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Objects and their manufacture are inseparable. You understand 
a product if you understand how it´s made. 
—Jonathan Ive 

1 Introduction and Background 

Wearable biosensors are analytical devices intended to provide continuous and 
personalized information on biochemical parameters in real time. Wearable biosen-
sors originated as tools for better health management, particularly for the monitoring 
of glucose in diabetes management, but have reached other areas such as sports and 
fitness, military applications, and environmental monitoring. 

The development of wearable biosensors is a highly complex task that involves 
multidisciplinary teams from areas such as materials science, electronics, biomedical 
engineering, and information technologies. This is why, despite the recent boom and 
the increasing reports on wearable biosensors, very few devices (see Table 1) have  
made it to market.
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Table 1 Summary of main commercial wearable biosensors to date 

Year Device References 

2000 Glucowatch biographer (EU) [3, 4] 

2006 Dexcom seven (US) [5] 

2014 Abbot Freestyle Libre (EU) 
Dexcom G4 Platinum 

[6] 

[6, 7] 

2016 Senseonics Eversense (EU) [8] 

2017 Abbot Freestyle Libre (US) 
Dexcom G5 mobile 
Medtronic Guardian Connect 

[9, 10] 

[6] 

[11] 

2018 Dexcom G6 
Senseonics Eversense (US) 

[12–14] 

2021 Supersapiens Abbot Libresense glucose sport [15] 

The most important thing about any wearable biosensor is the information they 
provide. Biosensor data must be accurate, specific, timely, and reliable. This has 
important implications in terms of sensor placement, power and data management, 
and device usability. These are all aspects to consider throughout device develop-
ment but, in addition to usability and functionality concerns, which can be addressed 
through frameworks such as REASSURED [1], originated in the area of point-of-care 
devices as an evolution of the ASSURED criteria [2]. ASSURED criteria stressed 
accuracy, accessibility and affordability, and REASSURED brings this one step 
forward by considering real-time connectivity enabled by the Internet of things (IoT), 
and ease of specimen collection and environmental friendliness. The REASSURED 
framework thus becomes extremely important for the field of wearable biosensors, as 
not only the body can be regarded as a “low resource setting”, but also because of the 
criticality of having timely information—if continuous, then even better—and also 
because wearable biosensor design and manufacture are also heavily conditioned by 
environmental and sustainability issues. 

These aspects and many others need to be considered during the design stage and 
have an impact on materials selection and manufacturing techniques. This chapter 
aims to provide a broad introduction to the design, materials selection, and fabrication 
processes involved in wearable biosensors. We begin by looking at the evolution of 
wearable biosensors, with a focus on commercial devices. Next, the chapter provides 
an overview of product design, so that newcomers to the field of wearables have a 
starting point on the main issues to consider in order to make a meaningful contribu-
tion. Next, the bulk of the chapter addresses biosensor design from the perspective of 
wearable devices. This part is written mostly for those without a strong background 
in (bio)chemistry, but who need to understand the available options when it comes 
to the transducer and its functionalization, and the way biosensors work. Last, we 
provide an overview of the most common fabrication techniques used in the study 
and in the development of wearable devices.
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2 Evolution of Wearable Biosensors 

Wearable sensors are intended for the continuous monitoring of health parameters, 
and the development is driven mainly by glucose monitoring for diabetes manage-
ment. Diabetes mellitus has a very high prevalence, and affects approximately 10% of 
the world population. This means millions of people worldwide, so improving their 
life quality therefore represents a huge challenge for scientists and technologists, and 
an enormous market. In addition to this, glucose monitoring is also of importance in 
other application domains, such as sports, work safety, and defense. 

Glucowatch was the first commercial device for the monitoring of glucose [3]. 
However, despite gaining FDA approval, it was withdrawn from the market by 2004 
because the reverse-iontophoresis method used to induce sweating caused skin rushes 
on some of its users. It was nevertheless a true technological milestone. 

Shortly after, in 2006, Dexcom released their “Dexcom seven” in the US, which 
was able to monitor glucose for seven days. Abbot released their wearable “Freestyle 
Libre” system in 2014 in the EU, and in the US in 2017 following FDA approval. In 
2021, Abbot announced a new version of the device for athletes under the commercial 
name of “Supersapiens system”. Barring a few exceptions, the wearable biosensor 
market seems focused on glucose monitoring for diabetes management. 

Table 1 summarizes the main commercial devices and their corresponding release 
dates. Except for the Glucowatch, which was withdrawn from the market, and 
Senseonics’ Eversense, which is an implantable capsule, the rest have a very similar 
form factor, as wearable patches. The evolution of these devices has been toward 
more compact and unobtrusive designs, more reliable sensors, and higher levels 
of integration with other personal smart devices, particularly smartphones, through 
wireless communication and user-friendly apps. 

All these systems have in common that they consist of a piece of instrumentation, 
and a disposable part. This is because biosensors typically have a shorter lifespan 
than the electronics and the mechanical parts supporting them. This is the same for 
any quantitative point-of-care diagnostic system. While the instrumentation can be 
used many times, the sensing part is discarded after one use. The main limitations 
of this model are the complexity of the instrumentation, the need to tightly control 
the cost of the disposable part, and the environmental impact of this disposable part. 
The evolution of these systems, driven or facilitated in most part by progress in 
miniaturization and new materials, has been toward integrating the biosensor into 
a small smart system that works in tandem with a smartphone or a smartwatch 
to facilitate user interaction and data management. The biosensing smart system, 
in turn, comprises a microcontroller, a potentiostat, a small memory, short-range 
communications, and a button battery cell to power the set. Although these products 
have doubtlessly improved the life quality of millions of diabetic patients worldwide, 
they are also extremely wasteful. Whether it is the biosensor or the adhesive that limits 
the lifetime of the disposable component, the fact is that these capsules are disposed 
of after only a few days, typically 10–14. The longer lasting device is Eversense XL 
from Senseonics, which can operate for 90–180 days, although it is a subcutaneous
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implant, which has a completely different set of issues. When the biosensing capsules 
are thrown away, the electronics within it and its mechanical parts are in perfectly 
good order, so the approach is clearly wasteful. 

Turning to the academic literature, as Fig. 1 shows, Diamond et al. pioneered 
research on wearable biosensors in Europe. These workers proposed the integration 
of biological sensors in the form of wristwatches and in textiles and garments as early 
as 2005 [16]. Although these early works on wearables focused on textile-based 
biosensors, his group has also developed wrist-watch biosensor devices, and they 
have led the field all this time [17–20]. Other researchers have made great progress 
in this area, mostly in the US. Joseph Wang, at the Center for Wearable Sensors 
at UCSD, focused on screen-printed biosensors [21, 22] and enzymatic fuel cells 
[23, 24] for skin tattoos but also interacted in sportswear [25]. These seminal works 
led Joshua Windmiller to the creation of the spin-off company Biolinq, formerly 
Electrozyme. More recently, in 2014, Heikenfeld et al. reported an RFID patch for 
the monitoring of sweat electrolytes [26]. Heikenfeld’s approach differed from the 
rest in that he focused on understanding the mechanism of sweat [27], modeling 
it [28], and developing systems able to manage the small sweat volumes available, 
avoiding sensor contamination from the skin itself. Heikenfeld also worked on sweat 
generation systems by reverse iontophoresis, similar to the Glucowatch. Around that 
time, Heikenfeld started Eccrine Systems Inc., a company to develop sweat sensors, 
initially for the military and today focusing on pharmacokinetic studies. In his latest 
works, Heikenfeld points that the relevant parameter to monitor dehydration is not 
the level of electrolytes such as Na+, Cl−, or K+, but the fraction of bodyweight lost as 
sweat during exercise, and has presented a simple colorimetric patch for it [29]. Last, 
it is worth highlighting the Rogers’ group at Northwestern University, whose work on 
sweat sensing is spectacular. In contrast to the others, Rogers’ work has focused on 
developing stretchable electronics [30, 31]; he has presented stretchable patches inte-
grating wireless capabilities (for power, sensor control, and data communications), 
improving the microfluidics to drive sweat around the device, as well as form factor 
design and device functionality. His systems have been demonstrated on babies and 
triathletes [32]. Some of the latest work by the Rogers Group features a self-powered 
skin patch that integrates an Mg (anode) and an Ag/AgCl (cathode) battery to power 
a circuit that monitors heart rate, sweat chloride, and sweat pH, plus an NFC tag to 
communicate with a smartphone [33]. It is also worth noting that the Rogers Group 
has also spun out a company, Epicore Biosystems, to commercialize skin patches. 
However, in contrast with the others, two out of three products currently featured in 
the company website seem restricted to passive microfluidic devices. One of them, 
named Gx Sweat Patch, has been developed in partnership with Gatorade to prevent 
dehydration, and consists of an easy-to-use patch that allows you to monitor sweat 
rate and (sweat) sodium in real time [34, 35]. The patch contains two microchannels 
impregnated in colorimetric indicators. Color can be read using a mobile phone and 
a dedicated app. The other two products are a passive patch for sweat collection, 
and a patch-like device for the monitoring of temperature, sweat rate, and sweat loss 
[36], with a similar form factor to the systems featured in Table 1.
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Fig. 1 Key milestones in wearable biosensors to date. 2001—Glucowatch [3]; 2012—Screen-
printed biosensing tattoos [21]; 2014—RFID skin patch [26]; 2019—Waterproof skin patch [32]; 
2023—Biodegradable skin patch for sweat rate and electrolyte monitoring [35] 

In summary, barring the differences mentioned above, which confer a distinct iden-
tity to the works of these four leading groups, they all stumble upon the same issues, 
mainly related to the connectivity between the sensing part (disposable) and the 
control instrumentation. Wireless connectivity is superior to contact-based connec-
tion because it gives more freedom to the user, but it has two important drawbacks. 
First, the radiofrequency protocols typically used, such as near field communica-
tion (NFC), rely on very short-range (<3 cm) radiofrequency, which means that the 
two communicating nodes need to be aligned and very close to each other. Such 
short-range protocols can work with low information encryption levels and are in 
general very safe and energy efficient, but require an excellent coupling between 
emitter and receptor units. Second, so far, all systems reported which rely on NFC 
require the integration of an NFC chip and other discrete components on the sensing 
part. This translates into prohibitive costs of integration into flexible or even elastic 
substrates. On the other hand, electrochemical chipless devices require a physical 
connection with the instrumentation, which often makes them uncomfortable and
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impractical. This already suggests some areas for research to improve present-day 
wearable devices, regardless of whether the system mounts a biosensor or a different 
kind of sensor. 

3 Fundamental Aspects of Biosensor Design 

As mentioned above, wearable biosensor design involves the consideration of many 
different aspects beyond aesthetics. Industrial design is responsible for how some-
thing works, including every single detail surrounding a new product or service, and 
not simply how it looks. One way of approaching the subject is to start considering the 
application environment and the user profile, and then working the way down from 
the most critical aspects down to the smallest details. The same guiding principles 
used in the design of any other device apply to wearable biosensors, but additional 
thought needs to be given to the biosensor itself. The design of wearable biosensor 
devices should consider at least: 

1. Application environment and user profile. 
2. Accuracy, specificity, timeliness, and reliability of biosensor data. 
3. Sensor placement and design, which can impact accuracy and user comfort. 
4. Power and data management, including battery life and wireless connectivity. 
5. Usability and user experience, which can affect the adoption and use of the device. 
6. Environmental and sustainability issues, including the selection of materials and 

manufacturing processes that minimize environmental impact and the end-of-life 
disposal of the device. 

7. Regulatory issues. 

Design and manufacturability or, better, design for manufacturability, can help 
overcome technical challenges, comply with regulations, reduce manufacturing 
costs, and incorporate essential security features to ensure data privacy and protec-
tion. However, they are rarely considered in academic environments. The following 
aims to provide some basic ideas on the process taking wearable biosensors from 
concept to prototype. 

3.1 The (New Device) Design Process: Useful, Usable, 
Beautiful 

Developing a new product from scratch may seem terrifying and extremely difficult. 
To make it easier, setting specifications correctly is crucial. The first step is to answer 
a number of questions: why is this new device needed? What problem does it solve? 
For whom? These questions are intended to clarify the utility of the device. The first 
goal has to be to make a useful product. Additional factors may be considered to 
complete the specifications. On the technical side, consider application requirements
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such as analytical performance, durability, user profile, use environment, etc. Are 
there any size, weight, and form factor requirements? How about possible constraints 
on the physical design of the product? Based on this, what are the main features and 
capabilities to meet the need? Now is the time to think about materials and processes. 
Are there any specific materials that are necessary or desirable? Any materials that 
should not be used at all? 

At this stage it is quite useful to consider business-related issues. Things like 
market size (who is the new device solving a problem for?), user profile; whether 
the user is actually the same person as the buyer, which is not always the case, 
particularly when dealing with medical products, where the user is a member of the 
general public, but the purchasing decision is made by the clinician. How about the 
competition, is there anything like it already in the market? If so, you need to decide 
how to compete: what will you do that makes your product better than those already 
in the market? How is technology evolving in this particular area? What are the 
competing technologies doing, and at what development point are they? These are 
central strategic questions to ask, although perhaps outside of the scope of the present 
chapter. The interested reader can find out more about strategic and business-related 
issues of technology in the works of Peter Drucker [37], Clayton Christensen [38], 
and Michael Porter [39, 40]. 

Once we know that the device will be useful, it is time to move to the next step: 
making it usable. 

3.2 On Device Usability: A Heuristics Approach to Product 
Design 

Heuristics are about experience. Heuristics comes from the Greek word meaning 
“to discover” or “to find”. Heuristics are based on intuition and experience, rather 
than a rigorous analysis. Although heuristics-based design may be prone to errors of 
interpretation and biases, using heuristics can be extremely helpful during the first 
stages of the design process. In short, it is about common sense and, in many ways, it 
means putting yourself in the user’s shoes with a little empathy. Above all, it is about 
trial and error, and how to make a product truly meaningful for the user. Having said 
this, while heuristics are a powerful tool, their assumptions should be checked and 
tested with more objective criteria and backed by data, so that the design stage can 
be more rigorous. 

The work of Dan Norman entitled “The design of Everyday Things” [41] is an  
excellent source of heuristics at work in product design. This book uses great real-life 
examples of how to use heuristics to come up with excellent products that are both 
intuitive and easy to use. Another very widely used set of heuristics can be found 
at the Nielsen Norman Group website (https://www.nngroup.com/articles/ten-usabil 
ity-heuristics/). In addition to this, it is worth considering also Dieter Rams’ ten

https://www.nngroup.com/articles/ten-usability-heuristics/://www.nngroup.com/articles/ten-usability-heuristics/
https://www.nngroup.com/articles/ten-usability-heuristics/://www.nngroup.com/articles/ten-usability-heuristics/
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Table 2 Dieter Rams’ design principles and Norman Nielsen’s ten heuristics for new product 
design 

Dieter Rams’ design principles Nielsen’s ten heuristics 

Good design is innovative 

Good design makes a product useful Flexibility and efficiency of use 

Good design is aesthetic Aesthetic and minimalist design 

Good design makes a product understandable Match between system and real world 
Recognition rather than recall 
Help users recognize, diagnose, and recover 
from errors 

Good design is unobtrusive User control and freedom 

Good design is honest Visibility of system status 

Good design is long lasting Consistency and standards 

Good design is thorough down to the last detail Error prevention 

Good design is environmentally friendly– 

Good design is as little design as possible Aesthetic and minimalist design 

principles of good design.1 Table 2 lists Dieter Rams’ principles along Nielsen’s 
ten heuristics. While there may be slight differences in wording, both approaches 
have very much in common. Dieter Rams’ principles were conceived with physical 
objects in mind, whereas Nielsen’s heuristic finds more application in software user 
interfaces. Be as it may, they both can be extremely helpful when applied to the 
design of new wearable biosensors. 

Only after usefulness and usability have been addressed is time to work on the 
device aesthetics. Prototyping offers a systematic way to move from concept to 
production. 

3.3 Prototyping: From Design to Product 

At this stage of the work, prototyping techniques play an important role to bridge 
the gap between the proof of concept and the production line. As Fig. 2 shows, 
prototyping is an iterative process whose goal is to bring out problems so that they 
do not appear later, during, or after production. It is generally useful to focus on 
one or two very specific aspects of the device at a time, and gradually integrate the 
lessons learned into subsequent prototyping cycles. One round may focus on how 
process conditions affect materials and functionality. This will help fine-tune the 
production sequence, to check that the processes are done in the right order, and 
that the conditions are adequate. It may be possible to identify alternative processes 
that will facilitate overall yield, or to find that certain design assumptions need to

1 https://www.vitsoe.com/gb/about/good-design. 

https://www.vitsoe.com/gb/about/good-design
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be revised. Both hardware and software prototypes can and should be developed. 
Hardware prototypes should address all aspects of the device: mechanical, optical, 
electric, etc. Last, these parts need to be integrated into a coherent whole, which 
can also be addressed through prototypes. Complete functional prototypes can be 
used to assess user experience and usability: how intuitive and clear is the device? 
How can we make it more “user-proof”? Generally speaking, how can we improve 
the user experience without starting all over? In sum, there are many ways in which 
prototyping is helpful, but in our case we ought to be concerned with materials 
processability and device functionality. It is important to choose prototyping tech-
niques that are scalable, and relevant to the industrial processes that will be used later 
but, more importantly, prototyping methods should allow for an easy work cycle. It 
is important that prototypes can be produced in a short period of time with reason-
able resources. The more prototyping cycles that can be performed in a given time, 
the more robust the final device will be. Although the later sections of this chapter 
provide an overview of the techniques and processes, prototyping techniques should 
be industrially relevant, versatile, and able to process different materials in different 
ways, and easily scaled and combined with other processes. 

The following provides an overview of the main fabrication techniques used in 
the development of new wearable biosensor devices.

Fig. 2 Prototyping is a key 
iterative process in product 
development 
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4 Fabrication Processes 

The production of wearable biosensors involves the combination of several manu-
facturing processes, from sensor fabrication, device assembly, and packaging. Based 
on the process results, fabrication techniques or processes could be divided into four 
main types of processes: 

1. Additive processes. 
2. Subtractive processes. 
3. Pattering techniques. 
4. Forming processes. 

Additive processes include deposition methods such as thin-film processes like 
sputtering and other physical vapor deposition methods, chemical vapor deposi-
tion methods, electrodeposition, and thick-film processes such as coating methods, 
printing methods, and replica molding. Subtracting methods include etching methods 
and cutting and engraving methods. Patterning methods whose function is to transfer 
functional structures to the device by means of additive or subtractive techniques are 
mainly based on lithography. This chapter will cover the first three types. Forming 
processes are those where material is neither added nor removed, but given a 
particular shape by means of deformation, pressing, calendering, extrusion, ther-
moforming, and many others. Chris Lefteri provides an excellent overview of manu-
facturing techniques [42], and the interested reader will find a comprehensive list of 
industrial manufacturing processes. 

The fabrication of wearable biosensors involves a combination of processes and 
the integration of multiple components, typically through heterogeneous integration 
processes. Heterogeneous integration consists in the combination of components 
from a range of different sources into a single working microsystem. The integra-
tion process should be oriented toward ensuring higher performance levels, smaller 
overall size, and low power consumption. Among the processes involved in hetero-
geneous integration, we can find pick and place techniques, various ways of bonding 
components to a common substrate, or to other components. Following integration, 
the device is inserted into its final package, whose main mission is to protect the 
device and to provide the user interface. In most cases, the case is made of plastic by 
injection, and assembled mechanically. In the case of wearables, special care needs 
to be taken to make the device waterproof, for which the IP ratings2 provide guid-
ance. The following sections describe the main techniques used in the production of 
wearable biosensors, illustrated with examples from the literature.

2 https://www.iec.ch/ip-ratings. 

https://www.iec.ch/ip-ratings
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4.1 Additive Manufacturing Techniques 

Additive manufacturing involves the addition of material on a substrate [43]. There 
are many ways in which material may be added. Thin-film methods involve the depo-
sition of material layers up to a few hundred nanometres thick. The main thin-film 
processes are physical and chemical vapor deposition. An important case is that 
of metal parts, typically gold tracks, pads, and electrodes, which are deposited by 
physical deposition methods, typically sputtering or evaporation. Thick-film tech-
niques, on the other hand, provide means to deposit layers and structures more than 
1 micron-thick. Among thick-layer techniques we find various coating and printing 
methods. Screen-printing and 3D printing are the most widely adopted. 

4.1.1 Coating and Printing Techniques 

Broadly, coating refers to covering of a substrate with another material. The coating 
process is carried out on multiple surfaces or substrates depending on the application. 
Although there are numerous coating processes, we will focus on those with the 
greatest interest for the manufacture of wearable biosensors. The coating techniques 
to be used in each development will vary depending on parameters such as the nature 
of the inks or coatings, and the substrates, and how these interact. Figure 3 shows 
a diagrammatic representation of some of the main coating techniques, also used in 
wearable fabrication.

4.2 Drop Casting 

Drop casting is the simplest of the coating techniques, and perhaps the most widely 
spread. It is used to build the selective layer over a transducer, effectively transforming 
it into a biosensor. The technique consists of adding a drop of solution, containing 
the necessary reagents, over the surface to be modified, usually a transducer. After 
the solvent has evaporated, the solid residue left on the transducer becomes an active 
part. Thus, enzymes, cross-linking agents, and (semi)permeable membranes can be 
deposited by drop casting using a micropipette or a spotter. For instance, in a recent 
work describing a self-powered skin-patch biosensor, glucose oxidase was drop cast 
over the surface of a screen-printed graphite transducer [44]. 

4.3 Dip Coating 

In Dip coating, the substrate is dipped and lifted out of a cuvette filled with the coating 
material. The substrate is immersed in the coating material at a constant speed, and
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Fig. 3 Diagrammatic 
representation of the main 
coating techniques. a Drop 
casting; b Dip coating; 
c Spin coating; d Blade and 
Bar coating; e Spray coating

(a) 

(b) 

(c) 

(d) 

(e) 
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after some time the material is lifted carefully, so it does not jolt. The film starts 
depositing as the substrate exits the solution, and the extraction speed determines the 
resulting film thickness. Dip coating is used when spin coating or spray coating are 
not possible. 

Dip coating can be used to create different types of functional materials. For 
example, it was used for the fabrication of a non-enzymatic sweat biosensor [45, 
46] a polymeric humidity sensor was fabricated by coating a PDLLA fiber coated 
in a CNC/PEDOT:PSS. In the two articles different solutions were made to coat 
the material with the wanted layer, and in both a previous coating was made with 
a different material to make sure that the wanted layer wouldn’t have any problem 
to stick, this shows a common problem of dip coating, sometimes an extra layer of 
other material is need. 

4.4 Spin Coating 

This technique consists of pouring or dispensing a few mL of coating material on top 
of a substrate that will be spun at a high rotational speed of over several 1000 rpm, 
and excess material is spun off the substrate. Due to centrifugal force, the dispersed 
material spreads into a uniform film of desired thickness, typically in the micron 
range; this technique is used to coat the wanted material with a suspension of other 
material. This is mostly used in microfabrication of electronics and in lithography 
creating uniform thin layer with nanoscale thickness. 

On the one hand, we have a very fast method, a few seconds, and we can control 
the thickness of the layer applied and the obtained layers are very smooth. On the 
other hand, the shape of the substrate is an important factor in this method, square 
or rectangular shapes have edge beads at the corners of the substrate, and this also 
can happen with thick films. In addition, the surface of the substrate can affect the 
homogeneity of the films. 

Spin coating is used in different fabrication processes. In [47] they used spin  
coating to add a layer of RuS2 nanoparticles in the PMDS substrate, this way they 
obtain a RuS2/PMDS electrode, as they use spin coating to coat the electrode, they 
could put a smooth layer in a very fast way spinning at 5000 rpm, as the shape is 
kind of a limiting factor for this technique, previous or subsequent work must have 
been carried out to give the wanted shape [48]. 

4.5 Blade and Bar Coating 

Blade coating is another very popular method. The coating material is cast on the 
substrate, which rests on a flat surface, typically a glass tile. Then a bar that is kept 
parallel to the substrate at a controlled distance, slides over the substrate and spreads 
the coating material over it, leaving behind a coat of same thickness as the distance
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between the bar and the substrate surface. When the solvent evaporates, the remaining 
film is usually slightly thinner than the height of the blade, but it is possible to predict 
the final thickness by accounting for the volume of solvent present in the original 
coating mixture. One way in which bar and blade coating may be very useful is in 
the elaboration of flexible and elastomeric substrates several hundred microns thick. 
This gives the freedom to prepare substrates in materials other than the usual PET, 
polyimide (Kapton), and PDMS. Also, it allows the possibility to prepare functional 
substrates, if the polymer is combined with a functional component. 

4.6 Spray Coating 

In spray coating the material is deposited in μm size droplets and lands on the surface 
of the substrate. If the substrate surface or size does not allow for spin coating with 
required homogeneity spray coating can be used, because it offers the potential to coat 
arbitrary shaped substrates. To form the droplet ultrasonic atomization or nitrogen 
filed nozzle can be used, most of the droplet’s land outside of the substrate and 
due to Micro-turbulences, the center of the substrate is thicker than in the edges. A 
particular advantage of spray coating is the ability to produce thinner coatings than 
other methods, such as screen-printing or blade coating. One particular application 
is in the fabrication of transparent electrodes based on carbon nanotubes. Nanotube 
suspensions can be sprayed and, on evaporation of the solvent, leave a conducting 
mesh behind that can be used to produce electrochromic or other electro-optical 
devices, of high potential interest also in wearables. Asaduzzaman et al. made a 3D 
graphene-based epidermal patch for glucose and lactate analysis in sweat [49] and 
Zahid and co-workers made a Strain-responsive wearable based on PEDOT:PSS/ 
graphene [50] using spray coating. 

As a final word, spray coating can also be considered one of the non-contact 
printing methods, as depicted in Fig. 4. Recently, aerosol jet-printing has gained 
attention because it allows the deposition of very fine and thin structures over 3D 
objects [51].

4.7 Screen-Printing 

Screen-printing or serigraphy is a printing method with a long history and tradition 
in the graphic arts. In screen-printing, ink is pressed through a mesh screen onto the 
substrate, transferring the patterns defined on the screen or stencil, as shown in Fig. 5. 
This technique is one of the most commonly used printing techniques, and possibly 
the most used technique in the fabrication of wearable devices. Screen-printing is a 
straightforward and cost-effective way of reproducing patterns. In contrast to inkjet-
printing, screen-printing is a very robust technique. It can print materials (inks) 
with particle size several microns in size (typically less than 10 microns), and widely
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Fig. 4 Overview of contact and non-contact printing techniques [43]

different viscosity and rheological properties. By changing mesh count and squeegee 
profile, it is possible to control the amount of material transferred, and hence the 
lateral size and thickness of the features. However, the larger the particle, the larger the 
necessary opening in the mesh and hence the lower the resolution. Although the state 
of the art allows the printing of structures with critical dimensions down to few tens of 
microns, such screens are very costly and are only used in high-end applications and 
in research environments. Most screens consist of nylon meshes, and mesh counts 
between 77 and 120 thread cm−1 are typical in the area of electrochemical sensors 
and wearable biosensors. Such mesh counts allow the printing of structures down to 
100–150 microns, which is enough in most cases.

Although screen-printing is typically used to print electrodes and dielectric struc-
tures, it is in principle possible to print structures up to 100 microns in height, which 
could lead to printing gaskets, fluidic channels, and membranes. Screen-printing also 
allows printing virtually any material imaginable, and it enables the fabrication of 
complete devices if suitable inks are available [44]. 

Figure 5 depicts the process of screen-printing an electrochemical sensor using 
three screen levels. First, the conducting pads and tracks are printed on the substrate, 
followed by the transducer and auxiliary electrodes, which are typically graphite or 
other carbon allotrope and, last, a dielectric structure is printed to protect conducting
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Fig. 5 Representation of the screen-printing process to produce electrodes for electroanalytical 
devices
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tracks and to define the working areas of the electrodes. On the side of each step, 
film positives are shown. 

This technique has a lot of versatility and can be used to fabricate wearables, but 
often the required functional inks have to be developed specifically. For example, a 
screen-printed GOx/NQ/MWCNT-based bioanode and a screen-printed GOx/PB/ 
MWCNT-based biocathode were prepared to obtain a self-powered and energy-
harvesting biosensing device, these inks were created to function as a single-enzyme-
based energy-harvesting device and a self-powered biosensor driven by glucose on 
bioanode and biocathode [52]. This is a good example of how screen printing allows 
to obtain different types of devices with diverse types of functions depending on 
what ink we use. On the other hand, we see that this technique is very useful and 
very fast, as [53] it replicates a lot of biosensors as a flexible wearable biosensor 
using screen-printing as a technique. So, this shows that the future of this technique 
looks like is going to be creating different types of inks with new kinds of materials 
to obtain different effects in the wearables. 

4.8 3D Printing 

3D printing is a fabrication process that involves creating three-dimensional objects 
by adding successive material layers. The different ways to deposit the material, or 
to grow layer upon layer of material, define 3D printing techniques. Fused filament 
deposition modeling (FDM) works by extruding melted material through a heated 
nozzle, and each subsequent layer is printed or deposited on top of the previous 
one until object is formed. This technique allows the creation of complex objects 
in a fast and cost-effective process. 3D printing could be used in biosensor fabrica-
tion allowing the rapid prototyping, tailor-made sensor designs, and miniaturization. 
Stereolithography, SLA, is becoming even more popular than FDM because it allows 
for higher resolutions than the latter, and typical photoresins used are thermally and 
mechanically more stable than PLA used by filament deposition techniques. In stere-
olithography, an ultraviolet light source is selectively applied to cure a photocurable 
resin with a high degree of accuracy. Selective laser sintering, SLS, is a third stere-
olithographic technique where a laser beam is used to selectively cure a powder into 
a solid shape. Polymers such as polyamide, and even metal powders can be sintered, 
which opens a vast number of possibilities. 

3D printing has transformed many of the manufacturing sectors as it allows rapid 
prototyping of devices for many different applications. In this sense, and despite 
the fact that 3D printing has not been as widely adopted as other techniques in the 
area of wearable biosensors, even if things may be starting to change [54]. Until 
now, many of the developments have focused on pressure sensors, in which highly 
stretchable sensors had created by 3D printing a resistive carbon-based ink onto an 
elastomeric matrix [55–57]. However, recently Kim et al. presented a wearable sweat 
sensor by means of 3D microprinting [58]. The authors describe the development 
of a low-cost, mechanically flexible, all-inclusive integrated wearable patch (AIIW)
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containing 3D-printed flexible sensors, which are shown in Fig. 6. In addition, the 
developed system integrates a microfluidic system. Studies successfully demonstrate 
the ability to obtain ex situ and in situ measurements of multiple electrolyte levels 
(Na+, K+, and Ca2+) in sweat. 

Fig. 6 Scheme of the multisensing integrated flexible device developed by Kim et al. [58] 
(Reproduced with permission of Wiley)
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5 Subtractive Manufacturing Techniques 

Subtractive techniques involve the selective removal of material from a substrate. 
Etching processes are very widely used subtractive techniques in micro-, nanoma-
chining, integrated circuits, and when fabricating wearables. Etching processes may 
be wet or dry, depending on the phase of the etchant. Wet etching is the chemical 
removal by the immersion in a solution, and dry etching is the removal of the material 
by a reactive ion plasma. Etching may be isotropic if the same amount of material is 
lost vertically and horizontally, or anisotropic, if the etch rate is direction dependent. 
This section will describe different types of etching processes used in the fabrication 
of wearable biosensors. 

5.1 Etching 

Etching is a type of subtractive technique where the material is removed; this removal 
can happen in a bath with an etchant (wet etching) or in a reactive ion plasma (dry 
etching). 

The most important parameters in etching processes are: 

1. Etch rate: The rate at which the material is removed from the substrate. It is 
typically expressed in depth, D, Å, nm or  μm per unit of time, t, and can be 
calculated using the following formula ER  = D t 

2. Uniformity: It is defined as the etch rate constancy across the substrate. It may 
consider other post-etch characteristics such as selectivity and profile. 

3. Throughput: Amount of material etched during one process cycle. 
4. Directional control: Control of the horizontal and vertical etch rate. 

i. isotropic: the same amount of material from the substrate is removed 
horizontally and vertically 

ii. Anisotropic: different amount of material is removed from the substrate 
vertically and horizontally. 

Anisotropy can be calculated using this formula A = 1 − rhor rvert 
where rhor is the 

horizontal etch rate and rvert is the vertical etch rate. 

5. Etch selectivity: It is the ratio between two different etch rates, normally the mask 
and the material being etched. Selectivity can be adjusted through the selection 
or thickness of the mask, in dry etching we work with plasma and during the 
etching process part of the mask is removed, understanding the selectivity in this 
example lets to choose a perfect mask thickness and control the etching results.
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5.2 Wet Etching 

Wet etching is the chemical removal of the material by immersion of a substrate in a 
bath with a suitable etchant. Wet etching can be used in microfabrication of pattern 
metals like aluminum, gold, nickel, and chromium, among others. In addition glass 
and silicon can be etched using this technique. Due to diffusion controlling of the 
etch reaction, this type of technique is in most cases isotropic. This has important 
implications in mask design and the process of critical dimensions, due to the fact that 
structure with aspect ratio greater than 1:1 is difficult to obtain using wet etching. On 
the other hand, wet etching can be very selective, uniform, and is used in the removal 
of thin layers and for cleaning purposes. Wet etching or chemical etching is used a 
lot in the synthesis of biosensors based in MXenes [59, 60] and Nanoporous metals 
[61, 62]. 

5.3 Dry Etching 

Dry etching is the removal of the material in a reactive ion plasma, without using wet 
chemicals or rising, they enter and leave the etching cycle in dry state. In dry etching, 
a solid surface is etched in the gas or vapor phase physically by ion bombardment. 
There are 3 different types of etching methods: 

1. Physical sputter/ion etching and ion-beam milling etching occurs because of a 
purely physical effect. 

2. In chemical plasma etching, reactive species such as chlorine or fluorine atoms 
generated in the plasma diffuse to the substrate, where they react to form volatile 
products with the layer to be removed. 

3. In the case of physical/chemical etching (RIE), Line of sight impacting ions 
damage the surface, inducing highly anisotropic chemical reactions on the surface 
with plasma neutrals. 

This technique is anisotropic because the high directionality of the electric field 
inside the reaction chamber makes the etch rate of the direction perpendicular to the 
substrate surface much higher than etching in the lateral. Structures with very high 
aspect ratios can be obtained by controlling the plasma conditions. 

Figure 7 shows the etching of a substrate using a mask. High aspect-ratio 
structures typically involve a series of steps of etching and masking, as in the Bosch 
process, to ensure verticality of the structures, as there is always some degree of 
lateral etching [63].
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Fig. 7 Selective etching 
using a mask 

5.4 Milling 

In milling, a rotatory cutting tool like a milling cutter or drill is used to carve structures 
from a block of material, chipping it off. Milling can be used to make components 
ranging from fluidic channels to molds to cast different types of materials such as 
PDMS. The most important parameters during milling processes are the spindle rota-
tion speed and the material feed rate. Although tool manufacturers provide approx-
imate work conditions, these values are generally a starting point, and conditions 
need to be adapted as each material will behave differently. 

To calculate them you can use the following formulas in decimal metric system. 
Cutting speed (m/min): 

Vc  =
(
π × DCap × n

)

1000 

where DCap is Cutting diameter at cutting depth ap (mm) and n Spindle speed in 
rpm. 

Feed rate (per revolution mm/r): 

Fn = 
V f 
n 

where Vf is the table feed (mm/min) and n Spindle speed rpm. 
Milling is used to produce objects from a few hundred microns up to meters. 

In the case of wearable devices, milling can be used to produce mm-size objects 
with sub-millimetric features, such as molds and casings. Although the versatility 
and increasingly high resolution of stereolithographic 3D printing methods offer an 
easy alternative, the fact is that milling still provides far superior finish quality. A
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smart approach is to combine both techniques. Using a 3D-printed part as the starting 
point, and ending the part by milling. This results in less wasted material, and very 
high-quality finished parts. 

5.5 Laser Cutting 

Laser cutting and etching works by ablating the material; that is, by sublimating the 
material where the laser energy is focused. An advantage of laser cutting compared 
to milling or other mechanical cutting techniques is that the material does not suffer 
mechanical stress during the cutting because this is a “contactless” technique. On 
the one hand, this technique is faster than milling, but on the other hand, the high 
temperatures during the cutting can lead to problems such as the cracking of brittle 
materials like ceramics or the formations of burr in polymeric materials. In addi-
tion, as with milling the optimal conditions for the cutting has to be obtained with 
experience. 

In addition to cutting, laser can also be used to transform materials. For instance, 
it is possible to produce graphene structures from Kapton, a polyimide, simply by 
using the right laser conditions [64]. 

5.6 Patterning Methods: Lithography 

It is difficult to classify lithographic techniques as either additive (a photoresist 
material is added onto a substrate) or subtractive (photoresist is selectively removed 
during development following UV insolation). However, it is easy to agree that the 
main function of lithography is to transfer patterns over a substrate. This is the reason 
why we have decided to separate it from the other two big families of techniques. 

The term lithography comes from the Greek words Lithos (stone) and Graphein 
(write), it was discovered by Aloys Senefelder when he found that the limestone 
properly inked and treated with chemicals was able to transfer a carved image onto 
paper. Lithographic methods, developed in the microelectronics industry, are widely 
used in biosensor production, since complex micro/nanoscale structures with high-
resolution topography can be produced from it. Lithography offers the capability to 
fabricate sensors in a microscale, reaching sub-micrometric resolution. 

Lithography encompasses a wide range of surface fabrication methods 
(photolithography, electron/ion-beam lithography, soft lithography, etc.) and 
selecting the most appropriate technique for a specific application involves a compro-
mise between resolution, performance, and cost considerations [65]. In the area of 
wearable or flexible devices, lithographic techniques are also limited due to the 
resolution that can be achieved on flexible substrates compared to silicon substrates. 

The most used lithography method is photolithography. In photolithography, 
patterns transfer from masks onto substrates using photomasking and chemical
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processing, as schematized in Fig. 1. Photolithography relies on three key compo-
nents: a photoresist, a suitable light source, and a photomask. However, direct writing 
and projection methods are gradually gaining ground as means to insolate the resist 
and transfer the desired patterns to the photoresist. 

A photoresist is a light-sensitive polymeric material that protects the underlying 
substrate, providing a selective barrier to the processes following lithography. The 
chain length of the resin molecule determines the properties of the photoresist; long 
chains have better stability against thermal rounding while shorter chains improve 
adhesion to the substrate. Also, depending on how they react when exposed to UV 
light, we can differentiate two types of photoresists, positive resists and negative 
resists. In positive resists, the insolated areas are removed during the development 
stage. When the photoresist is exposed to the UV light, the chemical structure changes 
and becomes more soluble in the solvent, these exposed areas are washed away with 
the photoresist developer solvent, leaving the underlying material. In contrast, in 
the case of negative resists, insolated are not removed in the development stage. 
With negative resists, exposure to UV light causes the chemical structure of the 
photoresist to polymerize, instead of becoming more soluble, negative photoresists 
become extremely difficult to dissolve. As a result, the UV exposed negative resist 
remains on the surface while the photoresist developer solution works to remove the 
unexposed areas. 

Conventionally, photoresists are insolated through photomasks, although direct-
write laser systems are becoming more popular recently as they facilitate prototyping 
and changing designs on the fly. Photomasks are typically chromium or soda lime 
glass featuring a patterned chromium layer that block light during substrate exposure. 
If photoresists were either positive or negative, photomasks may be bright-field or 
dark-field depending on whether chromium patterns are the positive or the negative 
images of the desired structures. 

The set of process steps to transfer a pattern in photolithography are the following, 
summarized in Fig. 1: 

1. A wafer is coated with a photoresist layer (typically between 0.5 and 10 μm 
thickness). 

2. Insolation, using UV light of suitable energy, through a photomask or by direct 
writing to activate exposed resist areas. 

3. Resist development to remove resist from unwanted areas. 
4. Deposition or etching step. 
5. Resist removal and substrate clean-up. 

This technique can be used to fabricate different types of electronics [66]. 
Photolithography is widely used in industry for the fabrication of devices that 
play an important role in the miniaturization of next-generation electronics. While 
photolithography patterns are commonly performed on rigid semiconductors such 
as silicon and glass wafers, the demand for micropatterned flexible substrates has 
significantly raised, leading to the emergence of new photolithographic techniques. 
As an example, Ma et al. [1] has developed a new photolithographic method to create 
micropatterned metal arrays on flexible substrates. In this work, they successfully
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fabricated a flexible glucose sensor with an LOD of 1.2 μM, a dynamic range from 
0.05 to 0.30 mM, and good stability and reproducibility. Photolithography can be an 
interesting technique for manufacturing self-healing sensors. Thus, for example, Kim 
et al. fabricated pressure sensors via photolithography using polyurethane substrate. 
This sensor presents a chemical resistance and self-healing capability due to the 
polymeric substrate and the photolithography patterning allowed for the precise and 
controlled fabrication of the sensor arrays, demonstrating high potential application 
in the development of skin-attachable flexible devices [67]. 

6 Materials in Wearables 

Materials play a crucial role in the functionality, durability, and overall perfor-
mance of biosensors. As described so far, only the biosensor incorporates several 
different materials, ranging from the substrate on which they are placed, the trans-
ducer, the biorecognition element, any protective coating to preserve the biosensor 
functionality, and to provide an effective interface with the body. 

Manufacturing processes not only define the device architecture. They also have a 
strong influence on the final properties that materials display in the device. Materials 
and fabrication processes are intimately related. Once the desired function has been 
identified, materials are selected that can meet the desired requirements in terms of 
functionality but biocompatibility, cost, and sustainability issues. These materials 
then need to be processed by suitable manufacturing methods that will transform 
them into their final forms in the device. However, devices display the properties 
of the processed materials, so it is important to know the effects of the manufac-
turing process on the desired material properties involved. For instance, high process 
temperatures, pressures, or harsh chemical conditions can be either beneficial or 
damaging. For instance, polyvinylidene fluoride, PVDF, is a fluoropolymer, it is 
elastic, and it is also piezoelectric. It can be processed in a number of different ways, 
such as by using from solution, for instance using casting and printing methods to 
produce coatings or specific geometries selectively, it can be turned into fibers and 
non-woven fabrics by electrospinning, or it can be turned into membranes and films 
that can subsequently be cut by different means. The precise technique of choice will 
be dictated by the function that PVDF needs to fulfill in a device. Thus, if PVDF 
is to be used as a mere substrate, casting into films and subsequent slot-die or laser 
cutting can be perfectly fine, and then other criteria will be needed to select the most 
adequate process. Typically, one looks at the processes upstream and downstream in 
the production line to ensure that the process does not spoil any of the work from the 
previous processes, but also that any subsequent processes will be able to deal with 
the processed parts. 

Going back to the PVDF example, if the reason to use this material is its piezoelec-
tricity, then it is important that the processes involved result in the correct orientation 
of its polymer chains and that the thickness of the material will allow the obser-
vation of the piezoelectricity. This sets important temperature constraints for any
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process downstream in the chain, as temperatures above PVDF Curie temperature 
will result in loss of piezoelectricity. One last possible application of PVDF in a 
wearable biosensor is as matrix of solid electrolytes, in combination with organic 
salts and ionic liquids. In this case, high transparency may be the desired property, 
and the process of choosing a printing technique such as screen-printing [44]. To 
produce an ink, PVDF needs to be added to a suitable solvent, and heated while 
stirred. However, most PVFD forms will turn yellow if heated above 70 ºC, so the 
temperature of any processes downstream ink formulation needs to be kept below 
this temperature. 

This is only an example of how the material influences the choice of manufacturing 
process and process conditions. 

The substrate material is critical in wearable biosensors because it supports the 
sensor and provides mechanical flexibility. Flexible substrates, such as silicon and 
polyurethane, facilitate the conformability of the device to the user’s body. Flexible 
substrates enhance comfort and facilitate the necessary contact to ensure that the 
sample, typically sweat or interstitial fluid, reaches the sensor in optimal conditions. 

The materials used in the fabrication of wearable biosensors also include adhe-
sives, sealants, and coatings. These materials are used to ensure that the biosensor 
remains securely attached to the skin and to protect the sensor and substrate from 
damage due to exposure to the environment or sweat. Although adhesives are 
carefully chosen, cases of allergies and skin irritation are occasionally reported [68]. 

One significant issue with wearable biosensors is their disposable nature, which 
raises sustainability issues. Wearable biosensors are designed to be used once, or 
for a few days at best, and then discarded. This generates a significant amount of 
waste. There are two main strategies to prevent this. One is to develop more durable 
wearable biosensors, which involves biorecognition element engineering. The other 
way consists of using more sustainable materials and manufacturing processes. Using 
biodegradable or compostable materials in the fabrication of wearable biosensors can 
alleviate the environmental impact. In addition to this, exploring ways to recycle or 
repurpose used biosensors is also needed. 

All this has become very important in recent years and sustainability has become 
one of the most important issues in today’s society. Moreover, since 2015, the member 
states of the United Nations and the United Nations Framework Convention on 
Climate Change (UNFCCC) adopted the Sustainable Development Goals (SDGs), 
also known as Agenda 2030. The SDGs consist of 17 goals and 169 targets that aim 
to end poverty, protect the planet, and ensure prosperity for all [69]. As a result, the 
materials used in the manufacture of wearables have evolved over the last few years 
and more advanced materials and generally manufacturing methods are being used 
that have less impact on the environment. Personalized medicine is also of great 
importance in the SDGs, so wearable biosensors help to better monitor health but 
have to be environmentally friendly to follow the SDGs. 

The wearable-body interface, sensors and actuators, substrates, electronics, and 
encapsulation and packaging (Fig. 2). 

Poitout et al. showed a blood glucose sensor implanted in the subcutaneous area 
with a wearable unit control [70]. In this case, the sensor consists of a Teflon coated
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platinum anode except for the end which is functionalized with glucose oxidase. This 
glucose oxidase in turn is coated with polyurethane. Around the Teflon is an Ag/AgCl 
cathode. The size of the control unit is 6 × 12 × 18 cm and it has a memory which is 
able to store the information as well as a display which shows it. The information in 
the memory can be transferred to a PC so that it can be read out. Although it was one 
of the first wearables to monitor glucose in humans, it was a very large device and it 
was an invasive monitoring system because it involved subcutaneous measurements. 

In 2006, Kudo et al. [71] presented a flexible and functional wearable glucose 
sensor based on polymers. Soft-microelectromechanical systems were used to fabri-
cate the sensor. In this case it is a two-electrode system as it is possible to see in 
Fig. 3. The working electrode is a Pt electrode with two poly phospholipid polymer 
membranes copolymerized with dodecyl methacrylate (PDM) and one of them is 
functionalized with glucose oxidase. The auxiliary/reference electrode is Ag/AgCl 
coated with a PDM layer. The substrate is also polymeric because it is hydrophobic 
polydimethyl siloxane (PDMS). The Pt and Ag electrode were deposited by ion-beam 
sputtering obtaining a thickness of 200 nm and 300 nm respectively. Subsequently, 
the Ag was electrochemically chlorinated and the whole was coated with PDM by 
dip coating. Glucose oxidase was immobilized by solution casting of PDM. 

Mannoor et al. [72] showed a graphene biosensor printed on silk fibroin. In this 
case the biosensor is placed in the patient’s mouth but the silk fibroin is 100% biocom-
patible. This biosensor is used to detect bacteria by bio-functionalizing antimicro-
bial peptides in graphene-modified silk tattoos. These measurements are made by 
changing the resistance of the sensor. One of the major advantages of this sensor 
is that it is wireless, which means better use of energy and no batteries and less 
environmental impact. 

Kim et al. in 2014 reported one of the first oral biosensor for continuous lactate 
monitoring [25], This wearable is non-invasive because it is a mouthguard where the 
three-electrode electrochemical cell has been printed on a polyethylene terephthalate 
(PET) film and is therefore flexible. These materials, being flexible, adapt perfectly 
to the shape of the person’s teeth and at the same time take up very little space in 
the mouth, making it a comfortable device for the end user. The reference electrode 
is made of Ag/AgCl while the auxiliary electrode and the working electrode are 
made of Prussian blue-graphite ink. The electrode was attached to the mouthguard 
by using double-sided tape. To make the working electrode lactate selective it was 
functionalized by means of a lactate oxidase immobilized with an electropolymeric 
entrapment coating in a poly(o-phenylenediamine) (PPD). 

In 2015, Rose et al. demonstrated an RFID adhesive patch which could be used 
for the co-concentration of sodium ions in sweat. In this case, they claim it can be 
used to measure other ionic solutes in sweat, Cl−, K+ and others [26]. Although this 
device can only measure ions, it is battery-free which makes it interesting because 
of its energy efficiency. They made two different sizes of devices, one 25 mm × 
60 mm for the arm and one 40 × 70 mm for the leg. This device uses an RFID tag 
which makes the device very interesting because the sensor is powered wirelessly and 
without a battery. For this purpose, the printed circuit board (PCB) is a combination 
of flexible, conformal polyimide and a thin copper foil. For the adhesion to the body,



Design and Fabrication of Wearable Biosensors: Materials, Methods … 343

they use a double-sided medical adhesive and a medical textile for the encapsulation. 
The working and reference electrodes have Pd and Ag electrodeposited on top of the 
copper. The reference electrode has had the Ag layer chlorinated. To detect the Na+ 

ions, an ISE layer has been applied, in this case the ionophore membrane establishes 
a difference in potential across the electrode-ionophore barrier corresponding to the 
Na+ concentration. 

In 2016, Gao et al. presented a device with an array of 5 sensors which were 
able to detect lactate, glucose, temperature, Na+, and K+ in sweat [73]. The substrate 
of this wearable device is PET on which a flexible printed circuit board (FPCB) 
is printed. After that, a parylene layer is used to passivate the circuit. The auxil-
iary electrode is Ag/AgCl, so to obtain it, first the parylene is removed from the 
electrode by O2 etching and Ag patterning and then chlorinating it. Finally, the 
working electrodes have been modified. For the glucose sensor, Prussian blue was 
deposited on the gold electrode. Finally, by drop casting the sensor was functionalized 
with a solution of glucose oxidase, chitosan, and carbon nanotubes. For the Na+and 
K+ sensors, the reference electrode was coated with polyvinyl butyral in order to 
stabilize the potential. The working electrodes, in this case, were made of poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate, PEDOT:PSS, and ISE membranes 
were applied by drop casting. The temperature sensor is a Cr/Au nanowire resistor. 

In 2022, Huang et al. demonstrated an ultra-thin, flexible, cotton-based microelec-
tronic device powered by sweat-activated battery for real-time monitoring of sweat 
[74]. This wearable device, represented in Fig. 4, is a big step forward because it does 
not use any conventional batteries or power transmission as it is powered by sweat. 
Instead, a sweat-activated battery generates a maximum power density of 3.17 mW 
cm−2. The battery size is 3.5 cm × 1 cm so it produces a maximum power of 11,095 
mW. This wearable can measure Na+ concentration, pH, and skin impedance. In this 
case the electronics are mounted on a polyimide substrate. The conducting material 
is a 10 cm copper coated with 50 nm gold. The impedance sensors are two gold 
electrodes. For the Na+ sensor PEDOT:PSS was electrodeposited and then an Na+ 

selective layer was applied. The working electrode of the pH sensor was obtained 
by electrodeposition of a polyaniline layer (PANI). The pseudo-reference electrodes 
for the Na+ and pH sensors are made of Ag/AgCl obtained by Ag deposition and 
subsequent chlorination. For the Na+ sensor a PVB layer was applied on the Ag/AgCl 
electrode. The SAB has been fabricated by homogeneously dispersing graphene on 
absorbent paper and Mg on each side of the electrode. Next, by putting obtained 
graphene/paper and Mg sheet side by side on the air-permeable cloth and finally, 
attaching a thin layer of cotton with KCl powders on it to the electrodes. 

As it has been possible to observe over the years there has been an evolution in 
materials. Nowadays, more miniaturized devices are being used and they are based 
more on energy efficiency, avoiding the use of conventional batteries. This also 
comes from the evolution of electronics which has allowed electronic components to 
be printed on flexible substrates, with these complex circuits feeding and obtaining 
information from sensors.
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7 Biosensors and Wearables 

7.1 Overview 

Biosensors are miniaturized analytical devices. Their fundamental feature, in contrast 
to chemical sensors, is that a biological recognition element (also known as a biore-
ceptor) is intimately coupled to a transducer, enabling the selective detection of a 
particular target analyte [75]. Bioreceptors are functionally active molecules, and 
this functionality is usually maintained over a predefined range of certain parameters 
such as pH, temperature, and ion concentration, which presents some limitations 
from the design point of view that must be considered when developing wearable 
biosensing devices [76]. 

Figure 5 is a schematic representation of the basic structure of a biosensor. Typi-
cally, biomolecules are attached or immobilized onto a biocompatible surface in the 
body-wearable interface. A transducer coupled to that biocompatible layer converts 
the biochemical responses coming from the interaction between analytes and biore-
ceptors into a readable/measurable signal (optical, electrical, thermal…) that can be 
amplified and processed for analyte concentration monitoring. 

When designing a wearable biosensing device, it is also important to consider 
biosensor placement, and the fluid or matrix where the target analyte is measured, 
as that will determine the required sensitivity of the biosensor as well as possible 
interferences or incompatibilities. For example, as skin covers most of the body 
surface, it seems reasonable to consider sweat as an easily available biological fluid 
to measure various analytes of interest. Biomarkers available to be measured in 
sweat are well documented, and some analytes exhibit strong correlation between 
sweat and blood concentrations. This is usually the case for small lipophilic analytes 
such as hormones (cortisol, testosterone…) and various drugs (ethanol, methylxan-
thine, levodopa…) that are known to travel transcellularly through the lipophilic cell 
membranes [77]. However, bigger, or more hydrophilic compounds that enter the 
sweat through alternative routes (paracellular, vesicular…) experience a consider-
able dilution during this process, decreasing their measurable concentration. This is 
notably the case for glucose, which is found in sweat over 50 times more diluted than 
in blood at concentration values around 0.06 to 0.2 mM, corresponding to 3.3 and 
17.3 mM of blood glucose respectively [78]. Other interesting analytes available in 
sweat that lack blood-sweat correlation are lactate and urea [79]. This underlines the 
need for highly sensitive and selective detection systems, and the use of bioreceptors 
such as enzymes, antibodies, aptamers, or DNA (that bind selectively to specific 
target analytes), combined with more efficient sampling methods, could be a way to 
solve some of these problems and could play a key role in the evolution of wearable 
monitorization devices. 

This section will mostly focus on the recognition sites of the biosensing device, 
looking at the various types of bioreceptors and their incorporation into wearables. 
Some examples of recent advances in this field will help understanding the role 
of biomolecules in fully functional wearable devices and provide an overview of
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the main advantages and disadvantages of each biomolecule and the techniques 
employed to immobilize them for repeated usage. 

7.2 Enzymatic Biosensors 

Enzymatic biosensors have been extensively used for the fabrication of wearables 
and monitorization devices for direct detection of small target analytes (glucose, 
urea, catechol, glutamate…) or inhibition-based indirect detection of heavy-metals 
and other pollutants. These types of sensors are based on the biocatalytic ability of 
enzymes to convert target analytes at a high rate, which allows for the measurement 
of changes caused by that reaction (H+ concentration, electron transfer, heat, or light 
emission…) [80]. The main advantage of enzymes is their great selectivity due to 
their unique 3D structure. However, this high selectivity comes at the expense of rela-
tively high production costs and structural instability under certain pH and temper-
ature conditions that can lead to loss of activity, limiting their repeatable usage. For 
that reason, immobilization of enzymes on electrode surfaces is a prominent area 
of research nowadays, as it is a way to extend the lifespan and reduce the degra-
dation of these bioreceptors [81]. The focus is on developing strategies that allow 
for the enzyme mobility required for catalysis (folding and conformational changes), 
while keeping them uniformly immobilized on the substrate, avoiding denaturing and 
aggregation to allow for catalytic activity under various reaction conditions. Figure 6 
summarizes the main approaches for enzyme immobilization: physical adsorption, 
covalent binding, entrapment, and cross-linking. These techniques have been used 
for the fabrication of enzymatic biosensors as well as for devices that use other types 
of bioreceptors (e.g., antibodies, DNA, or aptamers). 

7.2.1 Physical Adsorption 

Physical adsorption is a simple and quick method for manufacturing enzymatic 
biosensors. Although this method has the benefit of speed and simplicity, unfa-
vorable orientations and decreased functionality are likely. Usually, this method is 
carried out by some sort of prior modification of the surface of the electrode in order 
to provide the functionalization that allows for non-covalent interactions (Van der 
Waals forces, electrostatic interactions, H-bonding…). After a proper functionaliza-
tion of the working surface, enzymes can be adsorbed by simply dipping the material 
into a solution containing the bioreceptor. An example of this could be the reduc-
tion of gold nanoparticles (AuNPs) with a negatively charged ligand like citrate, 
allowing for electrostatic interactions between the positively charged amino residues 
of enzymes and the now negatively charged surface of AuNPs [82]. 

Nanomaterials seem to be the preferred option for surface functionalization. 
Nanoparticles (NPs), nanotubes (NTs), and nanoarrays (NAs) have distinct prop-
erties due to their reduced size and unique morphology [83]. Some nanomaterials,
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such as the aforementioned AuNPs and carbon nanotubes (CNTs) are popular choices 
for biosensor electrode functionalization, as their great chemical stability, relative 
non-toxicity, high surface area, and good electron transfer capabilities, make them 
compatible for biomolecule immobilization, and at the same time, act as the elec-
trochemical or optical (in case of AuNPs) transducer of the biosensor [84]. For 
example, Yanyan Niu et al. used star-shaped AuNPs and horseradish peroxidase 
(HRP) for biosensor electrode modification with enhanced electrocatalytic activity 
[85]. Fang et al. combined 3D nanoarchitecture ZnO with gold nanoparticles for 
successful immobilization of GOx enzyme on a high-performance glucose-sensing 
electrode, achieving satisfactory low detection limits (0.02 mM) and an acceptable 
linear range (1–20 mM) [86]. 

Hydrophobic domains of proteins and enzymes have a natural affinity toward 
carbon nanotubes, which allows for spontaneous adsorption of the biomolecules [82]. 
In some cases, is also possible to modify the enzyme as well as the transducer surface 
to include functional groups for non-covalent interactions. Holzinger et al. immobi-
lized cyclodextrin-tagged glucose oxidase (CD-GOx) and histidine-tagged glucose 
oxidase (His-GOx) via coordination and host–guest interactions on adamantane-
modified single-wall carbon nanotubes (SWCNT) [87]. However, despite advances 
on surface modification, enzyme immobilization through physical adsorption still 
faces issues with durability and repeated usage. For that reason, even if it has been 
used in non-wearable or single use biosensing devices, there is a lack of reported 
wearable biosensors for continuous analysis and monitorization. 

In contrast to the soft approach of physical adsorption, covalent bonding provides 
a strong and effective binding of the enzyme to the substrate or transducer surface. It is 
one of the most used enzyme immobilization techniques, creating a usually uniform 
and stable biomolecule layer, that allows for increased lifetime and reusability of the 
biosensor [88]. Side chain amino acids (e.g., lysine, cysteine, aspartic acid, glutamic 
acid…) of enzymes and other proteins have reactive functional groups such as -OH,
-NH2, -COOH, or -SH that can be used for covalent bond formation [89]. It is crucial, 
however, that the amino acids involved in the immobilization process are different 
from the ones on the active site of the enzyme, as mistakenly binding the active site 
amino acids to the substrate can lead to severe conformational changes that result 
in denaturization of the enzyme and its loss of catalytic activity [75]. Despite these 
drawbacks, and the large amount of bioreagent required, the high uniformity of the 
covalently bonded monolayer and the good control over the amount of immobilized 
enzyme are solid advantages of this immobilization method [89]. 

7.2.2 Cross-Linking 

This is another enzyme immobilization technique that has the advantage of providing 
strong chemical binding between the biomolecules using relatively simple and fast 
methods such as drop casting and dip coating. Enzymes are cross-linked to each other 
using bifunctional reagents (glutaraldehyde, glyoxal, or hexamethylenediamine, for 
example). This allows for greater stability for repeated usage, but it comes at the



Design and Fabrication of Wearable Biosensors: Materials, Methods … 347

expense of possible distortion of the enzyme 3D structure during cross-linking reac-
tion and its consequential loss of activity, although inert proteins such as gelatine 
or bovine serum albumin (BSA) are often added during the process to minimize 
enzyme damage [90]. Cross-linking of enzymes is sometimes combined with elec-
tropolymerization of biocompatible polymers used for protein stabilization such as 
polyethyleneimine (PEI) [91]. 

Following this approach, enzymatic biosensors have successfully been incorpo-
rated into wearable devices for the detection of small analytes in different matrices 
during the last decade. For example, in 2015, Kim et al. integrated cross-linked 
uricase enzyme on a screen-printed electrode system for a mouthguard wearable 
device for the detection of uric acid in saliva [92] and in 2017 Tur-García et al. 
prepared an enzyme laminate of cross-linked lactate oxidase/BSA placed between 
two polycarbonate membranes to fabricate a flexible wearable sensor for lactate 
analysis in sweat [93]. 

A widely used enzyme immobilization method in biosensor fabrication is the 
entrapment of the enzymes in a semipermeable or porous system where ions, elec-
trons, and small molecules can freely flow. This is usually achieved by the use of 
membranes, polymeric or inorganic 3D networks, and hydrogels. 

The first biosensor using a semipermeable membrane for enzyme entrapment 
was developed in 1962 by Leland Clark and Champ Lyons for a glucose detection 
electrode immobilizing glucose oxidase (GOx) enzyme [94]. In recent times, poly-
meric films in biosensors are used for enzyme immobilization as well as protection 
of the transducer material. This becomes relevant following the recent advances in 
electrochemical sensing materials that convert common enzyme-catalyzed reaction 
products (e.g., H2O2) into measurable electrical signals. Some examples of these 
materials are conductive carbon inks and Prussian Blue inks, which exhibit excel-
lent electrochemical performance with relatively low toxicity, but are unstable over 
extended periods of time and that limits their use in wearable devices [95]. 

Hydrogels are a popular choice of material for the entrapment approach. Being 
an insoluble 3D network that can hold fluids provides a few advantages. Hydrogels 
establish a liquid contact between the biosensor and the body surface, which allows 
for analytes to flow through. They also create a viscous environment that protects 
the three-dimensional conformation of the enzyme, minimizing the loss of activity. 
They can also serve as skin contact material and extraction site, as a reservoir, or 
as an electrolyte for the transducing system [96]. Some biopolymers extracted from 
natural resources, such as chitosan or alginate, can form gels by cross-linking or 
complexation, and have the advantage of being biocompatible and inert, making 
them suitable for direct contact with the body [97]. 

Hydrogels were used as enzyme entrapment matrices for biosensing purposes all 
the way back to the mid-60 s, with Updike and Hicks’ glucose-sensing electrode 
using GOx immobilized in an acrylamide gel [98]. A famous example of the use of 
hydrogels for this purpose has already been mentioned in this chapter: the Glucow-
atch, the first commercial glucose monitorization device [3]. Nowadays there is still 
a prominent use of hydrogels in wearable enzymatic biosensors, now taking advan-
tage of modern manufacturing techniques and materials. Gun Jin Kim and Kyu Oh
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Kim used electrospinning to create hydrogel nanofibers immobilizing GOx enzyme 
for the fabrication of a flexible and transparent glucose-responsive sweat patch [99]. 
Jayoung Kim et al. created a flexible tattoo-like alcohol biosensor via screen-printing 
of a Prussian Blue electrode immobilizing alcohol-oxidase enzyme in a chitosan 
matrix with an agarose gel cover [100]. 

A drawback of the entrapment approach is that, even though analytes can flow 
through the hydrogel matrix, diffusion is still restricted, which affects the sensitivity 
and response time of the biosensor [101]. Nagamine et al. developed a non-invasive 
enzymatic sweat-lactate biosensor employing an agarose gel touch pad as enzyme 
immobilization and sweat extraction site [102]. They pointed out that the signal 
detected did not reflect the actual lactate concentration in sweat, but the concentration 
extracted in the agarose gel. On top on that, since analytes diffuse directly into the 
gel, there is no control over the volume of sweat extracted, so the amount of lactate 
detected depends not only on the concentration in sweat but also on the perspiration 
rate. 

An alternative to conventional cross-linked polymer hydrogel entrapment could 
be inorganic sol–gel matrices. These porous materials are chemically inert and can 
be formed under mild conditions and maintain enzyme structure. The key differ-
ences when comparing to their organic counterparts are the mechanical stability and 
neglectable swelling of the sol–gel matrices. This restricts undesired movement and 
conformational changes of the trapped enzymes and results in good preservation of 
the chemical and bioactive properties. However, the rigidity of the matrix makes its 
use limited for wearable applications that require flexibility, and even though the 
synthesis conditions are mild, and the method is relatively simple, sol–gel process 
can be exceedingly long sometimes [103].

8 Immunosensors 

Antibodies are specialized immunoglobulins, a type of glycoproteins produced by 
lymphocyte cells in response to the presence of a foreign species known as antigen. 
Among immunoglobulins, the most widely used for biosensing (IgG) have a Y-shaped 
structure where two identical pairs of light chains (25,000 Da) and heavy chains 
(50,000 Da) are linked together by disulphide and hydrogen bonds [104]. Antibodies 
have been used as bioreceptors for a long time due to their broad application range, 
strong antigen–antibody interactions, and high specificity and sensitivity. Biosensors 
based on this type of interactions are called immunosensors [88]. 

In a similar manner to other biomolecule-based sensing devices (enzymatic, 
DNA…), immobilization of the bioreceptor on the surface of the transducer material 
is a crucial step in the fabrication if immunosensors. Surface coverage, binding 
stability, or orientation of the immobilized antibodies influence the detection 
performance of the system and need to be considered during the manufacturing 
process.
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Physical adsorption is a fast and simple strategy, as it was for enzyme immobiliza-
tion. Functionalized surfaces and nanomaterials are used to create a self-assembled 
monolayer (SAM) of antibodies via non-covalent interactions such as H-bonding 
and electrostatic interactions. Due to the difference in the functional groups present 
in the Fc section of the bioreceptor (abundance of −COOH groups) and the Fab 
sections, where the active antigen binding sites are found (abundance of −NH2 
groups), changing some parameters such as pH can favor certain biomolecule orien-
tations when forming the monolayer. This phenomenon was studied, for example, to 
immobilize anti-horseradish peroxidase antibodies (anti-HRP) on gold nanoparticles 
(AuNPs), finding that pH 7.5 provided more favorable orientations, with the active 
sites of the Fab sections facing outwards, than pH 8 or higher [105]. However, phys-
ical adsorption still faces some limitations, as, because of the weak interactions, the 
final concentration of the immobilized antibodies is usually low. Some other factors 
that can affect the quality of an adsorption-based immunosensor are surface contam-
ination at a low concentration of antibody, blocking active sites when the adsorption 
takes place near to the substrate surface, leading to loss of binding capacity, or partial 
denaturation of the immunoglobulin [104]. 

Covalent bonding is a more popular approach for antibody immobilization, and 
it has been used for immunosensors that have been successfully incorporated in 
working wearable devices. Jingwei et al. developed a multifunctional biosensing 
patch for simultaneous detection of various biomarkers. Enzymatic detection of 
ascorbic acid via hydrogel-entrapped ascorbic acid oxidase (AAOx) was comple-
mented with the detection of neuropeptide Y (an important biomarker related to 
cardiovascular diseases) using its complementary antibody NPY-Ab. Immobilization 
of the antibody on the surface-modified Au transducer was carried out via amide-bond 
formation from the reaction of a self-assembled monolayer of carboxylic acid groups 
and the amine groups of the antibody. This covalent approach, as we have previously 
seen for enzyme immobilization ensures strong binding and proper orientation of the 
bioreceptor [106]. 

A popular strategy is to first form a SAM on the electrode surface and then 
covalently bind the antibody to the monolayer. SAM-forming alkanethiols are 
commonly used for covalently immobilization of antibodies on the surface of elec-
trodes since they offer good surface coverage, stable covalent binding, and the possi-
bility of controlling the orientation and distribution, of the sensing element while 
reducing non-specific interactions [107]. Functionalization of gold surfaces with 
highly ordered monolayer of alkyl thiols can be efficiently achieve via strong S–Au 
bond [107]. This combined approach allowed Han-Byeol et al. (2020) to build a 
stretchable lab-on-patch immunosensor that used an Au-ZnO nanostructured elec-
trode with a di(N-succinimidyl)3,3’-dithiodipropionate (DSP) monolayer to cova-
lently bind an antibody probe biomolecule for selective cortisol detection [108]. 
Alternatively, antibodies can be engineered to contain modifications at site-specific 
locations to control orientation upon immobilization. However, even though it is 
effective for that purpose, simpler modification methods need to be developed, as 
they currently involve complex conjugate synthesis with additional steps or require 
advanced protein engineering [105].
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8.1 DNA-Based Biosensors 

DNA-based biosensors have become increasingly popular due to their ability to detect 
and quantify biological and chemical analytes with high sensitivity and specificity. 
One of the most significant applications of DNA-based biosensors is the detection 
of DNA association with small molecules, such as drugs and chemicals [109]. These 
biosensors can be utilized in various fields, including pharmaceuticals and environ-
mental monitoring, to determine the presence and concentration of small molecules 
of interest. Another application of DNA-based biosensors is the investigation of 
DNA interactions with proteins [110]. Biosensors can detect catalytic activities of 
DNA-processing enzymes and study affinity interactions between DNA and proteins, 
providing valuable insights into various cellular processes [111]. 

Aptamers are single-stranded DNA or RNA molecules that can bind to specific 
target molecules with high affinity and specificity. They are often referred to as 
“chemical antibodies” due to their ability to recognize and bind to targets with 
high specificity and affinity, similar to antibody-antigen interactions. Aptamers are 
selected from a large pool of oligonucleotides through a process called SELEX 
(Systematic Evolution of Ligands by Exponential Enrichment). During SELEX, a 
random pool of oligonucleotides is incubated with the target molecule of interest, and 
the oligonucleotides that bind to the target are isolated and amplified by polymerase 
chain reaction (PCR). This process is repeated several times to enrich for oligonu-
cleotides with high affinity and specificity for the target [112]. There have been 
significant development over microfluidic electrochemical aptamer-based sensors. 
These sensors offer a promising approach for non-invasive and real-time moni-
toring of biomarkers in different biofluids such as blood, sweat, and interstitial fluid 
[113]. As an example, Ferguson et al. developed an ex vivo microchip that accesses 
the bloodstream via catheters, allowing continuous and sensitive detection of drug 
concentrations. By integrating an electrochemical aptamer-based (E-AB) sensor with 
a continuous-flow diffusion filter, the system effectively prevents biofouling and 
interference from blood-borne substances. The sensor achieved a low limit of detec-
tion (LOD) for the chemotherapy drug doxorubicin and successfully monitored its 
concentration over an extended period in live animal models [114]. Another area of 
focus is the use of wearable sweat sensors for continuous non-invasive monitoring 
of biochemical biomarkers. Human sweat, which contains valuable diagnostic infor-
mation, serves as an attractive medium for capturing molecular data [115, 116]. 
Researchers have developed wearable, flexible sensing platforms that can detect 
multiple sweat metabolites, electrolytes, and even drug concentrations. For example, 
a study where a wearable sweat sensor successfully monitored caffeine levels in 
real time during exercise [117, 118]. This concept has been expanded to continu-
ously collect other drugs, such as levodopa, in sweat for personalized management of 
conditions like Parkinson’s disease [119]. Another important application of wearable 
microneedle aptasensors for continuous monitoring of chemical biomarkers in inter-
stitial fluid. Microneedle arrays penetrate the outermost layer of the skin, allowing 
minimally invasive and rapid sensing [120].
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Lastly, DNA-based biosensors have been used for in vitro DNA damage detec-
tion, which can provide crucial information for assessing the genotoxicity of 
various compounds [121]. There is wide spectrum of transducing methods such as 
optical, acoustic, gravimetric, electrical, and electrochemical techniques have been 
employed in DNA-based biosensors, making them versatile tools for wearable sensor 
applications [122–126]. 

Integration of nucleic acid amplification methods with wearable biosensors for 
improved sensitivity in DNA-based sensing. Traditional amplification techniques 
like PCR, which require thermal cycling, are not suitable for wearable devices. 
Therefore, isothermal nucleic acid amplification includes Nucleic Acid Sequence-
based Amplification, Loop-mediated Isothermal Amplification, Strand Displacement 
Amplification, Rolling Circle Amplification, and Recombinase Polymerase Ampli-
fication (RPA) [127]. RPA, in particular, stands out due to its fast reaction time and 
near-physiological temperature (37 °C). It has been successfully employed in wear-
able devices as it is highly sensitive and can utilize the heat generated by the human 
body as a heat source. The use of such techniques enables point-of-care testing 
with improved detection capabilities, making wearable biosensors valuable tools in 
various diagnostic and monitoring applications [128]. 

This section is focused to discuss the different immobilization methods which 
are suitable for the wearable biosensor with examples and the changes in DNA 
which leads to signal generation after binding to the analyte of interest. This includes 
DNA hybridization, DNA conformational changes, and CRISPR-CAS (clustered 
regularly interspaced short palindromic repeats—with CRISPR-associated Protein)-
based detection methods. 

Figure 7 is schematic diagram which shows a wearable biosensor with plausible 
mechanisms and components of wearable DNA. There are several wearable biosen-
sors mentioned in the Table 1, which covers detection mechanism, immobilization 
technique for the probe molecule on the transducer surface and detection limits. 

8.1.1 Immobilization Methods 

Functionalization of transducer surface with the DNA probe depends on the choice 
of application, which in turn decides the sensitivity, stability, and minimizes the cross 
reactivity of the sensor. There were different types of immobilizations of DNA probes 
on the functional surfaces such as adsorption, covalent immobilization, avidin–biotin 
interactions, and entrapment. 

8.1.2 Adsorption 

DNA oligomers, aptamers, and SS-DNA can be immobilized on transducer 
surfaces by adsorption. Negatively charged DNA strands can be adsorbed onto 
positively charged surfaces via electrostatic interactions. The adsorbed DNA is



354 R. K. Reddy Gajjala et al.

oriented randomly, presenting different directions without uniformity. Cationic poly-
mers such as Poly(L-Lysine), chitosan, polyethyleneimine, and poly(3-(3'-N,N,N-
triethylamino-1'-propyloxy)-4-methyl-2,5-thiophene) (PMNT) were used to demon-
strate for the DNA immobilization for biosensing applications [129–132]. FAST™ 
slides are a kind of glass slides with microporous nitrocellulose surface was used as 
microarray technology. The FAST™ surface can be modified with DNA molecules, 
which adsorbs on the polymer surface irreversibly. These slides were employed for 
fluorescent and chemiluminescence-based assay [133]. DNA can be immobilized via 
physical adsorption on surface such as pyrolytic graphite electrode, glassy carbon 
electrode, and gold electrode [134]. FAM (fluorescein) labeled DNA oligonucleotide 
was immobilized on 13 nm sized gold nanoparticle. The FAM labeled DNA incu-
bated with gold nanoparticles at lower pH for a duration of 5 to 8 min followed by 
centrifuging and washing steps in PBS at neutral pH condition [135]. Wang et al. 
demonstrated metal–organic frameworks (MOFs) with different metal compositions 
such as Zr, Cr, Fe, and Al were successfully adsorbed with DNA oligonucleotides with 
rich phosphorous moieties for the successful demonstration of measuring and manip-
ulating intracellular processes [136]. Sun et al. successfully developed colorimetric 
sensor array by adsorbing thiolate SS-DNA gold nanoparticles on zirconium metal– 
organic frameworks (Zr-MOFs) for the determination of semen quality of humans 
[137]. Xiong et al. developed a MOF, heme-like ligand FeTCPP into commonly used 
MOFs (UiO-66) (FeTCPP ⊂ UiO-66) and modified by incubating 6-carboxy fluo-
rescein (FAM)-labeled SS-DNA for a duration of 10 min. DNA physically adsorb on 
the MOF surface with one among the electrostatic, π-stacking, hydrogen-bonding, 
and coordination interactions and was used to perform dual fluorescence resonance 
energy transfer (FRET)-based fluorescence quenching assay and peroxide mimicking 
colorimetric assay for the determination of AFB1 (Aflatoxin B1) [138]. 

Though several biosensors were designed based on DNA physical adsorption on 
the substrates such as gold nanoparticles, polymers, MOFs, gold and graphite elec-
trodes their use in the design of real-time biosensor will be limited due to non-specific, 
disoriented immobilization on the surfaces [139, 140]. Moreover the adsorption of 
DNA is susceptible to varying conditions such as pH, salt concentrations, non-specific 
desorption, etc. [141]. 

8.1.3 Covalent Immobilization 

Covalent immobilization methods are based on oligonucleotide covalently binding to 
the immobilizing surfaces, which offers good stability, flexibility, binding strength, 
and provides a suitable vertical orientation to the detecting probe [142]. 

The oligonucleotide typically binds covalently to the amine or carboxy terminated 
self-assembled monolayers on the gold surfaces at the 3' or 5' end. Thiols show a 
strong affinity to the gold surface, also referred chemisorption, attaching covalently 
forming a self-assembled layer.
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Glenn et al. conjugated oligonucleotide with gold nanoparticles by mixing 1:20 
volume ratio of 100 μM thiolated oligonucleotide with gold nanoparticles and incu-
bated at 37 °C for 30 min, followed by addition of 150 μL of 1 M NaCl/100 mM 
phosphate buffer of pH 7.0 and incubated at 37 °C for aging. Excess oligonucleotides 
were removed by centrifuging the volume, and resuspending into 0.3 M NaCl/ phos-
phate buffer at pH 7.0 for several cycles [143]. Ahmadi et al. prepared thiolated 
oligonucleotides by adding nucleotide to 0.1 N dithiothreitol (DTT) and incubated 
for 15 min. Excess DTT was removed by washing thrice with ethyl acetate. The thio-
lated DNA-gold nanoparticle mixture was used as colorimetric sensor for the detec-
tion of Klebsiella pneumoniae [144]. Self-assembly of the 32-mer-5' oligonucleotide 
on Nano-Au electrode surface achieved by adding thiolated DNA to the electrode 
surface and incubating at –4 °C for 6 h. The developed DNA-based electrochemical 
biosensor is used for DNA-based bioassay of legionella pneumonia pathogen [145]. 

Covalent attachment of modified probe on functionalized surface can be achieved 
by self-assembled monolayers on the transducer surface. As it is well known thiol 
show strong affinity toward gold surfaces, several alkane thiols, dithiols, and thiol 
containing amino acids [146, 147]. These self-assembled monolayers mostly termi-
nated with carboxyl functional groups which can be attached to the amine terminated 
oligonucleotide probe via carbodiimide chemistry, which also referred as 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride and N-hydroxy succinimide 
coupling (EDC-NHS coupling). EDC enables coupling carboxylic groups to primary 
amines of the linking molecules by forming and amine-reactive O-acylisourea inter-
mediate. NHS mediates to form active amine ester which will efficiently couples the 
EDC mediated reaction. 

Yang et al. developed graphene oxide decorated gold micro needle electrode 
to demonstrate CRISPR-dCAS9-based skin-patch biosensor for long-term capture 
and real-time monitoring of universal cell-free DNA. 1-pyrenebutanoic acid (PBA), 
binds to graphene surface with π–π interaction was used to establish EDC-NHS 
coupling between COOH of PBA and dCAS9. 1:1 ratio of 4 mM EDC and 11 mM 
NHS mixture in 50 mM 2-morpholinoethanesulfonic acid buffer was added and 
incubated for a duration of 60 min. 1% of BSA was used as blocking agent to avoid 
non-specific binding [148]. 1-pyrenebutanoic acid succinimidyl ester (PBASE) is 
analogue to PBA and can bind to graphene-modified surfaces in the similar fashion. 
The advantage of using PBASE is EDC-HNS activation is no longer required, since 
succinimide ester already exist on PBASE. Kusku et al. modified graphene surface 
with PBASE by adding 0.2 mM PBASE/N, N Dimethylformamide (DMF). The 
PBASE modified graphene surface was directly immobilized with probe DNA and 
incubated at 4 °C overnight. The developed sensor was used as DNA-graphene field 
effect transistor (GFET) as a proof of concept for the microfluidic-graphene-based 
molecular communication receiver for Internet of Nano Things (IoNT) [149]. 

Glutaraldehyde is a widely used alternative as a fixative and cross-linking agent 
in biological assays. It is a dialdehyde whose aldehydic groups are highly reactive 
and can form covalent bonds with functional groups such as amines, thiols, phenols, 
hydroxyl, and imidazoles.
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Most commonly glutaraldehyde was employed in coupling reaction between two 
amine terminated chemical species via its two aldehyde groups, forming water 
molecule as a by-product, also referred as aldehyde-ammonia condensation reac-
tion. Chitosan-multiwalled carbon nanotunes (CS-MWCNT) modified glassy carbon 
electrode (GC) was incubated with 1% glutaraldehyde for 2 h followed by cross-
linking amine terminated aptamer for the electrochemical detection of tetracycline 
with detection limit of 5.6 fM [150]. ~ 60 nm thick YbTixOy on silica wafer with 
~ 400 nm-thickness Al film at the bottom was used as transducer for the elec-
trochemical biosensor. 3-aminopropyl triethoxysilane (APTES) was immobilized 
on sensor surface which provide hydroxyl groups. Amine groups pf APTES SAM 
layer were modified with 2.5% glutaraldehyde solution overnight followed by addi-
tion of ssDNA probe for the electrochemical detection of KRAS and BRAF gene 
mutations in colorectal cancer [151]. 5’Amine C12 modified ssDNA was used as 
probe molecule and APTES was used as SAM layer on electrochemically etched 
boron doped porous silica substrate. Glutaraldehyde cross-linking agent was used 
to bridge the ssDNA probe and APTES molecules. The developed sensor was used 
as optical sensor utilizing the porous structure of silica for the detection of human 
papilloma virus (HPV) detection [152]. Owing to the excellent cross-linking ability 
of the glutaraldehyde as across-linking agent it also offers high molecular weight 
and hydrophobicity due to the replacement of amino group with aldehyde group. 
This may affect the confirmations of the probe/analyte molecule confirmation, in 
turn affecting the sensitivity of the detection system [153]. 

8.1.4 Avidin (Streptavidin)–Biotin Interactions 

Biotin, a vitamin B7 derivative, exhibits exceptionally strong and specific binding to 
avidin and streptavidin proteins. This characteristic has made the avidin–biotin and 
streptavidin–biotin interactions a cornerstone of molecular biology and biochem-
istry research, enabling the development of a wide range of applications such as 
protein purification, cell labeling, and cross-linking. In cross-linking applications, 
biotinylated molecules are attached to either avidin or streptavidin, which in turn bind 
specifically to the other protein or molecule of interest. The resulting complex forms 
a stable, non-covalent interaction that can be utilized to link enzymes, antibodies, 
or DNA. The tetrameric avidin protein, isolated from egg whites, and the homote-
trameric streptavidin protein, derived from the bacterium Streptomyces avidinii, each 
have four high-affinity binding sites for biotin. These strong and specific interactions 
have dissociation constants in the femtomolar range, making them ideal for appli-
cations requiring high affinity and specificity. Streptavidin with an isoelectric point 
(pI) equal to 5.0 is thus preferably used over avidin, which has a pI of 10.5, to avoid 
non-specific interactions. 

5' biotinlyted DNA probe was immobilized on glassy carbon electrode by cross-
linking the DNA probe to the avidin immobilized GCE. The avidin was immobi-
lized on GC electrode by modifying the GC electrode with COOH terminated 4-
carboxyphenyl diazonium salt. COOH groups of the GC electrode were activated by
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carbodiimide chemistry. The avidin–biotin interaction was achieved by immersing 
electrode in 0.1 M PBS at pH 7.0, which contains 10 pM biotinylated DNA probe 
molecules and incubated for one hour at room temperature followed by washing the 
electrode with 0.1/ SDS to remove unbound DNA probes [154]. 

Liu et al. designed biotinylated gold electrode sensor array by forming a mixed 
self-assembling monolayer (SAM) with 11-mercaptoundecanoic acid (MUA) and 
11-mercapto-1-undecanol (MU) and activating the COOH with EDC-NHS chemistry 
to cross-link with biotin. A dual labeled the stem-loop probe oligonucleotide (oligos 
1 and 6), has a 5'-digoxigenin (DIG) affinity label and a 3'-biotin was cross-linked 
to biotinylated electrode surface via biotin-avidin–biotin cross-linking. As a result, 
the DIG label becomes available by the anti-DIG-HRP, and the target hybridization 
event can be efficiently transduced via the enzymatically amplified faradaic electro-
chemical electron transfer phenomenon to sensitively detect femtomolar detection 
of sequence specific DNA [155]. Pan et al. conducted similar studies, where gold 
coated Indium tin oixide glass substrate was passivated with mixed thiols of 2-
mercaptoethanol (2-ME) and 11-mercaptoundecanoic acid (11-MUA) and activated 
carboxylic group of 11-MUA by carbodiimide chemistry. The activated COOH group 
was covalently bound with streptavidin, was meant to bind with 5  ́ biotinylated probe 
sequence SS-DNA. The detection event was performed by exposing the mixture of 
DNA samples to the electrode surface, the hybridization event was transduced into 
electrochemical event in terms of increment in the charge transfer resistance (Rct). 
The detection limit was noted up to picomolar of concentration of DNA [156]. 

8.1.5 DNA Probe-Analyte Interactions 

DNA undergoes physical changes which leads to signal generation after binding 
to the analyte of interest. Based on the changes post to the DNA probe and analyte 
interaction DNA biosensor can be broadly divided into two types (1) DNA biosensors 
based on hybridization and (2) DNA biosensors based on conformational changes. 

8.1.6 DNA Biosensor Based on Hybridization 

DNA biosensor based on the hybridization were studied extensively. Hybridization-
based detection mechanism can be broadly divided into two types (1) Label free 
DNA detection and (2) Labeled DNA detection. 

Label free detection of DNA is mostly based on electrochemical detection utilizing 
the redox properties of DNA base pairs. Purines such as Adenine and Guanine 
can undergo electrooxidation at lower potentials than that of pyrimidines, moreover 
purine attracted the focus due to their ability to bind with various labeling molecules 
such as redox probes, fluorescent probes and dyes, etc. [141, 157]. The principle 
behind the label free electrochemical DNA biosensors is interaction of guanine 
with its complementary molecule cytosine and adenine with thiamine during DNA 
hybridization process leaving few free adenine/guanine moieties for electrochemical
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oxidation. As a result, the faradaic current response due to adenine/guanine decreases. 
Jalit et al. reported electrooxidation of nucleic acids at Poly-L-lysine-MWCNT modi-
fied glassy carbon electrode. Single-stranded electrodes were deposited electrostati-
cally on the Poly-L-lysine modified multiwalled carbon nanotubes by immersing in a 
PBS solution with 50 mg/mL DNA. In this study guanine was monitored for the elec-
trooxidation studies using adaptive stripping voltammetry. The results showed free 
guanine undergo electrooxidation resulting high current response, whereas, current 
response decreased as hybridization process increases [158]. The main disadvan-
tage of label free DNA detection is sluggish electron transfer rates and poor current 
response. To circumvent the problem, redox probe-based electron mediators were 
introduced to improve the electron transfer kinetics and improved current responses. 
These redox mediators can either labeled on the ssDNA/dsDNA or can be used 
without labeling [159]. Ru(bpy)2+ 

3 metal ion complex was widely used as label 
free redox indicator for the electrochemical detection of DNA hybridization. It was 
shown in Fig. 8 Guanine can undergo oxidation by reducing the oxidized ruthenium 
bipyridine Ru(bpy)3+ 

3 to Ru(bpy)2+ 
3 [160] also used as probe molecule for the DNA 

hybridization detection by generating electrochemiluminescence (ECL) signal. Elec-
trochemically oxidation of Ru(bpy)2+ 

3 to Ru(bpy)3+ 
3 can be reduced by co-reactant 

guanine nucleotide forming excited Ru(bpy)2+∗ 
3 . ECL signal was generated when 

Ru(bpy)2+∗ 
3 relaxed to ground state form Ru(bpy)2+ 

3 . Wei et al. reported MWCNT/ 
Nafion modified glassy carbon electrode for the detection of DNA hybridization 
process in P53 gene using label free Ru(bpy)2+ 

3 -based ECL detection. It was found 
that the ECL signal generation is sensitive up to 39.3 nM concentration and able to 
change the signal with single base pair mismatch during the hybridization process 
[159]. Another redox probe for label free DNA redox mediator is the widely studied 
Fe(CN  )3−/4− 

6 , which do not bind to the DNA due to the electrostatic repulsion of 
DNA, (depicted in Fig. 8) can be used to quantify the amount of DNA present before 
and after the hybridization process.

Labeled DNA hybridization-based electrochemical biosensors were reported. The 
labels are redox responsive which were attached to the single-stranded DNA probe 
molecules to monitor the DNA hybridization process [161]. The redox labels can 
bind to the DNA with simple immersion method for a certain period of time. Interac-
tion event can take place between DNA and probe molecule via different modes such 
as electrostatic, affinity toward a specific nucleotide base, groove binding and inter-
calation, etc. For example, Ru(NH3)

3+ 
6 , a metal complex, can bind electrostatically 

to negatively charged phosphate of hybridized DNA, was widely used to evaluate the 
DNA modified surface to understand the surface coverage [121, 162]. Other redox 
probes such as doxorubicin, an anticancer drug also was used as a labeled indicator for 
the detection of DNA hybridization. Ferrocene another important redox probe binds 
specifically to major grove of dsDNA and perform redox reaction on the electrode 
surface [163, 164]. Ethidium bromide is also one of the important redox indicators 
for DNA hybridization, show affinity to the guanine-cytosine pair and intercalate 
between them.
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Fig. 8 Schematics summary of the photolithographic process from the wafer with photoresist to 
the final product

8.1.7 DNA Biosensor Based on Conformational Changes 

A DNA biosensor based on conformational change leverages the inherent structural 
dynamics of DNA molecules to detect and analyze target molecules. The biosensor 
comprises a DNA probe engineered to selectively interact with the target molecule 
of interest. Binding or interaction between the target molecule and the DNA probe 
induces a conformational rearrangement within the DNA structure, which can be 
exploited for detection and quantification. These conformational changes can be 
interrogated through various sensing methods such as electrochemical, fluorescence,
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and surface plasmonic resonance (SPR) techniques. The detection technique purely 
depends on the type of detection probe tangled to the DNA and detection event 
happens once the DNA probe bind to the target molecule, changing the DNA’s confir-
mation which in turn leads to change in the either of the fluorescent/electrochemical/ 
SPR signals providing the qualitative or quantitative information of the analyte of 
interest. 

There are several common types of DNA conformational changes widely used 
for detection purposes (Fig. 9). These include: 

1. DNA Hairpin-based detection 
2. DNA pseudoknot-based detection 
3. DNA G-quadruplex-based detection.

Fig. 9 Schematic representation of a wearable device 

Fig. 10 Schematic 
representation of the flexible 
glucose sensor based on 
polymers by Kudo et al. [71]
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Fig. 11 Schematic illustration of a cotton-fabric-based wearable device [74] 

Fig. 12 Schematic representation of the components of a biosensor

8.1.8 DNA Hairpin-Based Detection 

A hairpin bend DNA-based biosensor utilizes the conformational changes that occur 
in hairpin-structured DNA molecules for biosensing applications. Hairpin DNA 
structures consist of a single DNA strand that folds back on itself, forming a stem-
loop structure. The stem region is composed of complementary base pairs, while the 
loop region contains non-complementary bases. 

In a hairpin bend DNA-based biosensor, the DNA probe is designed with a specific 
recognition sequence for the target molecule of interest, which is typically located 
within the loop region. The binding or interaction of the target molecule with the
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Fig. 13 Diagrammatic representation of the four main enzyme immobilization strategies for 
transducer functionalization 

Fig. 14 Scheme of DNA biosensor depicting the different types of DNA detection mechanisms 
plausible for the wearable DNA biosensors and cell phone-based readout, storage, results evaluation, 
and prescription by a physician

DNA probe induces a conformational change in the hairpin structure, leading to the 
bending or distortion of the stem region. 

The detection of the hairpin bend conformational change can be achieved 
through various techniques such as electrochemical and fluorescence techniques. 
In fluorescent-based detection method, the fluorescent labels or dyes can be attached
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Fig. 15 Mechanism of electron exchange between the redox probes such as Ru(bpy)2+ 
3 and 

Fe(CN  )3−/4− 
6 with the DNA on the electrode surface 

Fig. 16 Three dimensional conformational changes of aptamers. Reprinted (adapted) with permis-
sion from [179]. Copyright (2016) American Chemical Society

to the ends of the hairpin structure, such that in the folded or unbent state, the fluores-
cence signal is quenched due to close proximity or efficient energy transfer between 
the labels. Upon target molecule binding, the hairpin structure undergoes a confor-
mational change, resulting in the separation or alteration of the fluorophores, leading 
to an increase in fluorescence signal, which can be measured and quantified [165]. 
Farjami et al. reported DNA beacons modified gold electrodes with their hair pin 
folded states through the alkanethiol linker at the 3' end, while the 5' end was labeled 
with a methylene blue (MB) redox probe. The MB lies proximity with the elec-
trode surface enabling the faster electron transfer in the absence of analyte, whereas 
during the biorecognition event, the electron transfer rate was lowered due to loop 
unfolding upon hybridization process moving the redox probe away from the elec-
trode surface. This mechanism was successfully employed to construct DNA-based 
electrochemical detection of cancer biomarker-TP53 gene [166]. 

Gao et al. reported a flexible multiplexed aptamer biosensor for the insitu wound 
monitoring of mice model. The sensor designed to detect inflammatory mediators
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such as inflammatory mediators [tumor necrosis factor-α (TNF-α), interleukin-6 (IL-
6), IL-8, and transforming growth factor-β1] and microbial load of Staphylococcus 
aureus. Hair pin bend aptamer was designed with thiol group for the self-assemble on 
the gold electrode surface and methylene blue was tagged for the faradaic reaction. 
In the absence of the analyte the hairpin structure of aptamer keeps the methylene 
blue redox probe close to the electrode surface resulting high faradaic response, 
whereas in the presence of the analyte, upon aptamer bind to the analyte and undergo 
conformational change to upright position. This makes redox move away from the 
electrode surface lowering the current response [113]. 

8.1.9 DNA Pseudoknot-Based Detection 

A DNA pseudoknot-based biosensor utilizes the formation and disruption of pseu-
doknot structures within DNA molecules for sensing applications. Pseudoknots are 
intricate three-dimensional structures formed by specific folding patterns of nucleic 
acids. They consist of regions where a single-stranded DNA segment forms a loop by 
base-pairing with another region of the same strand, creating a structure resembling a 
knot. In a DNA pseudoknot-based biosensor, the DNA probe is designed to contain a 
target recognition sequence, a loop region, and complementary regions that can form 
the pseudoknot structure. The presence of the target molecule induces the formation 
of the pseudoknot structure by bringing the complementary regions together. This 
conformational change results in a detectable signal that can be measured to indicate 
the presence or concentration of the target molecule [167]. 

The detection of the pseudoknot formation can be achieved through various tech-
niques. For instance, fluorescence-based methods involve incorporating fluorophores 
or quenchers within the DNA probe. The pseudoknot formation alters the proximity 
or accessibility of these fluorophores or quenchers, leading to changes in the fluores-
cence signal. Electrochemical methods rely on changes in the electrical properties of 
the DNA probe upon pseudoknot formation, which can be measured as an electrical 
signal. Other techniques, such as surface plasmon resonance (SPR) or quartz crystal 
microbalance (QCM), can also be utilized to monitor the mass or refractive index 
changes associated with the pseudoknot formation. 

The advantage of DNA pseudoknot-based biosensors lies in their ability to achieve 
highly specific and sensitive target detection. The conformational changes resulting 
from pseudoknot formation offer a robust and tunable mechanism for signal trans-
duction. These biosensors have been utilized in various applications, including the 
detection of nucleic acids, proteins, small molecules, and pathogens. 

Heeger et al. reported an electrochemical pseudoknot-based DNA sensor for 
the detection of DNA in blood serum. Pseudoknot DNA structure attached with 
methylene blue (MB) responds to the analyte and undergoes conformational change, 
bringing it near to the electrode surface, which supports electron transfer. The elec-
trochemical DNA biosensor was reported to be able to detect the analyte as low as 
2 nM with a dynamic linear concentration range between 2 and 200 nM [168].
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Singh et al. developed aptamer wearable biosensor for the continuous measure-
ment of stress levels by estimating the cortisol concentrations in human sweat. The 
developed device consists of a poly-thymine (T-12) pseudoknot aptamer with methy-
lene blue tag immobilized on gold screen-printed electrode and a pH sensor to 
measure and correct the generated signal accordingly. Upon the cortisol interac-
tion with the aptamer the pseudoknot switches its shape enabling the methylene blue 
redox probe reach the electrode surface to enhance the faradaic current response. 
The lower detection was reported to be 0.2 pM with the linear concentration range 
of 1 pM–1 μM [169]. 

8.1.10 DNA G-Quadruplex-Based Detection 

G-quadruplexes are stable secondary structures formed by guanine-rich DNA 
sequences. These structures consist of stacked planar arrangements of guanine tetrads 
stabilized by Hoogsteen base-pairing [170]. The formation of G-quadruplexes can 
induce substantial conformational changes in DNA. Biosensors have exploited the 
conformational changes associated with G-quadruplex formation for the detection 
of specific DNA sequences, as well as the binding of small molecules or metal ions. 
The design of a DNA G-quadruplex biosensor typically involves incorporating a G-
quadruplex-forming DNA sequence into a sensing platform, which can be a DNA 
probe, aptamer, or other DNA-based recognition element. The biosensor takes advan-
tage of the specific binding affinity of G-quadruplexes to various target molecules, 
such as small molecules, proteins, or nucleic acids, for detection purposes. 

Tan et al. reported response of a G-quadruplex of human telomere sequence 
(TTAGGG)4 to ionnic concentrations of K+ and Na+. During their study, they 
observed that the association and dissociation rate of G-quadruplex with its compli-
mentary DNA were lowered with the concentrations of K+ and Na+, while in the 
presence of K+ ion kinetics of association and dissociation was lowered compared 
to Na+ ion. This study was useful to understand telomere length homeostasis in 
telomerase-positive cells, such as germ line and cancer cells [171]. AS114q is a 
G-rich quadraplex 3D structured aptamer with unique property, and has selective 
affinity to the Cu+2 ions. This property of AS114q was employed to design AS114q 
dependent fluorescent aptasensor for the detection of Cu+2, in which gel red was used 
as fluorescent dye. Cu+2 ions showed the high affinity, supressing the complimentary 
DNA and bind to the AS114q resulting in weaker fluorescence [172]. 

Graphene-modified flexible SiO2 coated polyethylene napthalate (PEN)-based 
graphene field effect transistor (GFET) was designed by Hao et al. for the wearable 
biosensor application to detect cytokines biomarker-tumor necrosis factor (TNF-
α) from human sweat. TNF-α-specific aptamer, a guanine-rich VR11 upon binding 
to the TNF-α, changes its confirmation to a compact G-quadruplex structure. The 
charge carrier concentrations were altered due to interaction dependent conforma-
tional change to close proximity of the negatively charged base pairs to the graphene 
surface. Lower detection limit was reported to be 26 pM with a detection time of 
5 min  [173].
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Travascio et. al. first reported a G-quafraplex-hemen complex showed enhanced 
peroxidase activity than the individual iron porphyrin containing pristine hemin 
[174]. This mechanism was widely used for the detection of nucleases, screening 
G-quadruplex ligands (potential anticancer reagents), heterocyclic compounds such 
as pentamethine, symmetric trimethine cyanines, micro-RNA, etc. [175–178]. 

8.1.11 CRISPR-Cas-Based Biosensors 

Clustered regularly interspaced short palindromic repeats (CRISPR) are short DNA 
sequences found in bacterial and archaeal genomes that are part of an adaptive 
immune system. Cas (CRISPR-associated) proteins are enzymes that use CRISPR 
sequences to target and cleave foreign DNA, such as viral genomes [180]. A CRISPR-
Cas biosensor is a molecular tool that detects specific DNA sequences using the 
CRISPR-Cas system. 

In a CRISPR-Cas biosensor, the CRISPR-Cas system is used to detect specific 
DNA sequences in a sample. The biosensor consists of a CRISPR RNA (crRNA) 
that is designed to recognize the target DNA sequence and a Cas enzyme that cleaves 
the target DNA in the presence of the crRNA. The biosensor also includes a reporter 
molecule, such as a fluorescent, colorimetric dye, or a redox probe that is activated 
when the Cas enzyme cleaves the target DNA [181]. 

To use a CRISPR-Cas biosensor, the crRNA is first designed to specifically target 
the DNA sequence of interest. The biosensor is then introduced to a sample containing 
the target DNA, and if the target DNA is present, the crRNA will hybridize to the 
target DNA and activate the Cas enzyme to cleave the DNA. The reporter molecule 
will then signal the presence of the target DNA by generating a detectable signal. 
CRISPR-Cas biosensors have numerous applications in medical diagnostics. They 
offer a rapid and sensitive method for detecting specific DNA sequences with high 
specificity and accuracy. 

Peter et al. reported face mask integrated sensor with microfluidic paper-based 
analytical device (μ-PAD) containing lateral flow assay (LFA) strip. The sensor is 
incorporated with freeze-dried lysis and detection molecules. The molecules get 
activated upon interaction with sample containing fluid by wicking action and show 
the response. The sensor is designed based on CRISPR-Cas12a mechanism, in the 
presence of sample, i.e., SARS-CoV-2, the virus undergoes lysis in the presence of 
lysis reagent, exposing the SARS-CoV-2 S gene. The SARS-CoV-2 S gene triggers 
the function of CAS-12a enzyme, which is already paired reverse transcription-
recombinase polymerase amplification (RPA) to produce amplicons. The presence 
of amplicons triggers the cleavage of 6-FAM-(TTATTATT)-Biotin ssDNA probe, 
leading to emission of fluorescence at 495 nm. This phenomenon is called CRISPR-
based specific high-sensitivity enzymatic reporter unlocking (SHERLOCK). The 
sensor  can  give  results  in 1 h 30 min  with a limit  of  detection of 500  copies/17aM. 
A similar mechanism was integrated into a multi-sensor wearable freeze-dried cell-
free (wFDCF)-CRISPR-based sensor for the detection of mecA/spa/ermA genes of 
methicillin-resistant Staphylococcus aureus (MRSA). The sensor works based on
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the wicking liquid sample of the fiber optic embedded fabric which is integrated in 
a jacket. The fiber optic embedded sensor functions upon rehydration of the fabric 
and measures the changes in the excitation event due to the changes in the molecular 
interaction cascade during the CRISPR-Cas mechanism [182]. 

Table 2 shows that the Relation of Various DNA-Based Wearable Biosensors 

9 Challenges and Opportunities for Wearable Biosensors 

Wearable biosensors are becoming increasingly important not only in healthcare, but 
also in other areas such as sports, work safety, and defense. The main reason why one 
uses wearable devices, and particularly wearable biosensors, beyond the ability to 
obtain physiological information in real time, is their convenience. Wearable devices 
should push Dieter Rams’ idea of unobtrusiveness to the extreme where users become 
unaware that they are being monitored. This is extremely difficult to accomplish, 
given the relatively short lifespan of chemical sensors and biosensors, which requires 
the sensing part to be replaced with certain frequency. Wearable biosensors face 
other challenges in common to other wearable devices, such as accuracy, reliability. 
Power management, data security, and user acceptance. In this sense, something 
worth remembering about wearables in general, is that the users will find it very 
hard to wear anything they are not used to wearing already. The exceptions to this, 
of course, stem out of need. Obviously, the patient suffering from a disease such as 
diabetes mellitus will wear a skin patch if this improves their life quality, or a worker 
will wear a certain garment or accessory if it improves their safety. But designing 
wearables for the broader population can pose significant cultural challenges but 
represents enormous opportunities. 

This chapter has focused on the design and fabrication of wearable biosensors, 
and has provided many examples of different wearable biosensors taken from the 
academic literature. The design should begin with the user and the use environ-
ment, and then work its way down to the smallest detail. This includes not only the 
perspective of the user, but also of manufacturing. In this sense, fabrication tech-
nologies and materials available today make almost anything possible. In the case 
of wearable biosensors, the disposable nature of the sensing part has driven many a 
worker to explore the construction of biosensors using biodegradable or absorbable 
materials that can reduce or eliminate the environmental impact of disposing of a 
packaged device with relatively high frequency (every 2 to 3 weeks at best in the 
case of state-of-the-art commercial devices). Another interesting direction for future 
development is not to make short-lived devices less environmentally damaging, but 
to make them much longer lasting. However, this not only involves developing new 
materials or new synthetic receptors, but also new ways to measure. Self-calibrating 
or calibration-less systems are perhaps a Holy Grail in electroanalytical science, but 
one that will eventually be found.
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