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1 Introduction 

The twenty-first century is revolutionizing the biomedical industry with myriad inno-
vations from point-of-care diagnosis to telehealth solutions. Among the various fields 
of biomedical innovations, wearable biosensors have shown noteworthy advance-
ments. The first few generations of wearable transdermal biosensors (WTBs) are 
capable of monitoring various physiological parameters such as temperature, blood 
pressure, and electrocardiogram and are restricted to non-invasive physiological 
parameters that are indicative of overall health status, but cannot provide disease/ 
condition-specific diagnosis or continuous status monitoring. The current genera-
tion of WTBs have improved capabilities owing to both technological and biochem-
ical sensing developments. This chapter discusses the concepts and components of 
WTBs. In general, WTBs have three major components, namely (i) Biorecogni-
tion elements (sensing element)—chosen sensing element specific to target analytes; 
(ii) Detection methods—methods to observe the interactions between biofluids and 
biorecognition elements; (iii) Biofluids, which are sampled by the wearable device 
to detect the target analyte(s).
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2 Biorecognition Elements 

Biorecognition elements are the component of WTBs responsible for the selective 
detection of the target analyte(s) by the sensor. Their necessity as a component 
of the final sensor is dependent on the target analyte. Some small, electroactive 
compounds can be detected using methods like differential scanning voltammetry 
or potentiometry purely based on their unique electrochemical properties. When the 
target analyte(s) are chemically complex, biorecognition elements are necessary for 
distinguishing the analytes from non-targets. Biorecognition elements rely on steric 
and intermolecular interactions to specifically bind with a complementary substrate. 
The binding event is then transduced to a measurable signal that is dependent on the 
chosen detection method. They can be either native biological macromolecules or 
biomimetic. Enzymes, antibodies, and aptamers represent the three commonly used 
biorecognition elements used in WTBs, while molecularly imprinted polymers are 
an emerging approach. 

2.1 Enzymes 

Enzymes, as biological catalysts, accelerate chemical reactions. Through billions of 
years of evolution, enzymes have become highly specific, efficient, and robust. Their 
active binding sites fit and lock specifically to particular substrates, aided by func-
tional groups that bind or lower activation energy. This specificity makes enzymes 
ideal for biosensors. Enzymes can also repeatedly catalyze reactions without being 
consumed. These properties make enzymes suitable for biosensing, including WTBs. 
Biosensors combine biological components, like enzymes, with transducers to detect 
and quantify analytes. However, challenges such as enzyme stability, reproducibility, 
and calibration must be addressed. Ongoing research and technological advance-
ments aim to enhance the performance of enzyme-based biosensors for health care 
and personal monitoring. 

2.2 Antibodies 

Antibodies are immune system-produced proteins that target foreign substances 
called antigens. They identify, neutralize, and eliminate harmful pathogens. Anti-
bodies consist of two identical heavy chains and two identical light chains, forming 
a Y shape. Their variable regions, known as antigen-binding sites, bind specifi-
cally to antigens. Like enzymes, this binding is highly specific, with antibody sites 
matching antigen structures precisely. Antibodies are classified into different isotypes 
(IgG, IgM, IgA, IgE, IgD) that function in various immune response stages. The 
immune system generates new antibodies through V(D)J recombination, in which
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gene segments (variable (V), diversity (D), and joining (J) segments) are rearranged, 
recombined, and imprecisely joined. This process allows for an essentially random 
and highly diverse array of antibodies that contain antibodies that successfully recog-
nize foreign antigens, which can be separated from self-recognizing antibodies. Anti-
bodies have applications in diagnostic tests but are limited to binding biological mate-
rials, not smaller chemical compounds or analytes. Nonetheless, their specificity and 
engineering potential make them valuable biosensing recognition elements. 

2.3 Aptamers 

Aptamers are slowly gaining popularity as alternatives to enzymes and antibodies 
as the chosen biorecognition element in WTBs. Aptamers, also known as oligonu-
cleotides, are short, single-stranded DNA or RNA molecules that exhibit high affinity 
and selectivity for specific target molecules. They can be chemically modified to 
enhance stability and prevent degradation. Aptamers, often called “chemical antibod-
ies”, have a broad target range beyond biological entities. Their production involves 
SELEX [1] (Systematic Evolution of Ligands by Exponential Enrichment), a process 
similar to antibody generation. SELEX includes iterative rounds of selection and 
amplification to isolate aptamers that bind to the desired target. Aptamers can be 
designed to bind small molecules, proteins, peptides, nucleic acids, viruses, and 
cells. Offering advantages such as easy synthesis, chemical modification, and high 
specificity, aptamers are valuable tools for biomedical research, diagnostics, and 
therapeutics. Their small size compared to enzymes and antibodies enables greater 
densities of aptamer probes at the active layer. Consequently, devices that employ 
aptamers can generally achieve greater analytical sensitivity. 

2.4 Molecularly Imprinted Polymers 

Molecularly imprinted polymers (MIPs) are synthetic biorecognition elements that 
aim to emulate the natural formation of biorecognition patterns between antibodies 
and antigens. They are formed from the polymerization of a chosen monomer and 
subsequent crosslinking of the resulting polymers in the presence of a target analyte. 
The target analyte acts like a template which, after removal from the MIP, leaves a 
cavity that acts as the biorecognition pattern between the analyte and the MIP [2]. 
Advantages of MIPs over other biorecognition elements are they are generally more 
cost-effective and can be produced for nearly any target analyte [3]. A disadvantage 
is the general decrease in selectivity with analyte size. MIPs have thus far been 
successfully implemented in wearable sweat sensors for detecting non-electroactive 
species such as cortisol [4–6].
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3 Detection Methods 

3.1 Electrochemical Detection 

Electrochemical detection is widely used in analytical chemistry, biochemistry, and 
environmental science for its high sensitivity, specificity, simplicity, and affordability. 
Techniques such as amperometry, voltammetry, potentiometry, and impedance 
spectroscopy are the most employed detection strategies in WTBs. 

Amperometry measures current for measuring analyte concentration. Amperom-
etry is most commonly used in WTBs to measure the enzymatically catalyzed oxida-
tion or reduction of a target molecule. One of the key advantages of amperometry 
is its high sensitivity, which allows for the detection of very low concentrations of 
analytes. One of the main limitations is that it is a single-point measurement, hence 
only provides information about the concentration of the analyte at a specific location. 
Amperometry is most used in continuous glucose monitors (CGMs) [7] to measure 
the amount of glucose oxidation occurring at the working electrode. 

Voltammetry measures current as a function of applied potential. One of the 
key advantages of voltammetry is its ability to provide information about the redox 
behavior of analytes, including the number of electrons involved in the reaction 
and the standard reduction potential that can be used to identify and quantify the 
analyte in complex matrices. However, the complexity of the voltammogram can 
make interpretation difficult, requiring careful analysis of the data. 

Potentiometry measures potential difference between electrodes, with high selec-
tivity for ions and small molecules when combined with ion-selective membranes, 
making it useful in clinical applications. It is relatively simple and inexpensive. It 
is also a non-destructive technique, which means that the sample can be reused for 
further analysis. Potentiometry is generally used with WTBs in conjunction with 
ion-selective membranes for the detection of specific electrolytes in sweat or ISF. 

Electrical impedance spectroscopy (EIS) is a method for measuring interfacial 
changes in capacitance, resistance, and conductance at electroactive surfaces. EIS can 
be either Faradaic or non-Faradaic. In the former, redox reactions govern changes in 
the interfacial electrical properties. For non-Faradaic EIS, disruptions of the electric 
double layer at the electrode-fluid interface is most responsible for measured changes 
in electrical properties. The latter is particularly useful for detecting non-electroactive 
analytes and electroactive analytes that cannot be easily distinguished from non-target 
entities. As such, EIS has been employed in wearable transdermal sensors (WTS) 
alongside affinity-based biorecognition to detect hydrophobic molecules like cortisol 
[8–10]. 

While electrochemical detection in sweat differs from that in ISF, the underlying 
principles of the various electrochemical approaches remain the same. Amperometry 
is primarily employed for detecting enzymatically catalyzed redox reactions while 
potentiometry is mainly used for ion detection. The disparity between electrochem-
ical sensing in sweat and ISF arises from the contrasting compositions, properties, 
sampling methods, and sensing environments of the two fluids. Electrochemical
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approaches involving a transistor as the biosensor or relying on electrochemical 
impedance spectroscopy (EIS) for analyte detection are not utilized for in situ ISF 
sampling. However, they find applications in in situ sweat sampling. Transdermal 
gases are usually detected based on gas-specific optical sensors. For example, trans-
dermal CO2 is detected using an IR detector that observes the change in the IR 
absorbance in the sampling chamber specific to CO2 [11]. 

3.2 Optical Detection 

Optical detection methods comprise a variety of techniques used to detect and quan-
tify molecules based on their optical properties. They generally involve the use 
of light to interact with the analyte of interest, which can then be measured and 
analyzed to determine the concentration of the molecule. There are several types of 
optical detection techniques that have been utilized in WTSs, including colorimetry, 
surface plasmon resonance, fluorescence spectroscopy, and surface-enhanced Raman 
scattering. 

Colorimetry involves measuring the color change of a sample solution in response 
to the presence of an analyte. Certain chemical reactions or interactions between 
molecules can cause a change in the absorption or reflection of light in the visible 
spectrum, which are detected using a colorimetric assay. Colorimetric detection is 
commonly used in various applications, such as clinical diagnostics, environmental 
monitoring, and food safety testing. It is often preferred due to its simplicity, low 
cost, and ease of use compared to more complex analytical techniques. 

Plasmonic detection utilizes the optical properties of metallic nanoparticles to 
detect the presence of an analyte [12]. Noble metal nanomaterials show collective 
oscillations of surface electrons that can interact with the surrounding molecules 
causing change in their optical properties [13]. These changes are measured using 
spectrophotometers as absorbance, scattering, or SPR to detect the presence or 
concentration of the analyte. Plasmonic detection is used in a variety of applications, 
including biosensing, medical diagnostics, and environmental monitoring. One of 
the main challenges is the potential for non-specific binding, which can lead to false 
positives or inaccurate readings. 

Fluorometric detection relies on measuring the fluorescence emission of a sample 
in response to the presence of an analyte. Certain molecules, known as fluorophores, 
can absorb light at a specific wavelength and emit the absorbed energy as radiative 
emission at a longer wavelength, which is measured using a spectrophotometer [14]. 
It is also a versatile technique, allowing for the detection of a wide range of molecules 
and analytes. Additionally, fluorescence measurements can be affected by factors 
such as pH, temperature, and sample preparation. 

Surface-Enhanced Raman Scattering (SERS) is a detection technique that utilizes 
the enhanced Raman signal of molecules adsorbed onto a metal surface, typically 
silver or gold, to detect the presence and concentration of analytes. The enhancement 
is achieved by the plasmonic resonance of the metal surface, which greatly amplifies
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the Raman signal of the analyte. Advantages of SERS-based detection are high 
sensitivity, label-free technique, simplified assay, and cost reduction. Limitations of 
SERS are signal interference and variability due to the complex nature of the metal 
surface and sensitivity to temperature and pH. 

Detection in interstitial fluid (ISF) in situ is currently performed exclusively with 
electrochemical methods. Optical detection methods, such as colorimetry and fluo-
rometry, are difficult to implement because of the low penetration depth of visible 
light into skin. There are a few exceptions, including the commercially available 
continuous glucose monitor (CGM), Eversense® [15, 16], developed by Senseonics 
that uses fluorescence for analyte detection in ISF. However, in such cases, the fluo-
rescence is measured subcutaneously. Sweat, on the other hand, is not limited by the 
poor penetration depth of light because analysis requires secretion outside the body. 
Therefore, optical detection methods can be more easily integrated into wearable 
sweat sensors (WSSs) for in situ analysis than wearable sensors that sample ISF. 
Optical detection methods have the advantage of not requiring a power supply for 
their operation, which sets them apart from electrochemical methods. This advan-
tage is most noticeable in WSSs that use colorimetry. When combined with smart-
phone technology [17], this detection method has shown to be an effective, point-
of-care approach to measuring sweat rate and simple analytes like electrolytes and 
metabolites [18–20] in secreted eccrine sweat. 

4 Biofluids 

4.1 Interstitial Fluid 

Interstitial fluid (ISF) is the aqueous solution that bathes the extracellular space acting 
as the transport medium for exchange of nutrients and waste products between the 
capillaries and surrounding tissues; signaling molecules between cells and larger 
solutes such as protein macromolecules, lipoproteins, antigens, and endogenous 
vesicles are delivered from the interstitium to the lymphatic system [21, 22]. Ex 
situ approaches for analyzing ISF involve minimally invasive methods like wicking, 
microdialysis, suction blisters, etc., which require puncturing the skin, or non-
invasive methods like reverse-iontophoresis or sonification to extract ISF for off-
body analysis. In situ WTBs provide us with a means to expand the utility of ISF 
beyond laboratory-based diagnostics and proteomics to healthcare applications that 
would benefit from rapid, continuous sampling of a target analyte. 

4.1.1 Sourcing Interstitial fluid—anatomical Understanding 

The skin consists of three layers: the epidermis, dermis, and hypodermis in that order 
from external to internal. The epidermis (50–150 μm thick), the outermost layer,
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includes the stratum corneum and viable epidermis (Fig. 1a). The viable epidermis 
is avascular and is mainly comprised of special antigen-presenting cells, known as 
Langerhans cells, and keratinocytes [23]. ISF comprises 15–35% [24] of the  volume  
of the viable epidermis. This ISF is the target of microneedle platforms that are 
designed to be minimally invasive because of the absence of blood vessels and 
nerves in the epidermis. The dermis is divided into two essential layers: the papil-
lary dermis (~15 μm thick) and the reticular dermis (~1–4 mm thick) containing the 
lowest cellular content of the layers, but the highest ISF content [24]. The extracel-
lular matrix (ECM) of the dermis which consists of glycoaminoglycans, collagen, 
and proteoglycans [25] plays a crucial role in the extraction and sampling of ISF. 
The hypodermis, composed of adipose tissue, connects the dermis to muscle and 
is relevant for continuous glucose monitors (CGMs). While WTBs focus on the 
dermis and epidermis, the hypodermis provides nutrient-rich ISF and allows secure 
sensor insertion without flexible electronics. Ions and small, non-lipophilic molecules 
(molecular weight < 3 kDa) freely partition between the blood and dermal ISF via 
paracellular diffusion through intercellular junctions of the capillary endothelium. 
Small lipophilic solutes passively diffuse through the cells’ lipid bilayers. Solutes 
with sizes in the range of 3–70 kDa are transported by paracellular and transcellular 
routes. Which transport mechanism dominates depends on the size [25, 26] of the  
solute as is illustrated in Fig. 1b.

4.1.2 Sampling Interstitial Fluid 

ISF and sweat need different sampling methodologies. One of the early methods 
used for ISF extraction that is relevant to WTSs is reverse-iontophoresis. It requires 
the application of a small current across the skin to initiate the electroosmotic flow 
of ISF from the epidermis and papillary dermis (Fig. 2). Electroosmosis [27, 28] 
is bulk fluid flow in the direction of counter ion flow due to the application of an 
electric field across a membrane. Since ISF is an aqueous solution, it is incapable of 
passing through the lipophilic stratum corneum, and, hence, exits the body through 
sweat ducts or hair follicles before collecting at the cathode [29]. Concerns that 
prolonged use or increased current density can cause skin irritation hinder the wider 
use of reverse-iontophoresis in WTSs. In addition, there is a general lack of vali-
dation of correlations between measured concentrations of analytes in iontophoret-
ically extracted ISF and circulating concentrations. Nonetheless, proof of concepts 
demonstrating its feasibility for ISF extraction has been presented [30–32].

Microneedles constitute an approach to sampling ISF that has the advantage 
of direct sampling, while being less invasive than the probes used with commer-
cial glucose sensors. Generally, microneedles refer to needles with lengths of 50– 
2000 μm, base widths of 25–500 μm, and tip diameters of 1–100 μm [33, 34]. 
Microneedle platforms can be categorized as either ex situ or in situ [35]—refer-
ring to off-body and on-body detection, respectively. Most advances in microneedle 
technology for transdermal biosensing can be classified as in situ. Microneedles for
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Fig. 1 a An illustration showing the layers of skin. b Illustration of the partitioning of solutes 
between the blood and dermal ISF

Fig. 2 An illustration of the principle of reverse-iontophoresis

in situ, in vivo sensing come in four basic configurations (Fig. 3): hollow micronee-
dles with the sensor situated ex vivo, hollow microneedles where the sensor is inserted 
or packed into the tip, solid-tip microneedles where the tips are dry electrodes, and 
solid-tip microneedles where the sensor is fabricated on the tip [36]. The hollow 
microneedles, not interfaced with the sensor element, aid in extracting ISF to the
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Fig. 3 Illustrations of conventional microneedle configurations for transdermal sensing. Orange 
denotes the working and counter electrodes and blue denotes the reference electrode of a typical 
three-electrode electrochemical cell. a Solid-tip microneedles. b Hollow microneedles with an 
ex vivo sensor. c Packed-hollow-tip microneedles. Wires are imbedded from the backside of the 
sensor 

biosensor. The high fluidic resistance of the dermis makes this method impractical 
for in situ monitoring; however, the configuration of hollow microneedles packed 
with the biosensor has been demonstrated [37] as a possible way to circumvent the 
complexity of the dermal interstitium. Thus far, microneedles for in situ monitoring 
have been demonstrated for metabolites [37–40], drugs [41–44], and electrolytes 
[45–47]. However, few have been clinically validated. 

4.2 Biofluids 

4.2.1 Sweat 

Sweat is our bodies’ natural way to regulate internal temperature for maintaining 
thermal homeostasis. Sweat secretion is controlled by the sympathetic nervous 
system and is initiated through either thermal or psychological stimulation. Sweat 
is easy to access, naturally secreted, and contains a cornucopia of biomarkers also 
found in ISF and blood. Above all, sweat can be sampled non-invasively. However, 
wearable sweat sensor devices still have not seen the same level of commercial or 
clinical success as their ISF sampling counterparts due to operational challenges 
such as variations in composition and rate of secreted sweat. Rate of secretion due 
to environmental and physiological factors requires consideration of not only the 
biosensor, but also how the sweat is being sampled. Ultimately, development of a 
wearable sweat sensor amounts to a uniquely interdisciplinary problem. 

4.2.2 Sourcing sweat—anatomy of Eccrine Sweat Gland 

Eccrine sweat glands are the smallest, present in whole body, most numerous, and 
contribute the most to the total volume of sweat secreted [48]. The other two sweat 
gland types, apocrine and apoeccrine, are primarily found in regions less accessible 
for sweat sampling. Sweat secreted from apocrine and apoeccrine glands is also
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comparatively more complex [49]. For these reasons, eccrine sweat is mainly chosen 
for sweat analysis. 

The anatomical structure (Fig. 4) of the eccrine sweat gland extends from the 
reticular dermis to the stratum corneum. In the dermis are the two main functional 
units, the secretory coil and the dermal duct. The secretory coil is composed of 
three cell types: clear, dark, and myoepithelial cells. Clear cells are responsible 
for primary sweat secretion as is evidenced by the cells’ system of intercellular 
canaliculi, glycogen, large amount of mitochondria, and high Na–K-ATPase activity 
[50]. The function of the dark cells is not entirely understood; however, they are 
known to secrete glycoproteins, dermicidin, and sialomucin and are necessary for 
proper sweat secretion [51, 52]. The function of myoepithelial cells is primarily as 
structural support for the secretory coil [50]. The dermal duct is composed of basal 
and luminal epithelial cells. The function of the duct is reabsorption of Na+ and Cl− 
as secreted sweat flows through the duct [49, 50]. 

Solutes that comprise secreted sweat’s composition include metabolites like 
glucose, lactate, urea, amino acids, and creatinine; micronutrients like Mg2+, Ca2+, 
iron, zinc, and vitamins like ascorbic acid; adrenal steroids like cortisol and dehy-
droepiandrosterone (DHEA); neurotransmitters like serotonin and dopamine; and 
cytokines like IL-6, IL-8, IL-10, IL-31, and TNF-α [49, 53, 54]. Mechanisms and 
correlations with blood plasma concentrations have not been fully established for 
most of these solutes. Complicating these deficits in data are physiological factors like 
sweat rate and sweat pH [52, 55], which can vary with sex, age, diet, weight, temper-
ature, etc. If they are not properly accounted for, these variabilities can negatively 
affect the accuracy of measurements depending on the analyte. As such, WSSs may 
require sensors for measuring sweat rate, pH, skin temperature, and ion concentration 
alongside the biosensor for the analyte.

Fig. 4 An illustration 
showing the basic anatomy 
of an eccrine sweat gland 
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4.2.3 Sampling Sweat 

Traditional sweat sampling methods include the whole body-washdown tech-
nique, patches, polymer bags/films, and macroducts. The limited-use whole body-
washdown technique collects all sweat runoff to determine whole body-sweat elec-
trolyte loss [56]. Using absorbent patches is flexible and can be applied to specific 
sites for sweat accumulation, but they may overestimate analyte concentration and 
have time-consuming application processes [57]. Polymer bags/films and macrod-
ucts [58, 59] offer alternative collection methods but are also associated with 
limitations such as sweat composition changes and inhibiting sweat evaporation. 
Current approaches to sweat sampling for wearable transdermal biosensing aim to 
actively collect secreted sweat for on-body analyte monitoring. These methods aim 
to enable real-time, continuous sweat sensing with improved reliability and sensi-
tivity. Absorbent materials integrated with wearable sensors, microfluidic devices 
with superhydrophobic/superhydrophilic surfaces, fabrics with moisture-wicking 
properties, and controlled sweat secretion via the iontophoretic delivery of sweat-
stimulating drugs are emerging techniques that address some of the limitations of 
traditional sampling methods [33]. 

4.3 Transcutaneous Gases 

Despite the benefits offered by sweat-based analysis, the successful diagnosis of the 
related problem is still a big challenge, sometimes resulting in misleading informa-
tion if a standalone sensor shows a signal change. For example, sensing potassium 
levels in the sweat may provide incomplete status as they are invariant with sweat 
rate and with normal physiological changes in the body. While change in sodium, 
lactate, or glucose signals and the potassium signal holds steady, multiple sensor 
could provide a solution for monitoring a real physiological event [60]. Alterna-
tive solutions involve the monitoring of transcutaneous gases that include volatile 
organics and gases emanating through human skin (skin gas). Skin emanation gas 
was firstly proved by Hirabayashi et al. with the releasing hydrogen gas and acetone 
vapor from skin [61]. 

4.3.1 Volatile Organic Compounds (Vocs) 

The commonly studied VOCs include acetone, ethanol, and ethylene having insight 
into the health state of the human body. Diabetic patients have shown high acetone 
concentration in their breath that can be used for diagnosis. Prompted by this, Kondo 
et al. measured skin acetone concentration and its correlation with blood glucose for 
regular examination of diabetes to avoid later complications [62]. However, this can 
only be applied to patients with insulin therapy and not in regular patients on oral 
medication or with controlled diet. Although the results have large deviations, they
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proved that the acetone concentration varied with the diabetic condition of the patients 
diagnosed with diabetes. In other recent study, Misra et al. fabricated a wrist-worn 
system to monitor skin acetone with output represented by the resistance change [63]. 
Their sensing system comprised commercial off the shelf components along with a 
microcontroller and a rechargeable Li ion battery. They made a wristband form factor 
constituting an array from four sensors (n-type metal oxide semiconductor-based gas 
sensor, BME680) operated at different temperatures as the sensing modality. Due to 
the reducing effect of acetone on the metal oxide, a decrement in the resistance 
was detected. The acetone reacts with oxygen anions of metal oxide and increases 
the carrier concentration thereby declining the resistance of the sensor. Besides the 
instrumentation evaluation of the fabricated wrist-worn system, they provided real-
time analysis showing larger changes in the subjects with intermittent fasting than 
the normal subjects. 

Other volatile organic compounds (VOCs) such as ethanol and acetic acid are 
also analyzed in recent studies and correlated with different health conditions for 
example psoriasis [64]. One such study reported wearable e-nose constituting an 
array of chemical sensors integrated in a wireless communication system [65]. The 
array comprised eight elements formed by varying the printing patterns and sensing 
materials (MWCNT/polymer films) to produce the cross responses toward different 
analytes. The applicability was demonstrated with fabricated armband and corre-
sponding monitoring of ammonia, acetic acid, acetone, and ethanol. The electrical 
responses of the fabricated system yielded discrete patterns to ammonia and acetic 
acid unlike the similar patterns for acetone and ethanol. Another study reported the 
skin gas sensor and named bio-sniffer for measurement of ethanol by using alcohol 
dehydrogenase (ADH) [66]. It measured the change in fluorescence intensity of 
nicotinamide adenine dinucleotide (NADH), as a result of oxidation of ethanol by 
ADH. Later, it was modified as sniff-cam or skin gas cam extending the bio-sniffer 
toward the measurement of the time-dependent spatial distribution of ethanol [67]. 

4.3.2 Trace Gases 

Apart from the VOCs, skin gas also contains important trace gases such as NH3, NO2, 
and CO2 which have particular benefits in healthcare systems [68]. For example, 
measurement of skin CO2 can provide ventilation status of newborn infants along 
with respiratory and cardiac status [69]. They constructed a wearable prototype for 
monitoring transcutaneous CO2 by employing polymer films (Poly(propyl methacry-
late), PPMA) with pH-sensitive fluorescent dye (8-hydroxy-1,3,6-pyrenetrisulfonic 
acid trisodium salt or HPTS). Their sensor is based on the fluorescence changes of a 
pH indicator while protonation or deprotonation. The fabricated device comprised a 
microcontroller along with other electronics. The fluorescence response of the film 
is monitored via intensity of the sensing film on interaction with CO2 skin gas and 
was found to be highly sensitive in the physiological CO2 range. They proposed 
that their future work will aim to make a CO2 permeable scattering layer which 
will not require heating for transcutaneous applications. Another study reported a
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new approach based on the initial pseudo steady state diffusion rate monitoring 
for non-invasive measurement of transcutaneous partial pressure of carbon dioxide 
(tcpCO2) [70]. They provided additional reliable data to compare their sensing device 
with commercially available equilibrium-based transcutaneous monitor, Radiometer 
TCM4, used for CO2 monitoring in hospitals [71]. Radiometer TCM4 requires the 
start-up at 37 °C and took 85 min before to provide meaningful results. Even at a 
higher temperature of 42 °C, it requires 20 min to stabilize. Unlike this, their device 
can provide immediate reliable data, almost independent of temperature by using a 
rate-based approach. 

Recently, Ahuja et al. reported the room temperature measurement of skin CO2 

gas with an air permeable transcutaneous sensor comprising of polyaniline (PANI)-
based sensing material as shown in Fig. 5 [72]. Porous sugar-templated polydimethyl-
siloxane (PDMS) elastomer sponge (PP) was used as a matrix for PANI-based ink 
(oxSWCNT-PANI) and fabricated using a dip coating method (Fig. 5a). The disper-
sant (Zn-Al) used for ink fabrication offered uniform active sites for the analyte 
(transdermal CO2 gas) as shown by TEM analysis (Fig. 5b). The interaction of CO2 

with the sensor (partial extraction of electrons from PANI) resulted in an augmented 
charge transfer interaction leading to increased response of the sensor. Besides the 
sensor’s fast response and recovery (Fig. 5c), it can selectively detect transcutaneous 
CO2 at room temperature, unlike the commercial devices operated at a high temper-
ature. Noteworthily, the deformability tolerance capability of the sensor opens up 
novel opportunities for skin-compliant wearable systems.

5 The Case of Continuous Glucose Monitors 

The Center for Disease Control and Prevention (CDC) reported [73] in 2022, that, in 
the United States, 37.3 million people have diabetes and 96 million people aged 18 or 
older are prediabetic. In the late twentieth century until the beginning of the twenty-
first century, personal management of one’s glycemic level exclusively required 
pricking a finger to draw blood, then testing the glucose concentration of the blood 
sample with a disposable electrochemical sensor integrated with a digital-readout 
device. In the year 1999, Medtronic’s Minimed Gold became the first continuous 
glucose sensor (CGM) to be approved by the FDA for market distribution [74]. The 
device still required daily calibration via finger pricking; however, the decrease in 
frequency of the pricking was a dramatic improvement to patients’ quality of life 
and demonstrated the future healthcare potential of wearable biosensors. 

CGM devices that sample ISF are currently the most commercially successful type 
of WTB available on the market—being capable of long-term continuous monitoring 
of their target analyte with analytical sensitivity and selectivity great enough [75] 
for the devices to be used as either adjuncts to fingerstick blood glucose moni-
tors (BGMs) or replacements of fingerstick BGMs. A CGM [76] is any device 
that can automatically track glucose levels throughout the day and night. Current, 
commercially available CGMs use a small probe (Fig. 6), either inserted or implanted
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Fig. 5 a Photograph of the porous PDMS sponge (PP), oxSWCNT-PANI ink and fabricated sensor 
(oxSWCNT-PANI/PP); b ADF-STEM micrograph of the oxSWCNT-PANI ink with schematic of 
the fabricated sensor. EELS mapping of particular region in blue box. c Response and recovery time 
of the oxSWCNT-PANI/PP sensor in CO2 gas sensing (5 ppm). d Schematic representation of the 
probable CO2 sensing mechanism of the sensor

deep in the dermis or into the hypodermis. The typical glucose sensor relies on the 
oxidation of glucose catalyzed by glucose-oxidase after the molecule binds with 
the enzyme. First-generation glucose monitors use oxygen as an electron acceptor/ 
redox mediator by using the electron from the oxidation of glucose to reduce oxygen 
to hydrogen peroxide. Then the electron obtained from the oxidation of hydrogen 
peroxide to water by the working electrode is detected by the change in current 
at the working electrode. This change in current is subsequently correlated to the 
blood-glucose concentration. These data are wirelessly transmitted to a handheld 
device, thus providing the patient with real-time changes of their blood glucose levels 
throughout the wear period. Some commercial CGMs still rely on first-generation 
glucose sensing. Second-generation CGMs, that use artificial electron acceptors or 
redox mediators, and third-generation CGMs, that use modified enzymes instead of 
mediators, are becoming more prevalent in CGM technology [7].

CGMs share four key components: an enzymatic biorecognition element, an elec-
trochemical transduction element, a glucose limiting membrane, and interference 
rejection [7]. Most CGMs use glucose oxidase (GOx) as the enzyme, which catalyzes 
the oxidation of glucose. The generated electron participates in a redox reaction
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Fig. 6 Illustration of a continuous glucose monitor and first-generation detection of glucose. The 
orange circle represents glucose, which is oxidized by glucose oxidase into glucono-δ-lactone, 
represented by the purple circle. The electron removed from glucose is ultimately used to reduce 
oxygen dissolved in ISF to hydrogen peroxide, which is subsequently oxidized by the working 
electrode to water

with a mediator molecule near the transduction element, detected amperometrically. 
First-generation sensors relied on the H2O2–O2 redox reaction but had issues with 
unintended oxidation of other molecules. Second-generation sensors used artificial 
mediators or glucose dehydrogenases (GDHs) as replacements but face stability and 
toxicity challenges. Recent advancements aim to improve enzyme stability, electron 
transfer rate, or eliminate redox mediators in the reaction. Incorporating GDHs into 
commercial CGMs is still pending. 

6 Discussion and Concluding Remarks 

Within the past 5 years, WTB technology has slowly branched away from glucose 
monitoring for diabetes management toward other analytes and applications. The 
success of CGMs using ISF as the sampling fluid punctuates the viability of the 
biofluid for other transdermal sensing applications and sets them as the gold standards 
which other WTBs aim to emulate regarding sensitivity, selectivity, and longevity. 
However, many aspects of their designs do not necessarily integrate well with alter-
native sampling methods or can be easily repurposed for the detection of biomarkers
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dissimilar to glucose. Sweat has been extensively investigated as a non-invasive 
alternative to ISF for glucose monitoring. Correlations between sweat-glucose and 
blood-glucose have been validated; however, they are still issues with reliable and 
continuous sampling throughout the day due to uncontrollable environmental and 
physiological factors—issues which extend to other wearable sweat sensing applica-
tions. To this point, monitoring transcutaneous gases has a clear advantage; however, 
the technology is still in a nascent phase. The number of validated biomarkers that can 
be detected as gases is currently limited. Regarding dissimilar biomarkers, enzymatic 
recognition and subsequent amperometric detection is not always a viable strategy. 
Two examples of such biomarkers, whose continuous monitoring has been repeat-
edly demonstrated and whose WTB had recent clinical success, are electrolytes and 
hormones. A recent example of the former case, a zero-power, flexible microfluidic 
patch [18] containing colorimetric assays, was shown to be effective at monitoring 
Cl− and sweat rate for sports-related applications under various environmental condi-
tions. For the latter case, a wearable collection unit [77] connected to a portable liquid-
chromatographer/mass spectrometer was able to continuously monitor changes in 
the concentrations of multiple adrenal steroids in ISF throughout patients’ daily 
activities. 

WTBs represent an emerging and variable class of medical devices that have 
viable potential for improving point-of-care medicine. Their successful development 
requires careful consideration of the interactions between the sensor and the biofluid 
containing the target analyte. WTBs most often target sweat and ISF because they 
contain a plethora of biomarkers and can be minimally or non-invasively sampled. 
On-body detection of the target analyte(s) is normally done in situ using electrochem-
ical detection methods. Access to these biofluids for continuous, on-body monitoring, 
however, is not trivial. WTBs for transcutaneous gases are an emerging technology 
that, in comparison to ISF and sweat WTBs, have the advantage of continuous moni-
toring with minimal sensor degradation. However, there are few transcutaneous gases 
that have been identified as viable biomarkers. So far, CGMs have been the most 
successful WTBs, but that same success has yet to be replicated. However, recent 
successes highlight the prospective benefits of the WTBs and herald its continuing 
evolution into a staple of modern medical technology. 
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