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Abstract

Recent advances in miniaturized electronics, as well as mobile access to computational
power, are fostering a rapid growth of wearable technologies. In particular, the applica-
tion of such wearable technologies to health care enables to access more information from
the patient than standard episodically testing conducted in health provider centres. Clin-
ical, behavioural and self-monitored data collected by wearable devices provide a means
for improving the early-stage detection and management of diseases as well as reducing
the overall costs over more invasive standard diagnostics approaches. In this chapter, we
will discuss some of the ongoing key innovations in materials science and micro/nano-
fabrication technologies that are setting the basis for future personalized and preventive
medicine devices and approaches. The design of wire- and power-less ultra-thin sensors
fabricated on wearable biocompatible materials that can be placed in direct contact with
the body tissues such as the skin will be reviewed, focusing on emerging solutions and
bottlenecks. The application of nanotechnology for the fabrication of sophisticated minia-
turized sensors will be presented. Exemplary sensor designs for the non-invasive mea-
surement of ultra-low concentrations of important biomarkers will be discussed as case
studies for the application of these emerging technologies.
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1. Electrochemical sensors

Electrochemical sensors have since long being integrated into microfluidic systems for the
measurement of very low concentration of biomarkers [1, 2]. The first electrochemical sensors
were developed for oxygen monitoring in the second half of the twentieth century [3]. Minia-
turized electrochemical sensors for many toxic gases were commercialized in the 1980s
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showing good sensitivity to the permissible exposure limit ranges and selectivity [4]. Com-
pared to optical, mass and thermal sensors, electrochemical sensors are especially attractive
because of their remarkable sensitivity, experimental simplicity and low cost [5, 6]. Further-
more, they benefit small power requirements facilitating their integration in small sensing
systems. Currently, a variety of electrochemical sensors are being used as detectors in station-
ary and portable devices for personal safety, clinical, industrial, environmental and agricul-
tural applications [7–9].

Electrochemical detection is usually performed by reducing or oxidizing an electro-active
analyte and monitoring the current or potential between the working (WE) and the counter
electrodes (CE) as a function of time [5, 6]. As many compounds present relatively easy
oxidable or reducible sites, the electrochemical detection mechanism is applicable to a wide
number of relevant analytes. There are three main types of electrochemical sensors: potentio-
metric, amperometric and conductometric [10]. For potentiometric sensors, a local equilibrium
is established at the sensor interface, where either the electrode or the membrane potential is
measured. The information about the composition of a sample is obtained from the potential
difference between two electrodes [11, 12]. Amperometric sensors exploit the use of a potential
applied between a reference and a working electrode, to cause the oxidation or the reduction of
an electro-active species, which result in currents in a proportional current [13, 14]. Conducto-
metric sensors are based on the measurement of the conductivity at a series of frequencies [15].

Figure 1A shows a schematic of the operation principle of an electrochemical sensor [16].
Commonly, a constant voltage, sufficiently high to initiate the reduction or the oxidation of
the analyte, is applied between the working and the counter electrode (Figure 1A). The
working electrode is usually nanostructured and functionalized with a molecule-specific layer
of enzymes or antibodies, providing a selective surface for the redox of the targeted analyte
[16, 17]. This results in the rise of a catalytic current between the working and the counter
electrode, which is proportional to the analyte concentration [2, 16].

While electrochemistry methods have since long been applied to the characterization of mole-
cules dispersed in liquids, and electrochemical biosensors are commercially available, their
integration in wearable sensors is relatively new. In particular, the fabrication of miniaturized
electrochemical cells and circuitry that can be placed in close contact with body tissues and
related fluids has been challenging. The development of flexible electronic micro-fabrication
approaches has enabled the engineering of skin-like planar electrochemical cells that require
very small amount of liquids and can be placed on the human skin [18] (Figure 1B), iris [6, 19]
(Figure 1C) and saliva [20] (Figure 1D). For instance, the design of functional micro-electrodes
on flexible polymer lenses has enabled the online measurement of glucose and other key
biomarkers directly from human tears [6, 19] (Figure 1C). Typical layouts consist of working
(WE), counter (CE) and reference (RE) electrodes [21] deposited on flexible insulating and
biocompatible substrates such as 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer
[6, 22], polydimethyl siloxane (PDMS) [6, 22] and polyethylene terephthalate (PET) [19]. A
current between the working and the counter electrode is generated by targeted redox reac-
tions between the biomarker and the modified working electrode while the opposite reaction
takes place at the counter electrode [21, 23]. This results in the generation of an electrochemical
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current which, in diluted conditions, is proportional to the concentration of the biomarker [17].
A major advantage is that the selectivity can be enhanced both by coating the nanotexture with
highly selective functional groups such as enzymes, antibodies and carefully engineered pep-
tides, and by selecting the appropriate voltage potential for activation of the selected reaction.

Lee et al. [18] reported soft materials, device designs and system integration strategies for a
new class of diabetes monitoring and therapy devices based on functionalized chemical
vapour deposition (CVD) graphene. Graphene biochemical sensors with solid-state Ag/AgCl

Figure 1. (A) Typical operation principles and sensing mechanisms for electrochemical lactate sensors for other metabo-
lite the functional layer of the working electrode is designed to provide specific bonding and reaction sited to the targeted
molecules [73]. Reproduced with permission [73]. Copyright 2017, Wiley Online Library. (B) In-vivo demonstration of a
wearable diabetes monitoring and therapeutic system. The electrochemical analyser as an integrated Bluetooth circuit to
communicate with external devices (top left). Optical image of the electrochemical sensor array on the human skin
collecting perspiration for glucose monitoring (bottom left). Schematic of the GP-hybrid electrochemical unit, which
consists of an electrochemically active layers (xi), gold-doped graphene (xii) and a serpentine Au mesh (xiii), from top to
bottom (right) [18]. Reproduced with permission [18]. Copyright 2016, Nature Publishing Group. (C) Schematic layout
and characterization of a tear glucose electrochemical sensor with an integrated biofuel cell (BFC) on a contact lens [6, 19].
Reproduced with permission [6, 19]. Copyright 2013, ACS Publications, Copyright 2012, Elsevier. (D) Demonstration of a
mouthguard biosensor with integrated wireless amperometric circuit board, reagent layer made of a chemically-modified
working electrode and the wireless amperometric circuit board: front side and back side [20]. Reproduced with permis-
sion [20]. Copyright 2015, Elsevier.
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counter electrodes have shown enhanced electrochemical activity, sensitivity and selectivity for
the detection of important biomarkers contained in human sweat (Figure 1B). Such hybrid
interconnections and physical sensors efficiently transmit the signal through the stretchable
array and supplement electrochemical sensors, respectively. The orchestrated monitoring of
biomarkers and physiological cues with sweat control and transcutaneous drug delivery
achieves a closed-loop, point-of-care treatment for diabetes (Figure 1B). This demonstrated a
stretchable device featuring a serpentine bilayer of gold mesh and gold-doped graphene as an
efficient electrochemical interface for the stable transfer of electrical signals. The patch consists
of a heater, temperature, humidity, glucose and pH sensors and polymeric microneedles that
can be thermally activated to deliver drugs transcutaneously. They showed that the patch can
be thermally actuated to deliver Metformin and reduce blood glucose levels in diabetic mice.
The diabetes patch is laminated on the human skin and is electrically coupled to a portable
electrochemical analyser, which in turn wirelessly transfers data to remote mobile devices and
supplies power to the patch (Figure 1B). The humidity sensor monitors the increase in RH. It
takes about 15 min for the sweat-uptake layer of the patch to collect sweat for the measurement
and corresponds to an RH of over 80% [18].

Falk et al. [6] demonstrated a self-powered glucose measurement system based on a mini-
ature biofuel cells (BFCs). It generates ca. 3.1 μW cm�2 of power from the ascorbate and
oxygen available in basal tears without influencing the glucose concentration (Figure 1C).
Calibration and proof of concept were demonstrated ex-situ with a macrocell of 30 mL by
chronopotentiometry. Notably, the device showed no sensor response to pure glucose solu-
tions, while a strong electrochemical response was achieved with the addition of ascorbate
and ascorbate-dopamine fuels. An open circuit voltage of 0.54 V and a maximal power
density of 3.1 μW cm�2 at 0.25 V were measured with human basal tears [6]. These devices
showcased a stable current density output of 0.55 μA cm�2 at 0.4 V over 6 h of continuous
operation.

Kim et al. [20] presented electrochemical sensors integrated on mouthguards featuring a
Bluetooth low-energy communication system for the real-time amperometric monitoring of
uric acid (Figure 1D). An electrochemical three-electrode layout was screen-printed on the
mouthguard and functionalized with a uricase enzyme-modified layer (Figure 1D). A
2.45 GHz chip antenna was employed for wireless transmission. These sensors were vali-
dated by in vivo measurements of salivary uric acid (SUA) levels in hyperuricaemia patients
and healthy individuals. The device was powered with two 1.55 V, 33 mAh watch batteries
that were connected in series and consumed in average 21 mW in an active mode and
0.6 mW in a sleep mode. Using a measurement frequency of 60 s enabled battery charge to
last up to ca. 5 days. A clear distinction in the SUA levels of the healthy control
(178.5 � 20.7 mM) and hyperuricaemia patients (822.6� 26.25 mM) was observed, indicating
a good potential of this approach for the diagnostics of hyperuricaemia. A sensitivity of
2.45 mA per mM of uric acid was determined with uric acid solutions with 100–600 mM
with an R2-correlation coefficient of 0.998. Further decreasing the devices size, while reduc-
ing power consumption and requirement of integrated batteries may, has the potential to
lead to significant commercial applications.
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2. Capacitive sensors

Non-contact capacitive sensors work by measuring the changes in capacitance induced by the
interaction of a sensing layer with an analyte [24, 25]. When a voltage is applied across two
electrodes in an open circuit configuration, an electric field is created between them causing
positive and negative charges to collect on the electrode (Figure 2A). If the polarity of the
voltage is reversed, the charges will also reverse. Usually, capacitive sensors use alternating
voltage which causes the charges to continually reverse their positions. The moving of the
charges creates an alternating electric current which is strongly influenced by the interaction
with the target analyte (Figure 2B). More in specific, the current is a function of the capaci-
tance, and the capacitance is determined by the area, proximity of the electrodes and the
properties of the space between the electrodes. The larger and closer the electrodes, the higher
the current.

Capacitive sensing is becoming increasing popular as an alternative to optical and mechanical
sensors for multiple applications such as proximity/gesture detection, material analysis and
liquid level sensing. Amongst the advantages of capacitive sensing are its applicability to
different kinds of materials such as skin, plastics, metals and liquids, and its contactless and
wear-free sensing mechanism, high miniaturization potential, low cost and low-power require-
ments. Amongst other configurations, capacitive biosensing can be based on capacitive cou-
pling with the human body. This results in a reliable solution for measuring liquid levels
(Figure 2C) and material composition and creating human-to-machine interfaces such as
digital buttons. Figure 2C–E displays three basic implementations for capacitive sensing, such
as liquid-level sensing (Figure 2C), proximity/gesture recognition (Figure 2D) and material
analysis (Figure 2E).

Chen et al. [24] demonstrated low-force capacitive contact lens sensors (Figure 2F) for the
continuous monitoring of the intraocular pressure (IOP). This is a primary indicative factor in
the diagnosis and treatment progress monitoring of glaucoma. The innovative design utilized
capacitive sensors for the measurement of these ultra-low pressure variations. To facilitate the
wireless transmission of the pressure sensor readings, a curvature-sensing capacitor (C) was
coupled with an inductive coil (L) having a fixed inductance resulting in an LC resonant
circuit. Changes in the curvature of the soft cornea, and thus in the contact lens electrode
spacing, result in variation of the capacitance and resonance frequency of the LC circuit. The
resonance frequency was measured wirelessly via a reader integrated in the glass frame worn
by the user [26]. The sensing element consisted of a variable gap-sensing capacitor. The
electrode with a soft gap was embedded in a soft silicone rubber layer on the corneal side of
the lens, while a reference electrode and an inductive coil were fabricated in a hard silicon
rubber layer on the outer layer of the lens (Figure 2F). The flexible-sensing capacitor was
electrically coupled with the hard inductive coil. The sensor lens layout was designed for
human eye. For an average person with a cornea radius curvature of 8 mm, the curvature
changes due to the typical IOP variation between 5 and 40 mmHg is 0.12 mm for a typical
cornea. To maximize the linearity of the sensor response to the pressure change, the difference
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Figure 2. (A) Simplified schematic of conductive sensors: applying a voltage to two electrically insulated electrodes
causes positive and negative charges to collect on each side. (B) Applying an alternative voltage causes the charges to
move back and forth between the objects, creating an alternating current which is influenced by the space between the
electrodes such as the concentration of a target analyte. Basic implements for capacitive sensing: (C) liquid level
sensing (parallel fingers), (D) proximity detection (isolated sensor) and (E) material analysis (parallel plate). (F)
Capacitive contact lens sensor for IOP monitoring. The sensing element (LC circuit) is embedded into silicone rubber
in a double-layer contact lens sensor [24]. Reproduced with permission [24]. Copyright 2013, Elsevier. (G) Biotransfer
of the nanosensing architecture onto the surface of a tooth with magnified schematic of the sensing element illustrating
wireless readout [25]. Percentage change in graphene resistance versus time following exposure to ~100 H. pylori cells
in human saliva (red line). The response to ‘blank’ saliva solution is shown as blue line [25]. Reproduced with
permission [25]. Copyright 2012, Nature Publishing Group.
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in radius between the sensing and the reference layers had to be maximized. However, an
overly large difference would reduce the IOP sensitivity. A linear, but sufficient range of
sensitivity was obtained with a 0.5 mm curvature change for the capacitor. In addition, a
circular spiral multi-turn inductive coil designed to have a high quality factor (Q) was used to
maximize the reading resolution of the LC resonance circuit.

Mannoor et al. [25] presented a novel approach for passive, wireless, graphene nanosensors to be
placed in contact with biomaterials. A biointerfaced-sensing platform, which can be tuned to
detect target analytes, was fabricated via silk bioresorption. In particular, they demonstrated their
integration onto a tooth for remote monitoring of respiration and bacteria detection in saliva
(Figure 2G). The architecture consisted of a parallel resonant circuit with a gold inductive coil for
wireless transmission and interdigitated capacitive electrodes in contact with graphene-resistive
sensors. The resulting system is a passive wireless telemetry device, without the need of on-board
power sources and external connections. More in detail, a single-layer, thin-film, inductor-
capacitor (LC) resonant circuit integrated in parallel with the resistive graphene monolayer
enabled the wireless readout and battery-free operation (Figure 2G). The binding of pathogenic
bacteria on the graphene nanosensor resulted in variation of its conductance, which induces
changes in the characteristic frequencies and bandwidth of sensor resonance (Figure 2G). Upon
recognition and binding of the specific bacterial targets by the immobilized peptides, the variation
of the electrical conductivity of the graphene film was wirelessly monitored using an inductively
coupled radio frequency (RF) reader device. The exposure to a 1 μl sample of human saliva
containing ~100 Helicobacter pylori cells resulted in a real-time variation of the sensor signal as
presented in Figure 2G. By contrast, 1 μL of “blank” saliva solution without any bacterial cells,
used as a control, showed good selectivity and application potential.

3. Chemiluminescence sensors

Luminescence is the emission of light from an electronically excited compound returning to the
ground state. The source of excitation energy serves as a basis for a classification of the various
types of luminescence and includes electromagnetic waves, heat, friction, electric field or
chemical reaction (Figure 3A). When the energy source for the excitation is a chemical reaction,
this phenomenon is called chemiluminescence (CL). Chemiluminescence measurements usu-
ally consist of monitoring the rate of production of photons, which in turn depends on the rate
of the luminescent reaction [27, 28]. The light intensity is directly proportional to the concen-
tration of the limiting reactant involved in the luminescence reactions. Thanks to the achieve-
ment in miniaturized and integrated optical-sensing systems, very low levels of light intensity
can be measured allowing the development of very sensitive analytical methods and systems.
Chemiluminescence-based sensors have been then developed with the aim of combining the
selective of light-emitting reactions with the convenience of electronic sensors. More recently,
chemi- and electrochemiluminescence (ECL) detections have also been used instead of fluores-
cence for the development of biochips and microarrays.
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Figure 3. (A) Schematic of luminescence phenomenon consisting in the emission of light from an electronically excited
compound returning to the ground state. (B) Fabrication and operation of a paper-based microfluidic ECL sensor [31].
Upon full wetting of the sensing area, the sensor is placed in proximity of the lens of the camera phone and a potential of
1.25 V is applied [31]. The resulting emission is captured and analysed (C) Digital photographic images of ECL emission
obtained with various DBAE concentrations (1–20 mM) using a camera phone [31]. The ECL reactions were initiated by
stepping the potential from 0 to 1.25 V upon application of a sample droplet [31]. Reproduced with permission [31].
Copyright 2011, ACS Publications.
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Freeman and Seitz reported in 1978 the first CL sensor for hydrogen peroxide measurement [29].
Since then, various types of CL-based sensors have been commercially implemented and are
extensively used for the analysis of inorganic, organic and biological/pharmaceutical compounds
[30]. In recent years, a higher sensitivity of CL-based sensors over other photoluminescence-
based ones has attracted significant research focus. The high sensitivity of CL-based sensing is
attributed to the suppression of the noise introduced light scattering. Furthermore, CL-based
devices feature a simpler set-up with lower background emissions than other photolumi-
nescence detection systems. One of the major remaining deficiencies in the application of CL
sensors to routine analysis systems is the short lifetime and signal drift, caused by the irreversible
consumption of the CL reagents. While many CL sensors have designs based on the recycling of
the CL reagents, which are usually bound to polymers and have a decreased consumption of the
luminescent reagent, the stability of this type of sensors is compromised by the bleaching of the
reagents or they partition into hydrophobic regions of the film over time.

Recently, Delaney et al. [31] presented an ECL sensor based on paper-based microfluidic devices.
Low cost, disposable ECL sensors were fabricated with inkjet-printed paper fluidic substrates
and screen-printed electrodes (Figure 3B). Such devices can be read with a conventional photo-
detector or a mobile camera phone. Importantly, because ECL is performed in the dark, unlike
the case of colorimetric detection, it is independent of ambient light. The paper fluidic element
was placed in direct contact with a screen-printed electrode and tightly enclosed in clear plastic
(Figure 3B) [31]. A limit of detection of 0.9 μM was achieved with a linear response between
3 μM and 5 mM using a photomultiplier tube as the photodetector. Quantitative results could
also be collected using a mobile camera phone by analysing the red intensity from digital images
of the ECL emission, using a simple program that can be run on the mobile phone itself.
Figure 3C shows the photographic images of the ECL emission from the sensors for a range of
concentrations of 2-(Dibutylamino)ethanol (DBAE) between 1 and 20 mM, produced by stepping
the potential from 0 to 1.25 V. The images reveal an unambiguous relationship between concen-
tration and the intensity of the colour. The red pixel intensity was analysed for each image and a
numerical value associated with each intensity was obtained [31].

4. Chemiresistive sensors

Semiconductor-based chemiresistive sensors are amongst the most investigated and widely
used devices for the detection of combustible and toxic gases owing to their low cost, minia-
turization potential and circuit simplicity [32, 33]. Such chemiresistive gas sensors are able to
detect a wide variety of reactive reducing or oxidizing gases at very low ppb concentrations
via a strong variation of their resistivity, which are not detectable with catalytic combustion
and electrochemical-based gas sensors [34, 35]. A major challenge is their inherent non-
specificity, which makes it challenging to use for the identification of unknown and complex
gas mixtures. Chemiresistor gas sensors mainly operate on the basis of surface reactions, which
cause change in the electrical resistance due to the modulation of the surface charge layer and
semiconductor band bending [36]. These types of sensors feature excellent sensitivity, short
response time, low cost, and very good suitability for the integration in miniaturized portable
instruments making them appealing for numerous applications including breath analysis,
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alarm systems and electronic nose [34–36]. In spite of their numerous benefits, chemiresistive
sensors have shown different challenges with respect to their commercialization such as poor
reproducibility, long-time instability due to aging of the sensing materials and surfaces, cross-
sensitivity to other gases and also to water vapour [37, 38].

Chemiresistive-type sensors using various semiconducting metal oxides, such as WO3, MoO3,
SnO2 and NiO, have been demonstrated for use as exhaled breath sensors, due to their superior
sensitivity to volatile organic compounds (VOCs) and integration in portable devices [38–42]. A
major requirement is the development of selective semiconductor material and surface that can
provide fast response times [43]. Here, the sensing mechanism of chemiresistive devices is
schematically described in Figure 4A and B. Oxygen molecules physisorb on the oxide surface,
with electrons being transferred from the metal oxide to the oxygen which is ionosorbed [44, 45].
Several oxygen species are adsorbed including molecular (O2) and atomic (O, O2) ions with their
fraction depending from the operating temperature (Figure 4A and C). These adsorbed ions
scatter electrons within the Debye length (d) of the metal oxide forming a depleted region
(Figure 4B and C), and band bending, with a reduced electron mobility near the oxide surface
[44, 46].

The reception function of a common chemiresistive semiconductor, such as SnO2 (in air) for a
reducing or oxidizing analyte, consists of the variation of the ionosorbed oxygen concentration
[44, 47]. If a reducing analyte is injected in the sensing chamber, such as EtOH, H2 or CO, the
surface concentration of oxygen ions is decreased (Figure 4B), releasing some of the trapped
electrons back to the semiconductor and reducing the concentration of the scattering centres.
As a result, the electron mobility and carrier concentration of the semiconductor are increased
[38, 44]. In more detail, the ionosorbed oxygen scatters electrons within the Debye length of
SnO2, reducing its electron mobility. For large grains (dp > > δ), the sensing mechanism is
controlled by the grain boundaries (Figure 4C). For ultra-fine nanoparticles, there are two
possible mechanisms as a function of the grain size (dp) [44, 46, 48]. If the grain size is larger
than twice the Debye length, a conduction channel with bulk mobility exists within a diameter
(LC = dp�2δ) from the grain centre (Figure 4C) [46, 49, 50]. A change in the scattering centre
concentration (O2, O, O2) will then only result in a change in the conduction channel width
(LC). By contrast, if the grain is smaller or equal to twice d, then the whole grain is depleted
(Figure 4C); therefore, a reduction of the ionosorbed oxygen may ‘open’ a conduction channel
through the oxide (Figure 4C) [49, 51].

Recently, Moon et al. [41] present a high-performance chemiresistive electronic nose (CEN)
based on an array of metal oxide semiconductor thin films, metal-catalysed thin films and
nanostructured thin films. It consisted of differently nanostructured thin films based on metal
oxides, including tungsten trioxide (WO3), tin dioxide (SnO2) and indium oxide (In2O3)
(Figure 4D). These nanostructured thin films were synthesized by e-beam deposition in a
glancing angle deposition. The chemiresistive-sensing properties of these nine sensing element
arrays were explored for the diagnostics of asthma, halitosis and kidney disorders. The CEN
operating at 168�C demonstrated a sensitive and selective detection of NO, H2S and NH3 with
an 80% relative humidity (RH) atmosphere (Figure 4E). The estimated detection limits of this
sensor array for these gas molecules were in the sub-ppb range, suggesting their potential use
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Figure 4. Schematic model of the chemiresistive sensing mechanism of semiconductor metal oxides based on the
oxygen ionosorption on the semiconductor surface in (A) pure dry air and (B) with ethanol [44]. Reproduced with
permission [44]. Copyright 1982, AIP Publishing. (C) As a function of the ratio between the particle diameter (dp) and
the Debye length (δ), three sensing mechanisms are expected [46]. (Reproduced with permission [46]. Copyright 2015,
Wiley Online Library. (D) Optical microscope images of the sequential fabrication process of the CEN on a single chip
(1 � 1 cm) containing an active layer (1 � 1 mm) on Pt interdigitated electrodes [41]. Reproduced with permission [41].
Copyright 2016, ACS Publications. (E) PCA plot showing the responses to 8 gases with 80% RH [41]. (F) Detector
schematic: a metal oxide (MOx) film is deposited onto a sensor substrate consisting of an Al2O3 support with
interdigitated Au electrodes [55]. Reproduced with permission [55]. Copyright 2010, ACS Publications. (G) Picture of
the operating hand-held sampler and sensing unit with a disposable mouthpiece (left). IR camera image (right)
confirmed the absence of any hot-spots close to the mouth piece or holder, the temperatures are always below 40�C
there [52]. Reproduced with permission [52]. Copyright 2015, IOP Publishing. (H) Estimated acetone concentration
with the Si:WO3 sensor (thick solid line) and acetone (thin solid line) and isoprene (dotted line) concentrations
measured by PTR-MS during breath analysis of a healthy subject during physical activity [39]. Reproduced with
permission [39]. Copyright 2012, Elsevier.
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for the diagnosis of asthma, halitosis and kidney disease via breath analysis. The enhanced
sensitivity of these sensing materials is attributed to the spill-over effect of the noble metal Au
nanoparticle catalysts and the high porosity of villi-like nanostructures, which provides a large
surface-to-volume ratio. Using principal component analysis (PCA), the CEN can detect and
distinguish the H2S, NH3 and NO biomarkers in exhaled breath (Figure 4E).

Righettoni et al. [39, 52] developed a portable acetone sensor (Figure 4F and G) consisting of
flame-deposited [53, 54] and in situ-annealed, Si-doped epsilon-WO3 nanostructured films,
capable of measuring ultra-low acetone concentrations (down to 20 ppb) with a high signal-
to-noise ratio in ideal (dry air) and realistic (up to 90% RH) conditions. The detector films
consist of highly sensitive and selective pure and Si-doped WO3 nanoparticle films (10–13 nm
in diameter) made of the gas phase and aerosol-deposited onto interdigitated electrodes [55] as
previously demonstrated for SnO2, ZnO and Si-SnO2 nanoparticles [43, 56–58]. The breath
acetone content of test persons was monitored continuously and compared to that measured
via proton transfer reaction mass spectrometry (PTR-MS). Notably, in addition to providing
similar breath acetone concentration readings to the PTR-MS and a better signal-to-noise ratio,
the chemiresistive sensor response times were below 15 s, making these devices attractive for
breath analysis (Figure 4H). Acetone concentrations of 20 ppb were measured with high
signal-to-noise ratios above 10. Furthermore, the sensor response was robust against variation
in gas flow rates down to 0.2 L.min�1, facilitating the application of such sensors for real breath
measurement devices.

5. pH-monitoring sensors

Monitoring of chronic wounds is a relatively unexplored area that presents significant chal-
lenges to modern health-care providers. Chronic wounds are defined as wounds that either do
not heal or heal very slowly or may reoccur after healing. Generally, wounds that do not heal
within 3 months are termed chronic [59]. They affect more than nine million people across the
United States and Europe with an annual cost exceeding US$ 39 billion [60, 61]. Usually,
diabetic, obese and elderly people tend to suffer from chronic wounds [62, 63]. Untimely,
treatment may lead rapidly to infections and complications. The diagnosis and the treatment
of chronic wounds are quite complex, providing a major challenge to the health-care staff [64].
One of the major causes of disruption of the healing process, which may lead to a chronic
wound, is bacterial infection which may result in the overgrowth of a newly formed capillary-
rich granulation tissue over the wound [65]. This condition, termed as over-granulation, can
hamper the healing process and may result in a protruding, friable flesh that is very sensitive
and bleeds easily.

There is currently no commercially available wireless device to continuously monitor the
wound-healing process. Patients rely on medical staff for physical inspection of the wound,
which requires repeated trips to clinics or prolonged hospitalization. Few devices have been
reported in the study that monitor parameters related to the wound-healing process. These
include a bandage in a solution form that can be painted onto the skin to form a thin film [66].
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The film emits oxygen-dependent phosphorescence that can be used to map the oxygen levels
of the underlying skin tissue. In another example, a flexible electrode array has been developed
through the inkjet printing of gold nanoparticle on flexible polyethylene naphthalate to mea-
sure the impedance spectrum of the tissues for early detection of pressure ulcers [67]. Elec-
trodes have been demonstrated to measure moisture levels [68] as well as bacteria [69] in
wound dressings. Changes in pH values have also been related to the presence of infection.
An infected wound shows slightly basic pH due to certain enzyme activities, bacterial coloni-
zation and formation of protein structures [70]. However, these approaches rely on the sensing
of a single parameter to monitor the wound-healing process, while the healing is a complex
process that may require information about a number of factors affecting the wound healing.
An attractive solution would be the integration of low cost, wearable, compact, wireless, real-
time wound-monitoring system on the adhesive bandages that are commonly used to protect
wounds from the external environment. Such a system could be worn by patients everyday
and be able to issue early warnings to the patients regarding any abnormality in the healing
process, as well as wirelessly send the data recordings of multiple parameters related to the
wound-healing process to the remote medical staff.

Recently, Farooqui et al. [71] reported a wearable system to wirelessly monitor chronic wounds
using simple bandage strips. The system comprised a set of inkjet-printed sensors on a dispos-
able bandage to monitor bleeding, pH levels and external pressure on the wound site. The sensor
and wireless circuitry electronics were integrated on the bandage in a reusable fashion, thus
maintaining the disposability of the bandage strip in contact with the wound (Figure 5A–C).
This wearable bandage could alert the patient and the health-care providers regarding any
abnormality in the wound-healing process through the integrated wireless module [71]. The pH
levels on the wound site were detected by changes in resistance of one of the electrodes (carbon-
based) placed on the bandage [71]. The wireless tests were performed while the bandage is worn
on the body as shown in Figure 5C. A fluid was injected underneath the bandage using a narrow
tube, attached to a syringe containing the fluid, imitating a wound-bleeding process. A Zigbee
wireless receiver was placed to receive an information signal from the bandage. When the fluid
was pumped from the syringe and reaches the bottom side of the bandage, the transmitter on the
bandage was activated and sent information to the receiver [71].

Guinovart et al. [72] demonstrated a wearable potentiometric pH cell embedded into an
adhesive bandage for real-time monitoring of pH variations in a wound. Screen-printed
silver-silver chloride electrodes were deposited on a commercial adhesive bandage forming a
potentiometric cell. The fabrication process is illustrated in Figure 5D. A transparent dielectric
insulator was first printed onto the cellulose pad to cover the area where the potentiometric
electrodes would be printed [72]. Then, conductive traces that defined the electrode under-
layer were made by screen-printing of an Ag/AgCl conductive ink. Thereafter, a carbon layer
was overlaid on the traces to fabricate the working electrode. Finally, an insulator ink was used
to shield the conductive tracks and expose the electro-active areas and contact pads for micro-
wiring [72]. To assess the ability of the sensor to dynamically monitor pH changes in wounds,
a poly(ethylene glycol) (PEG) hydrogel, cured on top of both electrodes, was used to emulate a
healing segment of tissue. Figure 5E shows a typical pH time response. First, a sharp decrease
in the pH is observed. This corresponds to the diffusion of the supplied solution to the
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electrode surface. After 40 min, the pH reaches a similar value to the added solution pH level.
The corresponding electromotive force (EMF) profile is shown in the inset of Figure 5E. These
findings demonstrate that the new pH-sensitive bandage is able to detect pH fluctuations at a
wound site with relatively long time intervals (up to 100 min).

6. Conclusions

Advanced wearable-sensing technologies have the potential to offer a minimally intrusive
telemedicine platform for individual health service and dramatically alter the landscape of
health-care delivery as well as our understanding of many diseases. In this chapter, we have
reviewed some recent achievements in miniaturised sensor technologies for the non-invasive
detection of disease biomarkers for medical diagnostics. We have classified these technologies
according to their working principles and detecting mechanisms. Notably, the development of
portable devices is rapidly revolutionising the device layout, resulting in the engineering of

Figure 5. (A) Two sensor electrodes are mounted on the top and the bottom side of a bandage forming a capacitor. (B) The
pH levels are sensed when the resistance of the carbon based bottom electrode changes in response to the pH levels. (C)
The bandage (with exposed electronics) is worn on the forearm [71]. Reproduced with permission [71]. Copyright 2016,
Nature Publishing Group. (D) Fabrication process for a pH-sensing bandage device. (i–iv) An insulating layer is printed,
followed by an Ag/AgCl and a carbon layer, and finally an insulating layer with skin-like colour. (v) Images displaying
the printed potentiometric sensor on an adhesive bandage [72]. Reproduced with permission [72]. Copyright 2014, Wiley
Online Library. (E) Real-time recording of pH changes over a 100-min interval using a PEG hydrogel simulating the
composition of a wound [72].
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wearable sensor systems on tattoos, bandages and contact lenses. Highly selective body fluid
sensors for readily available sweat, saliva and tears have been developed leveraging on
existing electrochemical, capacitive and pH-monitoring technologies, which can benefit from
an extensive library of enzymes for biomolecule detection. Similarly, non-invasive breath
analysis approaches based on solid-state devices made of unique nanomaterial compositions
can sense important biomarkers such as acetone, one the primary breath markers for diabetes,
down to a few particles per billion. By enhancing reducing health-care costs and providing
novel health data with unprecedented frequency, these smart wearable sensors can play a
critical role in revolutionising the future health-care system and improving our quality of life.
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