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Figure 48. FTIR spectra of the (i) bare QBEMRs micromotors (black), (ii) peptide@QBEMRs micromotors (red). 

 

Next, we investigated the charge distribution of QEMRs at two key stages: before and after the 

biofunctionalization. This was accomplished through Z-potential measurements conducted 

under various conditions, which included examination of the bare QEMRs and the peptide@ 

QEMRs along with affinity peptide and endotoxin, as shown in Figure 49(A). It was observed 

that the zeta potential of the peptide@QEMRs decreased to –5.12 ± 2.37 mV following the 

successful functionalization of the positively charged QEMRs (+8.38 ± 3.18 mV) and the 

affinity peptide, which carried a negative charge of –16.04 ± 2.02 mV.  This shift in Z-potential 

aligns with the anticipated electrostatic interactions between the microrobot’s surface and the 

affinity peptide. Subsequently, upon the introduction of the negatively charged endotoxin (–

38.79 ± 6.33 mV), the overall charge of the sample containing these dynamic bio carriers 

increased to –30.07 ± 3.81 mV. This confirmed the detachment of the affinity peptide from the 

surface of the QEMRs, thus demonstrating the effective ‘ON-OFF’ interactions of the affinity 

peptide with the microrobot’s surface. It’s noteworthy that these tests were conducted with the 

microrobots in a stationary state (no fuel, H2O2).  
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Figure 49. (A) Z-potential measurements of GQDs and peptide@QEMRs biocarriers before and after S. enterica 

endotoxin interactions (a) QEMRs (b) Rho labelled affinity peptide (c) peptide@QEMRs (d) S. typhimurium 

endotoxins (e) peptide@QEMRs interacting with S. typhimurium endotoxins (B) Histogram illustrating 

fluorescence intensities controls for (a) Rho labelled affinity peptide, (b) peptide@QEMRs, (c) peptide@ QEMRs 

interacting with S. typhimurium endotoxins (d) S. typhimurium endotoxins. Experimental conditions: λex = 560 

nm; [peptide, S. enterica endotoxin] = 50 μg/mL; incubation time: 10 minutes; recovery time: 5 minutes; 1% PEG; 

9 % v/v in H2O2. Errors bars represent the standard deviation (n=3).  

 

Consequently, an optical measurement was conducted to characterize the observed ‘ON-OFF’ 

behaviour of the affinity peptide after the introduction of the S. typhimurium endotoxin. Figure 

49(B)illustrates the fluorescence measurement controls. Figure 49(B) (a) depicts the 

fluorescence intensity of the affinity peptide only. Following the incubation of the affinity 

peptide with the QEMRs, there was a significant decrease in fluorescence intensity (Figure 49 

(B) (b)). This decrement in the fluorescence can be related to the interaction of the affinity 

peptide with the microrobot’s surface, thus causing fluorescence quenching (OFF state). 

Whereas on the introduction of the definite endotoxin, the high binding affinity of the affinity 

peptide to the S. typhimurium endotoxins caused the peptide to dissociate from the QEMRs 

surface. As follows, it leads to the restoration of fluorescence of the fluorophore, depicted in 

Figure 49(B)(c). And almost no fluorescence was observed from the separate S. typhimurium 

endotoxins control (Figure 49(B)(d). Thus, motivated by these promising results, we further 

exploited these active quantum carriers for the detection of such endotoxins in real food 

samples.  
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Optical ‘ON-OFF’ determination of endotoxin using QEMRs 

Before moving to the analyte concentration calibration study, it’s important to highlight that 

several essential optimization studies have been conducted. It included the peptide loading 

efficiency of the QEMRs and the incubation time optimization study for peptide@QEMRs 

complexes, illustrated in Figure 50. Certainly, the Eq. (6): 

  η% = ([Fo - Fx] / Fo) * 100        Eq. (6) 

Used to calculate the loading efficiency, expressed as a percentage of a substance, typically a 

peptide, onto QEMRs. Fo is the initial fluorescence of the affinity peptide, serving as a 

reference. Fx is the fluorescence of the peptide following incubation with QEMRs, reflecting 

the effectiveness of the substance loading onto the carrier. A higher η% indicates more efficient 

loading of affinity peptide onto the active biocarriers, as shown in Table 2.   

 

Figure 50. Optimization of the peptide loading capacity. Solutions containing different concentrations of the 

peptide (10-100 µg/mL) were incubated with the QBEMRs. The loading capacity was calculated by comparing 

the fluorescence of the solution prior and after micromotor incubation. 
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Concentration (µg/ml) 

 

Fo (Affinity Peptide) Ft (Average (n=3)) (Fo-Ft)/Fo *100 

10 37294 4641 90 

50 314204 143631 54 

75 343346 218216 36 

100 324165 258278 20 

 

Table 2. Peptide loading efficiency at 10 minutes.  

 

Based on the study results, we conclude that incubating QEMRs with a 50 μg mL-1 peptide 

concentration for 10 minutes was the optimum time to carry out the subsequent studies.  

Furthermore, we performed a comprehensive investigation into the analyte detection time (0, 

2, 5, 7, 10, 15, 18 min), i.e., for S. typhimurium endotoxin (as presented in Figure 51), 

concluding 5 minutes as optimized duration. As longer times did not increase the signal 

significantly.  
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Figure 51. Optimization of the detection time. Fluorescence intensity of the solution after micromotor navigation 

in the S. enterica endotoxin (50 µg/mL) solution at different times. 

 

Once these parameters were established, the results from these studies were utilized to utilize 

the QEMRs for the concentration calibration study of the S. typhimurium endotoxins. To 

achieve this, we performed a fluorometric assay within a 96-well plate. This involved the 

introduction of incubated peptide@QEMRs (90 μL) containing 1% PEG (1.5 μL). 

Subsequently, S. typhimurium endotoxin was added (45 μL) and allowed to incubate for 5 

minutes. Followed by the introduction of H2O2 (13.5 μL) to reach a 9% H2O2 (v/v) 

concentration, activating real-time detection of S. enterica Typhimurium. In this context, 

detection approach relies on monitoring the fluorescence recovery of a quenched fluorophore 

(peptide@QEMRs) as it binds to different concentrations of S. typhimurium endotoxin.478 

Therefore, the introduction of the endotoxin induces the detachment of the affinity peptide from 
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the QEMRs surface. This detachment enables the peptide to bind to the endotoxin, resulting in 

the recovery of fluorescence in the fluorophore in a concentration-dependent manner. Figure 

52(A) displays a linear plot between the logarithmic (log) values of the concentration of the 

analyte [endotoxin] vs. log [Fluorescence Intensity] with its corresponding error bars (n=3). 

This calibration curve exhibited —y = 0.2893x + 3.8369, linearity with R = 0.99  at the 10–

300 μg mL-1 range, boasting a remarkably low detection limit of 1.8 μg mL-1. And the detection 

range extended from 6 to 300 μg mL.-1 Figure 52(B) depicts a sensitivity comparative study 

of the microrobots in both motion and stationary states. Notably, there was a significant 

reduction in the fluorescence recovery when the microrobots were stationary (—no fuel) as 

shown in Figure 52(B) (a), in contrast to their motion (—fuel used) in Figure 52(B) (b). This 

discrepancy can be attributed to the higher rate of diffusion observed when the microrobots are 

actively moving. Interestingly, almost no fluorescence was detected with blank microrobots, 

indicating their lack of inherent fluorescence, as evident in Figure 52(B) (c). Furthermore, an 

intermediate response was observed when microrobots were blended (—fuel, —no fuel), 

reaffirming their high sensitivity to the surrounding matrix Figure 52(B) (d). It was further 

validated by the microscopic fluorescence images as shown in Figure 53.  Next, the selectivity 

of the active biocarriers was evaluated by exposing them to a range of gram-negative bacteria, 

including E. coli, S. enterica serovar Enteriditis (S. Enterid.), vs. S. enterica serovar 

Typhimurium, as depicted in Figure 52(C). Notably, S. enterica Typhimurium showed 

stronger fluorescence recovery compared to E. coli and S. enterica serovar Enteriditis. This 

difference in response can be attributed to variations in the structural characteristics of the 

endotoxin’s antigen O segment, thus enabling the distinction between 50 μg mL-1 S. enterica 

serovar Typhimurium endotoxins vs. S. enterica serovar Enteriditis. Hence, the strategy 

demonstrates a robust selectivity by employing specific affinity peptides to discriminate 

between bacterial types. 

Subsequently, to confirm its utility in food samples such as orange juice, milk, and bacterial 

cultures, we conducted real-time ‘on-the-fly’ monitoring of S. enterica serovar Typhimurium 

endotoxin detection. For this investigation, the actual samples (orange juice, milk, and bacterial 

culture) were fortified with 15 μg mL-1 of the target endotoxin. The results, as presented in 

Figure 52(D), showcased varying recovery percentages for each sample. However,, a 

significant reduction in microrobots speed was observed, approximately around 51 ± 34; 44 ± 

25, and 38 ± 24 µm s-1 upon the introduction of real samples like orange juice, milk, and 

bacterial culture. This decrease in speed was likely due to the higher viscosity of these real 
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samples, as depicted in Figure 54. It’s worth noting that this speed reduction did not impede 

the practical use of microrobots, as they still achieved good recoveries in both situations. Thus, 

this confirms the successful implication of these active biocarriers for the detection of S. 

enterica serovar typhimurium endotoxins.  

Furthermore, Table 3 provides a comprehensive comparison of methods developed for the 

detection of S. enterica endotoxins. Firstly, Deby Choi et.al., reported the detection of the 

lipopolysaccharide (LPS) antigens from S. enterica Typhimurium by using ELISA by taking 4 

h.[514] S. Sannigrahi, et al., (2020)[515] & X. Wang et al., (2016)[516] reported magnetic methods 

for the S. enterica Typhimurium detection by taking longer times (30 min, 3 h, respectively).  

M. Pacheco. et. al.,[499] reported the detection by using GQDs Janus micromotors as sensing 

probe with lower limit of detection but the analysis time around 15 minutes. Although M. 

Pacheco et. al, also reported the optical detection of S. typhimurium endotoxins by using 

transition metal dichalcogenides (TMDs).[500] While TMDs like WS2 and MoS2 have shown 

promising results but the TMD-based micromotors be sensitive to changes in environmental 

conditions, such as pH and temperature, thus posing the stability issue.[517] Food samples often 

contain a diverse range of compounds, and some of them might interfere with the detection 

process.[518–521] TMD-based micromotors may exhibit issues related to long-term stability, 

affecting their shelf life and reliability over extended periods.[522,523] Whereas in the reported 

work, QEMRs offer high biocompatibility, ease of functionalization, and demonstrate excellent 

stability under various conditions, contributing to the reliability of detection methods over 

time[307,412]. Hence, this approach possesses essential bioanalytical characteristics, such as high 

sensitivity and selectivity, rapidity, simplicity, and cost-effectiveness, which effectively render 

it an efficient method for detecting S. typhimurium in food and environmental samples. 
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Figure 52: Implementation of the active biocarriers towards the optical “on-the-fly” S. enterica endotoxins 

determination. (A) Calibration plot between the logarithmic (log) values of the concentration of the analyte 

[endotoxin] vs. log [Fluorescence Intensity] under motion, with its corresponding error bars (n=3). (B) Histogram 

illustrating the recovery in the fluorescence intensities achieved by the peptide@QEMRs towards a fixed 

concentration of S. enterica endotoxins (50 μg mL-1) under motion (9% H2O2) or static (no fuel) conditions. (C) 

Histogram depicting the fluorescence intensities achieved by the peptide@QEMRs biocarriers towards different 

targets (9% H2O2) (such as, E. coli, S. Enterid and S. Typhim.: (50 μg mL-1). (D) Histogram showing the recovery 

average % recovery obtained through the peptide@QEMRs in various real samples (Orange, Milk, Bacteria 

culture) fortified with 15 μg mL-1 of endotoxin (n=3). Experimental conditions: λex = 560 nm, incubation time: 

10 min, recovery time: 5 min; 1% PEG; 9 % v/v in H2O2. 

 

+

A B

C D
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Figure 53: Validation by Fluorescence Images. 

 

Figure 54. Speed of micromotors in real samples. 
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Detection Sensing Probe 

 

LOD 

 

Linear  

range 

 

Advantages/ 

disadvantages  

Analysis 

time 

 

Ref. 

 

ELISA Murine 

monoclonal 

Antibody 

1 ng mL-1 NR Highly sensitive 

/time consuming 

4 h [514] 

Electrochemical 

(impedance) 

Magnetosome-

antibody 

complex 

0.001 µg 

mL-1 

 

NR 

 

Significantly faster than 

traditional culture 

methods/delayed 

intervention 

30 min 

 

[515] 

Electrochemical 

(impedance) 

Magnetic 

nanoparticles, 

macrophage 

0.15 µg 

mL-1 

 

1–50 µg 

mL-1 

 

Label-free 

detection/time taking 

3 h 

 

[516] 

Fluorescent 

(ON–OFF) 

GQDs Janus 

micromotors 

0.07 ng mL-1 

 

0.2–3.5 ng 

mL-1 

 

Reduced Sample 

Preparation/ time 

consuming 

15 min 

 

[499] 

Fluorescence 

(OFF-ON) 

WS2 Janus 

micromotors 

MoS2 Janus 

micromotors 

 

1.2 µg mL-1 

 

2.0 µg mL-1 

 

4–333.3 µg 

mL-1 

 

9.8–333.3 µg 

mL-1 

 

Fast and 

Efficient/ stability and 

toxicity can be an issue 

5 min 

 

[500] 

Fluorescence 

(OFF-ON) 

QEMRs 

 

1.8 μg 

mL-1 

 

3–300 μg mL-1 

 

Fast, 

Efficient and 

Highly stable 

5 min 

 

This 

work 

 

 

Table 3. S. enterica endotoxin previous literature data. 
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5.2.4 Conclusion  
 

Our study highlights the potential of quantum materials enhanced microrobots in connection 

with self-propelled behaviour to enhance sensitivity and signal stability, particularly for in-

field S. enterica contamination and detection in the context of food safety. Quantum materials 

enhanced microrobots combined with the use of affinity peptides, eliminate the need for 

lengthy incubation and expensive antibodies, thus improving efficiency and cost-effectiveness. 

This method achieves a low detection limit, with a rapid detection time and low sample 

volumes. Furthermore, this method demonstrates remarkable specificity, surpassing prior 

techniques and displaying heightened selectivity for S. enterica endotoxins. We demonstrate 

the application of these emerging quantum materials enhanced microrobots in detection of 

toxins in real food samples. This quantum-enhanced technology paves new ways for on-

demand, point-of-care detection of food toxins for greater food safety and security. 
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 List of Abbreviations 

 

0D      Zero dimensional 

GQDs      Graphene Quantum Dots 

Ni      Nickel 

Pt      Platinum 

SEM      Scanning Electron Microscopy 

EDS      Energy Dispersive Spectroscopy 

UV-vis      Ultraviolet–visible spectroscopy 

QMs      Quantum Materials 

QEMRs     Quantum Enhanced Microrobots 

FRET      Fluorescence Resonance Energy Transfer 

PEG      Polyethylene glycol 

SDS      Sodium dodecyl sulfate 

S.typh/ S. typhimurium    Salmonella enterica serovar Typhimurium 

FAM-L     Fluorescein Amidites Labelled 

H2O2      Hydrogen Peroxide 

FL      Flourescence Intensity 

nM      Nano Molar 

FTIR      Fourier-transform infrared spectroscopy 

E. coli      Escherichia coli  
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Chapter 6 

 

Conclusion and Future 

Aspects 
 

 

In conclusion, this thesis has embarked on a comprehensive exploration of novel materials, 

with a specific focus on 2D material-based 3D printed electrodes and nano/micromotors, to 

advance the field of chemical sensing and biosensing applications. The primary objective has 

been to contribute valuable insights in sensing and biosensing applications through systematic 

experimentation and analysis of the analytes that are aimed at elevating the performance and 

capabilities of chemical and biosensor technologies. 

 

For instance, Chapters 4.1 and 4.2 address critical challenges associated with the widespread 

use of analytes in diverse industries, especially those characterized by rapid action and potential 

toxicity. By researching advanced detection methodologies and incorporating cutting-edge 

technologies such as 3D-printing, these studies have provided innovative solutions for the 

problems. These solutions are designed to enhance sensitivity, precision, and diagnostic 

capabilities in both environmental monitoring and medical applications. 

Chapter 4.3 shows that the application of 3D printed electrodes for DNA detection holds 

significant promise in revolutionizing the field of genetic analysis. The integration of 3D-

printing technology allows for the precise fabrication of electrodes with tailored structures, 

enhancing surface area and electrochemical performance. This, in turn, leads to improved 

sensitivity and specificity in DNA detection assays. The versatility and cost-effectiveness of 

3D-printing further contribute to its potential widespread adoption in laboratories, offering a 

scalable and accessible solution for advancing genetic diagnostics and research. As the 
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technology continues to mature, 3D-printed electrodes are poised to play a pivotal role in 

shaping the future landscape of DNA detection methodologies. 

 

Furthermore, Chapters 5.1 and 5.2 show the utilization of nano/micromotors in DNA and 

Salmonella bacteria detection marks a significant leap forward in the field of biosensing. 

The autonomous movement of nano/micromotors facilitates rapid and thorough mixing, 

ensuring efficient interactions between DNA targets and sensing elements.  This technology 

not only accelerates the detection process due to its autonomous movement but also allows for 

the exploration of diverse biofunctionalization strategies, contributing to the development of 

highly selective and sensitive DNA detection platforms. Additionally, in Salmonella detection, 

the ability of nano/micromotors to navigate complex environments enhances their capability to 

reach and interact with bacteria, improving the overall sensitivity and specificity of detection 

platforms. 

The incorporation of nano/micromotors in biosensing strategies not only accelerates detection 

processes but also enables the exploration of various biofunctionalization techniques. This 

versatility contributes to the development of highly selective and sensitive detection platforms 

for both DNA and Salmonella bacteria. Furthermore, the application of diverse propulsion 

mechanisms, including magnetic, ultrasonic, and electric fields, ensures adaptability to 

different operational conditions, offering a versatile solution for various biosensing 

applications. The amalgamation of nano/micromotors with DNA and Salmonella detection 

methodologies holds immense promise for advancing point-of-care diagnostics, environmental 

monitoring, and food safety. Continued research and innovation in this field are expected to 

open new frontiers in the realm of DNA and pathogens detection, contributing to more 

efficient, accessible, and reliable diagnostic tools. 

Through the rigorous investigation of 2D material-based 3D printed electrodes and 

nano/micromotors, this thesis seeks to lay the groundwork for significant advancements in 

chemical and biosensing. The knowledge and methods revealed in this research endeavour are 

intended to encourage continued discovery and advancement, playing a crucial role in driving 

the development of new technologies necessary for addressing pressing issues in analytical 

chemistry and biomedical sciences. 
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