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Wearable respiratory sensors for health monitoring

Zhifu Yin®'?*?, Yang Yang®', Cong HU?, Jinzhe Li'* Boyu Qin* and Xue Yang®'”

Abstract

Real-time monitoring and early warning of human health conditions is an important function of wearable devices.
Along with the development of the Internet of Things and the medical drive for early detection and treatment,
wearable devices will become increasingly important in the future. Compared with traditional sensors, wearable
sensors with mechanical softness and deformability are able to adapt to geometric nonlinearities and deformations
caused by motion that occurs in application scenarios, thus ensuring stable and effective signal output under various
complex working conditions. Various novel sensing materials have been developed for the detection of various
biomarkers of respiration over the past few years. Here, we summarize the latest innovations in wearable respiratory
sensors, highlighting the dominant sensing materials, designs, sensing mechanisms, and clinical implications. Finally,
the future challenges and directions of wearable respiratory sensors are outlined toward promoting advancement in

the field of wearable respiratory monitoring.

Introduction

With a growing population, increasing aging and fre-
quent threats to global safety, public healthcare systems
are under increasing pressure and are experiencing a
significant shift from traditional hospital-centric systems
to individual-centric systems. Wearable devices, as a new
tool in human-computer interaction, can provide the
human body with physical signals such as respiratory rate,
pulse, and exercise status, as well as chemical signals such
as blood glucose and volatile organic compounds (VOCs).
These signals can be conveniently and simply transmitted
to a host computer via radio frequency identification
(RFID) tags, Bluetooth, or simple data lines and can be
used as a basis for evaluation and diagnosis.

The use of exhaled gases for disease diagnosis is an
ancient practice. In the late 1780s, Lavoisier took the first
initiative to determine the chemical components of human
breath, and in 1971, Linus Pauling demonstrated that
breath is a complex gas containing no less than 200 VOCs.
More recently, respiratory analysis has shown noninvasive
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and extraordinary promise as a modality for clinical
diagnosis, disease state monitoring, and environmental
exposure assessment"”, Human exhaled breath mostly
contains nitrogen [78.04%], oxygen [16%], carbon dioxide
[4-5%)], hydrogen [5%], inert gases [0.9%] and water vapor.
In addition, exhaled gas contains a variety of inorganic
compounds in parts-per-billion (ppb) or parts-per-million
(ppm) concentrations, including nitric oxide [10-50 ppb],
nitrous oxide [1-20 ppb], ammonia [0.5-2 ppm], carbon
monoxide [0-6 ppm], and hydrogen sulfide [0-1.3 ppm].
VOCs such as acetone [0.3—1 ppm], ethanol, isoprene
[~105 ppb], ethane [0-10 ppb], methane [2-10 ppm], and
pentane [0—10 ppb]**. can also be found in exhaled gases.

As a noninvasive test, breath testing offers exciting
advantages: the breath test is completely noninvasive and
even nonsensitive, greatly reducing the pain and incon-
venience of testing compared to traditional testing methods
(blood tests, urine tests). Compared to other noninvasive
testing (sweat, tears, interstitial fluid, etc.) methods, exhaled
gas is not only easy and quick to obtain but also available in
sufficient quantity, especially for respiratory-related dis-
eases, where breath testing can provide direct information
that all other tests do not. By measuring the concentration
of specific biomarkers in exhaled breath, it is possible to
determine the health status and degree of disease of an
individual and provide guidance for treatment.
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Combining respiratory sensors with flexible wearable
device manufacturing technology to develop wearable
respiratory devices can achieve continuous noninvasive
monitoring of human health®. In addition, the detection of
respiratory rate or exhaled breath condensate (EBC) is
also an important direction. Continuous measurement of
respiratory rate provides convenient insight into the
subject’s breathing status over a period of time, which can
guide the extent of disease progression, such as for sleep
apnea, asthma and chronic obstructive pulmonary disease.
Airway lining fluids contain antioxidants, soluble markers
and other biochemical molecules that can be exhaled with
gas during calm breathing. These substances condense
with water vapor under cold conditions to form EBC,
which can also be used for routine health monitoring by
measuring the concentration of biomarkers in EBC.

Sensors determine the performance of wearable devices
and are the most important component of wearable
devices. This review discusses the achievements of wear-
able gas sensors in recent years, as well as physiological/
pathological parameters related to exhaled gases. The first
chapter describes the main sensing materials applied to
gas sensors, as well as the characteristics and preparation
of these materials. Chapter 2 summarizes the sources of
biomarkers in exhaled gas and the correspondence
between biomarkers and diseases as well as wearable
devices used for biomarker detection in recent years.
Chapter 3 provides an overview of the opportunities and
challenges of wearable respiratory sensors for health care
applications (Fig. 1).

Introduction to wearable devices
Sensing materials

Respiratory sensors are the “brains” of respiratory
wearable devices and play a vital role in respiratory
monitoring. To achieve the desired goal, wearable
respiratory sensors need to meet the following conditions:
capable of responding quickly and accurately to target
biomarkers in exhaled gas at room temperature; the
sensing material is nontoxic, can be easily manufactured,
is robust to large mechanical deformations, and is
insensitive to small deformations. Traditional gas sensing
materials are rigid semiconductors and conductors.
However, higher sensing temperatures, as well as the
inherent brittleness and stiffness of the materials, limit
their use in wearable respiratory sensors. With the
development of materials science, various nanomaterials
have been discovered, fabricated, and applied in different
scenarios. In this section, we discuss five categories of
sensing materials, i.e., semiconducting metal oxides,
C-based materials, hybrid nanomaterials, conductive
polymers, and other materials. Figure 2 shows some of the
achievements in the development of wearable gas sensing
materials.
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Semiconductor metal oxide (SMO)

In recent decades, SMO-based chemiresistive sensors
have shown great potential for disease detection and
health monitoring based on volatile human exhalation®”.
The reversible interaction of gases with material surfaces
is the basis for the application of SMO-based gas sen-
sors"®. Based on the relationship between the valence
band, forbidden band, and conduction band, SMO can be
classified into two major categories: n-type SMO and
p-type SMO.

N-type SMO is also known as electronic-type SMO
(e.g., SnO,, ZnO, Iny,O3, WO;3 and Fe,03), jumping of
electrons from the donor band to the conduction band at
high temperature, and the carriers are free electrons.
P-type SMO is also known as hole-type SMO (e.g., NiO,
CuO, Cry03, Co304, and Mn3O,, and the electrons of
p-type semiconductors jump from the valence band to the
host band at high temperatures and leave the holes as
carriers. The addition of electrons in the conduction band
and the leaving holes in the valence band both increase
the number of carriers in the material, which manifests as
an increase in the conductivity of the semiconductor.
Thus, at room temperature, SMO behaves as an insulator,
while in high-temperature environments, it behaves as a
conductor.

There is a large amount of oxygen in the air (approxi-
mately 21% of the air). Oxygen has a high electro-
negativity and can easily react with semiconductor
materials to form oxygen ions wrapped around the surface
of the material, exhibiting the generation of an electron
depletion layer (EDL) and hole accumulation layer (HAL)
in n-type and p-type semiconductors, respectively. When
the sensor contacts oxidizing gases (e.g., Cl, NO,, SO,,
etc.), the oxygen ions on the sensor surface oxidize them
and absorb electrons from the EDL or HAL, causing an
increase in the EDL and HAL, which appears as a decrease
in the conductivity of an p-type semiconductor and an
increase in the conductivity of an n-type semiconductor.
The higher the concentration of the reactive gas is, the
greater the change in the resistance of the sensing mate-
rial. When the reducing gas is removed, the material
returns to its original properties. When SMO is exposed
to reducing gases (e.g., CO, H,, CHj, ethanol, acetone,
etc.), the exact opposite of the above reaction occurs, i.e.,
the EDL and HAL decrease, which appears as an increase
in the electrical conductivity of a p-type semiconductor
and a decrease in the electrical conductivity of an n-type
semiconductor’. A graphical representation of the change
in electrical conductivity of an SMO material is shown in
Fig. 3.

Many efforts have worked on improving the sensing
performance of SMO sensors. Since the SMO gas sensing
mechanism is mainly due to the oxidation/reduction
reactions occurring between the gas and the surface of the
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Fig. 1 Sensing materials for respiratory sensors and their application in health monitoring. “‘Respiratory sensor”®’, reproduced with permission.
Copyright John Wiley and Sons, 2021. “Graphene, rGO"°, reproduced with permission. Copyright Springer Nature, 2022."SWCNT">"*, reproduced with
permission. Copyright Springer Open, 2014. “Paper”'®, reproduced with permission. Copyright John Wiley and Sons, 2016. “PEDOT:PSS™">,
reproduced with permission. Copyright John Wiley and Sons, 2019. “PANi"®, reproduced with permission. Copyright American Chemical Society,

2018. “MOFs"", reproduced with permission. Copyright American Chemical Society, 2018. “MXenes"
Wiley and Sons, 2021. “TMDCs"*®, reproduced with permission. Copyright American Chemical Society, 2018. “Pressure
permission. Copyright American Chemical Society, 2021. “P
“Nitrites

H”277

"% reproduced with permission. Copyright Nature, 2017.

, reproduced with permission. Copyright European Respiratory Journal, 2003.

%75 reproduced with permission. Copyright John
"2%8 reproduced with

sensing material'®, better sensing performance can be
achieved in several ways:

i

Adjusting the size of the material. Jin et al.'!

controlled the concentration of the precursor
solution to fabricate a-Fe,O3 nanoparticles with
different grain sizes and then compared their
sensor responses to ethanol gas. Finally, they
found that the sensor response increases up to a
grain size of 15.9 + 1.4 nm and then decreases with
a further increase in grain size.

Tuning the nanostructure of materials. The lower
the dimensionality of the material is, the larger the
specific surface area and therefore the more
binding sites will be available. The 0-dimensional

form has been introduced in the discussion of
sensing principles. A 1-dimensional morphology
means that two of the three dimensions of the
material (x, y, z) are in the range of 0.1-100 nm. In
recent years, through technologies such as
electrostatic spinning, stencil printing and vapor-
liquid-solid growth, researchers have fabricated
various wire-like materials (nanowires, nanorods,
nanotubes, etc.) with controlled morphology and
composition for the detection of specific gases at
room temperature. A 2-dimensional morphology
indicates that one of the three dimensions of the
material (x, y, z) is in the range of 0.1-100 nm and
mainly refers to various sheet-like structures.
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Graphene

Kim, YH et al. fabricated all-graphene
gas sensors with graphene electrodes and
active sensing regions, demonstrating the
potential of graphene in gas sensing.

2015

o Polymers

i Jia, HY et al. fabricated
room-temperature NH,
sensors by writing Ppy
arrays on paper.

SMO

by using ZnO.

¢ SWCNT

i Tentzeris, MM et al. first
integration of RFID and
SWCNT on a paper substrate
for real-time respiratory
monitoring.

Metals

Mitsubayashi, K et al.
fabricated wearable oxygen
sensors based on Pt.

sensing.

201 8”282,”2020”215'217,”2022”54'2834

\

Zheng et al. fabricated
wearable ethanol sensors

Kang, MA, et al. fabricated
functionalized graphene
oxide by using various
organic materials, expanding
the application of graphene-
based materials in gas
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Lee, SH et al. Utilizing the electronic properties and
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Fig. 3 Reactions between SO, and semiconductors. a are n-type semiconductors, and b are p-type semiconductors.

Notably, nanotubes are also considered to be
nanosheets in a rolled up state and are thus
considered to be 2D materials in some studies.
Typical 2D materials include graphene, black
phosphorus ~ (BP), 2D  transition  metal

dichalcogenides (TMDCs), 2D transition metal
carbides, carbonitrides, and nitrides. Due to their
chemical, physical and thermal stability and planar
crystal structure characteristics, these
dimensional  (2D) materials have

two-
proven
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Fig. 4 Differences in the H,S response of WO; with different nanostructures. FESEM images of a tungsten oxide nanoparticles with the inset
showing a TEM image and electron diffraction and b tungsten oxide nanoplatelets with the inset showing a TEM image, ¢ A TEM image of WO, ;,
nanowires with the inset showing an HREM image. d A comparison of the response values of tungsten oxide nanostructures with H,S concentration
(at 250°C), temperature variation of e response and f recovery times (to 1000 ppm H,S) of tungsten oxide nanoparticles, nanoplatelets and
nanowires. Reproduced with permission from ref. '2. Copyright Elsevier, 2008.

advantageous in sensing applications. Rout et al."?, changing the morphology of the hollow porosity,
by studying the response of different the sensor performance can be substantially
nanostructures of WOz to H,S, it is clearly improved. Jang et al.'* used materials such as
shown that the sensitivity of WOz nanowires apoferritin, polystyrene (PS), Pt** ions, and SnO,
(3313) is much higher than that of WO;3 and prepared nanoporous Pt-PS_SnO, NTs by
nanosheets (1852), and the nanosheet structure is electrostatic  spinning and high-temperature
in turn more sensitive than that of spherical WO3 thermal decomposition, which showed an
nanoparticles (757) (Fig. 4). extremely high response to acetone gas as well as
iii. Increasing the porosity of the material. For excellent selectivity and were able to achieve
example, materials are fabricated into structures acetone detection at a minimum of 10 ppb. Yoon
such as core-shells and hollow porous structures, et al'® synthesized 3 M-SnO, materials with
which allow gases to easily enter and exit the macro, meso-, and micropores, allowing gases to
interior of the structure and interact with each flow in macro, meso-, and micropores with
other, increasing the material S/V and improving different diffusion mechanisms, such as normal
the surface active site, resulting in a large diffusion, Knudsen diffusion, and surface diffusion,
improvement in material sensing respectively. These materials can respond to
performance’®**,  Xu et al’ used SiO, ethanol at the ppb level. Figure 5 shows some
nanoparticles and polyvinylpyrrolidone (PVP) as typical work to increase the porosity of materials.

sacrificial templates and synthesized mesoporous

WO; fibers by electrostatic spinning in the C-based materials

aqueous phase. The room-temperature gas sensor Carbon-based nanomaterials such as carbon nanofibers,
fabricated from this material can detect acetone  carbon nanotubes, graphene oxide (GO), and graphene
vapor at <1 ppm with good linearity and selectivity.  have excellent physical and chemical properties (e.g., high
The traditional spherical structure is considered an  carrier mobility, mechanical robustness, and large surface
unfavorable morphology in sensing, but by area). Compared with conventional conductive materials
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Fig. 5 Typical work to increase the porosity of materials. a The fabrication process of the mesoporous WOs3 NFs. Reproduced with permission
from ref. '°. copyright frontiers, 2019. b The formation of SnO, nanospheres with trimodal porosity. Reproduced with permission from ref. '°.
Copyright Nature, 2016. ¢ Synthetic process for apoferritin-encapsulated catalytic NPs. Reproduced with permission from ref. '*. Copyright John Wiley
and Sons, 2019.
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(e.g., ITO, Si, Ge, GaAs, etc.), C-based materials exhibit  application of these materials in flexible wearable sensors
better flexibility and gas sensing performance at room is becoming increasingly widespread. Here, we discuss the
temperature. Unlike the sensing mechanism of SMO, the  characteristics of various C-based materials.

adsorption of target gas molecules with C-based materials Carbon nanotubes are a unique quasione-dimensional
such as graphene, CNTs, and MXenes does not require  structure, and their molecular structure can be considered
the action of oxygen ions in air. Compared with tradi- as graphene sheets rolled up in a specific direction and
tional conductive materials (such as ITO, Si, Ge, and specified by a pair of integers (n, m). Carbon nanotubes
GaAs), C-based materials show better flexibility and good can be classified into single-walled carbon nanotubes
sensing ability at room temperature. The target gas (SWCNTs) and multiwalled carbon nanotubes
molecules are physically adsorbed on the surface of the (MWCNTSs) according to their composition. SWCNTs
sensing material through the van der Waals effect or the are seamless cylindrical tubes with a diameter of a few
donor-recipient interaction and undergo charge transfer — nanometers and a length of 0-100 um, obtained by con-
at the interface of the two materials, which alters the volving graphene along a selected axis. The chiral vector
carrier concentration of the sensing material and leads to  of SWNTS is characterized by a pair of indices (n, m) and
a change in the electrical resistance of the sensing mate-  determines their conductivity. As a common opinion,
rial. With in-depth research on C-based materials, the =~ when m =0, the nanotubes are named zigzag nanotubes,
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and their conductivity behaves as a semiconductor. When
n = m, the nanotubes are named armchair nanotubes,
their conductivity behaves as a conductor, and other
states are denoted chiral nanotubes, and they have semi-
conducting properties™”'®, SWCNTs are often used as a
sensing material for NO, and NH; gas sensors due to
their low resistivity, high carrier mobility, high mechanical
strength and specific response to specific substances.
Agarwal et al.'® prepared a chemiresistive flexible NO, gas
sensor by spray coating dispersion-treated SWCNT's on a
polytetrafluoroethylene (PTFE) membrane, which has
high sensitivity to dry NO, gas at room temperature in the
concentration range of 0.75 ppm ~ 5 ppm for a response
of 21.58% ~ 167.7%. CNTs interact with target gases
either by van der Waals or donor—acceptor interactions®.
Experiments and studies have shown the adsorption of
gas molecules on the surface of SWCNTs, especially at
defective spots>""**, Therefore, the controlled introduction
of defects can increase the chemical selectivity and sen-
sitivity of SWCNTs?®. Of course, the introduction of
defects reduces the electron transport capacity of
SWCNTs, so a balance must be struck between the defect
concentration and the electronic properties of SWCNT's
to obtain the best performance.

Graphene is a thin sheet-like two-dimensional nano-
material with a honeycomb structure of sp>-hybridized
carbon atoms, often characterized as a p-type semi-
conductor, and has received widespread worldwide
attention for its excellent properties. Graphene nanosh-
eets were first separated by mechanical exfoliation using
simple adhesive tape®*. Since then, several synthetic
routes have been used to prepare graphene layers and thin
films, including chemical vapor deposition (CVD)®,
liquid-phase mechanical exfoliation of graphite®®, graphite
intercalation compounds®’, epitaxial growth®®, and
atomic layer etching (ALE)*. Graphene consists of a
single layer of carbon atoms, allowing all carbon atoms to
interact directly with the analyte®®, and has a very high
carrier mobility; namely, the conducting electrons in
graphene can transport rapidly through the lattice (up to
350,000 cm?/(V s)), at a much faster rate than metal
conductors®'. Graphene has a high optical transparency,
with a single layer capable of reaching over 97.7% trans-
mittance®”. Graphene also has high thermal conductivity,
with the thermal conductivity of monolayer graphene
ranging from 4.84 to 5.30 KW/m K at room tempera-
ture®®. However, pristine graphene has almost no dan-
gling bonds on its surface, which results in poor graphene
sensing performance in terms of both speed and selec-
tivity for the target gas at room temperature. To improve
the sensing properties of pristine graphene, many studies
have proposed different approaches. Ma et al.*® intro-
duced defective graphene into pristine graphene to
increase the binding sites of the material to the target gas,
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resulting in a 13-fold higher response to NO, than pris-
tine graphene. Kim et al** proposed an all-graphene-
based NO, sensor, in which the response and recovery
times were drastically reduced by increasing the bias
voltage and the operating temperature of the all-graphene
Sensor.

Graphene can be oxidized to GO sheets containing
oxygen-containing functional groups (OCFGs), such as
carboxyl —COOH), hydroxyl (—OH), epoxy (C—O—-C),
carbonyl (—C—OH), ketone (—C=O0), and 5- and
6-membered ring lactols (O—C—O), by the action of some
acids***>?°, Due to the incorporation of OCFGs, GO
exhibits a number of physical and chemical properties
that are quite different from those of graphene: GO
exhibits hydrophilicity and can be used to make humidity
sensors>’. The OCFGs of GO also provide the basis for
surface functionalization, and surface-functionalized GO
exhibits enhanced sensitivity and selectivity for some
specific substances and has been used to fabricate various
sensors for some specific substances®®°, However, the
low thermal and electrical conductivity of GO hinders its
wide application in electronic devices.

The OCFGs of GO can be removed by chemical
reduction using reducing agents such as hydrazine,
sodium borohydride, glucose, and hydroquinone in the
solution state or by thermal reduction in the solid-state
through annealing, using electrochemical methods, or
laser irradiation, which can convert GO into reduced
graphene oxide (rGO) and significantly improve its
properties, such as thermal conductivity, mechanical
strength, and electron mobility**~*% rGO can be easily
fabricated by the process of oxidizing and then reducing
graphite, which solves the problems of difficult graphene
fabrication and poor selectivity to specific substances and
significantly improves the electrical conductivity com-
pared to GO, so rGO is more widely used as a sensitive
material for wearable flexible sensors at room tempera-
ture*>~*°, Figure 6 shows the classical structures of gra-
phene and CNTs.

Laser-induced graphene (LIG) is a new graphene fab-
rication technique that utilizes a laser beam to induce a
photothermal reaction in a tiny area. These carbon pre-
cursor materials absorb the energy of the incoming pho-
tons, and the rapid energy deposition generates high
temperatures locally sufficient to break the chemical
bonds, after which the carbon atoms rearrange themselves
into graphene. Patterned graphene can thus be fabricated
in a single step by laser scribing on the surface of some
commercially available polymer films (e.g., polyimide (PI)
polyetherimide (PEI)) under natural environmental con-
ditions**~*%, By adjusting the laser output parameters,
irradiation environment and other conditions, LIGs with
different physical morphologies and electrical and che-
mical properties can be fabricated (Fig. 7d), and there are
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\.

Fig. 6 The classical structures of graphene and CNTs. Molecular structure of a graphene, b graphene oxide, and ¢ reduced graphene oxide.
Reproduced with permission from ref. *°. d Carbon nanotube chiral vector, reproduced with permission from ref. °. Copyright Elsevier, 2018. e Models
of three atomically perfect SWNT structures. Reproduced with permission from ref.

armchair chiral

zig-zag

274

significant differences in properties across the LIGs gen-
erated under different conditions**~%, Yang et al.>* pre-
pared moisture-resistant and stretchable NO, gas sensors
by adjusting the conditions of power, image density and
defocus distance of the laser. The gas sensor enabled
monitoring an individual’s local environment at different
times of the day and analyzing human breath samples to
classify patients with respiratory diseases from healthy
volunteers. In addition, LIG can even be generated on
natural substrates (potato skins, coconut shells, cork, etc.)
by means of scattered focus and multiple laser irradia-
tion”>. Compared with other manufacturing methods of
graphene, using laser engraving to generate graphene in a
single step saves high-temperature processing or multiple
chemical synthesis steps, and the properties of the fabri-
cated LIG are highly tunable, providing a new solution for
the manufacture and application of graphene.

2D transition metal carbides, carbonitrides, and nitrides,
namely, MXenes, have emerged as a promising family of
2D nanomaterials since their first report in 2011°°.
MXenes are typically synthesized by a top-down selective

etching procedure of the ternary precursor MAX, where
M represents a transition metal (Sc, Ti, Zr, Hf, etc.), A
usually belongs to the IIIA or IVA groups, and X is carbon
and/or nitrogen that is connected with layers of A
atoms®’. MXenes share a general structure similar to
M, 1X, Ty, in which M denotes the early transition metal
(e.g., M refers to Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, W,
etc.), X refers to C/N/CN, n can be 1, 2, 3, or 4, and T,
signifies the surface terminations (e.g., T refers to O, OH,
F, Cl, I, Br, S, Se, or Te, etc.) on the outer surface of the
chemically active transition metal layers (the subscript x
in T, is a variable denoting the number of surface func-
tionalities)**™*°. Due to their tunable interlayer spacing,
intriguing surface chemistry, and other physicochemical
properties. MXenes have received significant attention
recently. Li et al.°' reduced the hydrophilicity of TisC,Ty
MXenes by introducing hydrocarbon terminations while
improving their sensitivity to VOCs and subsequently
prepared Ti3C,T,-M, by alkali pretreatment, from which
a wearable wireless ethanol vapor detection tag was pre-
pared that can dynamically track ethanol exhaled after
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Fig. 7 Novel carbon-based materials. a Schematic diagram of functionalized graphene oxide (FGO) coated on a single yarn for gas detection”®.
Reproduced with permission from ref. 2. Copyright Royal Society of Chemistry, 2018. b Schematic demonstration of the preparation of CNCs and
the sensing mechanisms for humidity and chemical vapor sensors. Reproduced with permission from ref. >*°. Copyright American Chemical Society,
2019. ¢ Structure of MAX phases and the corresponding MXenes. Reproduced with permission from ref. °%. Copyright Wiley-VCH, 2014. d (1)
Schematic of the synthesis process of LIG from PI. Reproduced with permission from ref. “. Copyright Nature Publishing Group, 2014. SEM showing
the swelling of polyimide at different distances, (Il) z= 3 mm, () z= 18 mm, (IV) z=0mm. Reproduced with permission from ref. *°. Copyright

American Chemical Society, 2021.

alcohol intake as well as distinguish alcohol breath from
normal breath. Xing et al.°> converted pristine fabric into
an MXene/MWCNT fabric by using a simple alternating
drop coating and integrated MXene/MWCNT fabric
sensors into a wireless flexible detection tag and inserted
it into a mask for exhaled gas humidity detection. The
wearable MXene/MWCNT fabric humidity sensor can
accurately detect each tidal breath and determine the
breathing status (normal breath, fast breath, slow deep
breath and apnea), which provides a feasible method for
real-time breath analysis. Figure 7 presents novel mate-
rials in carbon-based materials.

Conductive polymers
Conductive polymers, such as polyaniline (PANi),
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS), polypyrrole (PPy), poly(4-vinylpyridine)
(P4VP) and its derivative polystyrene (PS), have promising
applications as flexible wearable sensors in the sensing
field due to their mechanical robustness, convenient
doping with various sensing materials, easy adjustment to
different nanostructures, and favorable sensing capability
at room temperature.

Among conductive polymers, PANi is an excellent
sensing material due to its easy synthesis, high sensitivity,
high electrical stability, unique doping properties, high
electrical conductivity and reversible redox reaction. The
most common oxidation states of polyaniline are light
emeraldine, near-nitroaniline and emeraldine. In addition,
emeraldine can be synthesized into two forms: emeraldine
salt (ES) and emeraldine base (EB), of which only ES has a
semiconductor-scale electrical conductivity at room
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temperature; the others are insulators, and using this
property, polyaniline can be used as a means of detection
for some gases. Kang et al.°>. doped p-toluene sulfonate
hexahydrate (PTS) with PANi as a sensing material and
fabricated a near-field communication (NFC) tag for
ammonia gas by inkjet printing. The principle that PTS
—PANIi is dedoped into its EB form from its ES form by
interaction with alkali gas, thus causing an increase in
resistance, is used to achieve highly sensitive detection of
ammonia. However, the poor chemical stability and
mechanical strength of PANi at higher temperatures
remain a challenge for its practical application as a
favorable sensing material. Many methods have been
implemented to solve these problems, such as the intro-
duction of inorganic metal oxides into PANi during the
synthesis process. To date, several metal oxide (such as
Zn0O, CeO,, TiO,, SnO, and WO3) nanostructures have
been synthesized into PANI by aniline chemical oxidation
polymerization, inverse micellar polymerization, hydro-
thermal methods, layer-by-layer (LbL) self-assembly
methods, sol-gel techniques, etc. Liu et al.®* investigated
the effect of nano-CeO, on aniline polymerization by
comparing the morphological, structural and chemical
characteristics of pure PANi and PANi-CeO, nano-
composites and found that PANi is significantly more
protonated and oxidized in PANi-CeO, nanocomposites.
Meanwhile, the NH3 sensing performance of the PANi-
CeO, thin film sensor was significantly enhanced at room
temperature (~25°C), and the results showed that the
PANi-CeO, thin film sensor has a higher response,
shorter recovery time, and ultralow detection concentra-
tion (16 ppb). Figure 8 presents the application of PANi in
gas sensing.

PEDOT:PSS is a well-known conductive polymer that is
water dispersible and commercially available. Its chemical
stability and highly adjustable conductivity have also been
studied for the accurate detection of various gases at room
temperature. Li et al.®> used PEDOT:PSS as the active
layer and added optimized concentrations of silver
nanowires to PEDOT:PSS films to obtain the sensitive
material PEDOT:PSS/AgNW, which was used to prepare
a flexible NHj sensor on a PET substrate. The resulting
sensor had excellent ammonia sensing performance at
room temperature and was capable of detecting NH; at
concentrations below 500 ppb.

Hybrid nanomaterials

This section describes materials that are often mixed
together, such as metal and C-based materials, different
types of SMO, metal oxides and conductive polymers. In
the study of gas sensing materials, metal nanoparticles are
often doped onto sensing materials to enable various
functionalization®®~*’, Metal molecules have a crystalline
structure (face-centered cubic (FCC), body-centered
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cubic (BCC) and hexagonal close packed HCP), and
precious metals such as gold, platinum, palladium and
silver are FCC crystal structures. Precious metals offer the
advantages of high electrical conductivity, high melting
point, and high oxidation resistance, especially their effi-
cient oxygen decatalysis capability"’*”!, which makes
them widely used in gas sensing. However, none of the
metals except palladium have specific selectivity for gases,
so none of these metals can be used directly as sensitive
materials for gas sensing.

Palladium can absorb 900 times its volume of hydrogen
at room temperature, so palladium can be used alone as a
sensing material for hydrogen’>. Theoretical studies
explain the reaction mechanism of the specific binding of
palladium to hydrogen: palladium can decompose the
hydrogen molecules adsorbed on its surface into two
hydrogen atoms, which, by diffusion, occupy the void
positions of the palladium lattice, causing the expansion
of the palladium lattice, generating PdHx hybridization
and causing changes in the physical properties of palla-
dium, including mass, electrical conductivity, and volume.
Thus, the hydrogen concentration can be evaluated both
by the increase in resistance of the palladium film exposed
to hydrogen and by the increase in conductivity of the
discontinuous palladium layer due to expansion®’?,
Although several studies have reported on H, sensors
made of pure palladium, these sensors still have non-
negligible defects that affect their use in gas sensing:
under low H, concentrations down to 7 Torr at 300 K, the
a-hybrid generated by Pb at low hydrogen concentrations
(<200 ppm) is converted to the -hybrid generated at high
hydrogen concentrations (>5000 ppm), and the process is
irreversible. In addition, the response time of these sen-
sors is typically at least a few minutes and does not meet
the need for real-time, continuous monitoring through
wearable respiratory sensors™’>. However, the perfor-
mance of monometallic sensors can be effectively
improved by the doping of other materials’*. McConnell
et al.”® fabricated CNT-Pd composite sheets by electro-
plating pd on CNTs. The CNT-Pd composite sheet was
assembled as a chemical sensor for H, detection, which
has a low LOD and reversible response to H,. The sensor
was finally successfully integrated on a fabric material,
showing its potential for wearable flexible sensor appli-
cations. Zhang et al.** presented reduced RGO decorated
with silver nanoparticles (Ag NPs) as a sensing material
for NH;. Ag NPs enhanced the adsorption capacity of
RGO for NHj electrons. The excellent performance of the
sensor shows that it had the potential to serve applications
in food safety, environment, and human health
monitoring.

In addition, the doped material can be used as a reaction
catalyst for the target gas to improve the sensing effi-
ciency. The hollow structure obtained by the doping



Yin et al. NPG Asia Materials (2024)16:8

Page 11 of 29 8

Copyright Elsevier, 2018.

4 NH,
"= PAni (ES)
“= PAni (EB)
(d)— .
3 Air NH3 (5 ppm) Air 401 NH Ai'r
OFF ON OFF o
304{& 200 pp 10-

S 2_ = 10 o Q o)
& & o ——%—= 100 ppm 8- = 2
E E 20 Concentration (ppm) E & e
3 . N — 6- [ @

1 m
104 sppm" PP T N 4 E B
; S S
04 ———) 04 M 24 g .S
0 300 600 900 1200 0 1000 2000 3000 4000 0. -
Time (s) Time (s)
(e) 4 T, of PANI T, of PANI-CeO,
] — PANI 280 ® PANI-(I) TER AN I 0l T e
300 [ PANI-CeO — ® l‘,AM.C“O,’”m 204 —* T, 0f PANI —e—T of PANI-CeO,
3 250 3 Wppm 240 — Y, ~2.111X+55.908
< 3 — Y, =3.994X+61.172 = 164 S—
2 2004 30 ppm é 2004 ) .E \.\
= b ~ \
2 1504 z @ 124
g g 1601 E
o 1004 g =
& 1204 8 .
501 "
04 804 " . . . )
0 2500 5000 7500 10000 10 20 30 40 50 10 20 30 40 50
Time (s) NH, Concentration (ppm) NH, Concentration (ppm)

Fig. 8 Application of PANi in gas sensing. a The structure of PTS—PANi. b SEM image of PTS—PANi. ¢ TEM image of PTS—PANi. d Sensing
performances of PTS—PANi, response to 5 ppm NHs, dynamic range, and selectivity. Reproduced with permission from ref. ®. e Comparison of the
sensing performance of pure PANi and PANi-CeO,, response, dynamic range, and response/recovery time. Reproduced with permission from ref.

64

process has a larger specific surface area, which provides
more adsorption sites for the gas to be measured and
further improves the response and recovery character-
istics of the sensor’®””, Shin et al.”® prepared porous SnO,
nanofibers consisting of pleated thin walls by electrostatic
spinning and covered the fibers with Pt nanoparticles to
make Pt-doped SnO, fibers, which exhibited excellent
selectivity for toluene and acetone vapors. In comparison
with undoped SnO, fibers, Pt-doped SnO, fibers exhibited
a greater response to toluene as well as a faster response
time and a low detection limit of 120 ppb for acetone
vapor. The use of the special reaction mechanism of CuO
with H,S is also a typical application of doped materials as
catalysts. Specifically, H,S reacts with CuO nanoparticles
and transforms them into CuS. The leftover hydrogen
then “spills over” onto the surface of the host material and
acts as a reducing agent, thus decreasing the resistance’.
Shao et al.”® fabricated CuO-SnO, by vapor-phase
deposition and high-temperature oxidation. The

reaction mechanism of CuO with H,S, combined with the
modulation effect of the p-n junction, leads to a sig-
nificant improvement in the selectivity and sensitivity of
the material to H,S gas.

Improvements of the gas-sensitive properties of the
SMO composites are mainly attributed to the respective
compositions and the synergistic effect obtained by the
heterojunction of the binary materials. In a p-n, p-p or
n-n junction composed of two different semiconductors,
electrons at high energies can be transferred across the
oxide interface to unoccupied lower energy states to
balance the Fermi energy level, leading to band bending.
This energy transition can change the energy structure of
the p-side and n-side, increasing the energy barrier and
hence the resistance of the composite, and can therefore
facilitate oxygen adsorption on the surface and achieve
increased material sensitivity”*>*!, Yan et al.** synthe-
sized o-Fe;O3/SnO, nanofibers with different doping
concentrations by electrostatic spinning and compared
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the sensitivity and operating conditions of the doped
nanofibers with those of pure Fe;O3 nanofibers and pure
SnO; nanofibers for ethanol. Experimental and theoretical
studies have demonstrated that combining these two
SMOs to form an n-n heterostructure is beneficial for
enhancing the response and reducing the operating
temperature. Wang et al.*® successfully prepared elec-
trostatically spun nanowebs with p-type NiO/n-type SnO,
heterojunctions using an electrostatic spinning process,
thermal compression and subsequent calcination process
and then fabricated NiO/SnO, nanoweb sensors, which
responded to 100 ppm ethanol by 1 order of magnitude
higher than pure SnO, nanoweb sensors and exhibited
better stability and response/recovery time. After decades
of development, SMOs have been widely used as gas
sensing materials. The main problems associated with
using SMOs as sensing materials are their rigidity and the
high temperature (100-500 °C) conditions needed to react
them with gases, which not only leads to high energy
consumption but also affects the long-term stability of the
sensor performance, impeding the application of SMOs in
wearable device applications. While doping SMOs with
conductive polymers, utilizing the flexibility of the con-
ductive polymer material and the heterojunction structure
formed by SMO and the conductive polymer allows for
the sensing performance of the composite to be effectively
improved. Zhu et al®* synthesized PANi/Fe,O3 nano-
composites by a one-step hydrothermal method. At room
temperature, the PANi/Fe,O3; nanocomposite thick film
sensor has a good response to NH; gas, a low detection
limit (0.3 ppm), good reproducibility and humidity resis-
tance. Figure 9 demonstrates the electron microscope
image of the hybrid nanomaterials, and Fig. 10 shows the
sensing principle of the heterojunction.

Other materials

This section mainly includes various materials, such as
TMDCs, metal-organic frameworks (MOFs) and paper.
TMDCs and MOFs are new two-dimensional materials
that have a high specific surface area, provide more active
sites, and improve the physical adsorption and inter-
molecular interaction between the materials and the tar-
get gas. Moreover, relying on their porous nature, they
can be easily functionalized with various sensing materials
(metals and their derivatives, polymers, carbon quantum
dots, etc.) to improve the sensing performance.

MOFs assembled from organic linkers and metal nodes
have good chemical activity as well as highly ordered
porous structures and have been of interest to many
scholars since they were first discovered in the 1990s®°.
Various MOF thin film electronic devices can be fabri-
cated by chemical vapor deposition (CVD)*®, substrate-
seeded heteroepitaxy (SSH)*’, electrochemical fabrication
(ECF)®8, liquid-phase epitaxy (LPE)®, and Langmuir-
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Blodgett (LB)”. Based on the tunability of the pore size
and surface groups of MOFs, it is possible to actively and
passively filter and trap gases to enhance changes in the
electronic conductivity of the composite due to the che-
mical reaction between MOFs and the target gas, which is
expected to be a breakthrough strategy to achieve
improved selectivity of gas sensors. Rui et al.”" first pre-
pared well-aligned plate-like multiwalled carbon nano-
tubes on Si/SiO, substrates by CVD, followed by
controlled volume and drop-casting of different amounts
of MOFs (e.g., ZIF-67-Co and MIL-88-Fe) into MWCNT
plates, after which the coupled material was twisted into
organic-inorganic fibers and finally annealed. The pre-
pared MOF/MWCNT fibers have good electrical prop-
erties and exhibit good selectivity for NO,, with a
sensitivity as low as 0.1 ppm for NO, at room
temperature.

TMDCs are composed of X-M-X with a sandwich
laminate structure, where M is a transition metal element
from group IV (Ti, Zr, Hf and so on), Group V (for
instance V, Nb or Ta) or group VI (Mo, W and so on), and
X is a chalcogen (S, Se or Te)”>. The different layers are
stacked together by van der Waals interactions and have
strong in-plane bonding and weak out-of-plane interac-
tions. Typical TMDCs that have been reported to be
applied in gas sensors include WS,, MoS,, SnS,;, WSe,,
and MoSe,””>. TMDCs can be fabricated by a top-down
approach (physical exfoliation, chemical exfoliation, ionic
exfoliation, etc.) or bottom-up approach (CVD growth
and epitaxial growth on SiC substrates, etc.)’”. Due to its
highly controllable number of layers and easily tunable
surface properties, it has received much attention and
applications. Yang et al.”* developed a novel gas sensing
platform based on porous LIG with a metal surface
coating, which enables highly localized Joule heating (i.e.,
self-heating). Then, MoS,/rGO was dispersed as a sensi-
tive material in the LIG sensing region to result in an
ultrasensitive chemiresistive NO, gas sensor, which has
an actual detection limit of less than 1 ppb. With the
advancement of research, ternary semiconducting alloys
of TMDCs such as Mo, W; ,S,”°, Mo, W;_,Se,”®, and
WS, Ses_ay” have also been developed significantly. Ko
et al.”® revealed the decisive role of temperature in the
conversion of WSe, to WS, by sulfidation and prepared
WSs.Sepox (WSposSe1.0s WSossSe134) alloy by precise
temperature control. After that, WSey, WSy, WS 96 Se1.04s
and WS esSe; 34 were used as sensitive materials to fab-
ricate NO, flexible gas sensors. The sensing capability of
the gas sensors of WS ¢6Se;.34 and WSg g6Seq o4 alloys for
NO, at room temperature was significantly improved, and
the response to 500 ppm NO, exposure was ~ 1.6 and ~
2.4 times higher than that of the WSe, gas sensor,
respectively, which has potential for applications in
advanced gas-sensing devices.
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Fig. 9 Electron microscopy image of the hybrid nanomaterials. a FESEM image of NiO and b FESEM image of WOs. (c) FESEM image of the
NWS3 sensor surface. Reproduced with permission from ref. °** Copyright Elsevier Sequoia, 2021. d SEM images of SnO,/NiO nanowebs after
calcination. e TEM image of the SnO»/NiO nanofibers at high magnification. f At low magnification. Reproduced with permission from ref. &,

Copyright Elsevier, 2016.
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In recent years, cellulose paper has gradually appeared
in flexible sensors (gas, humidity, strain, etc.) as a flexible,
low-cost, lightweight, customizable, environmentally
friendly, biodegradable, and renewable material®®. Among
the most impressive studies using paper as a sensing
material for wearable devices is the study by F. Guder and
Colleagues'®, who used the moisture absorption of the
paper (at a relative humidity (RH) of 70%, the paper
absorbs up to 10% of its weight in water) and the con-
ductivity of paper that varies with different humidity
levels to translate changes in humidity into changes in
conductivity (Fig. 11d). Then, the humidity difference
between the exhaled and inhaled gases during a respira-
tory cycle was measured to determine the respiration rate
and respiration pattern. The full sensing part was manu-
factured only from common commercial paper, graphite
and simple inkjet printing, and the sensor was usable
without calibration or additional equipment. This plat-
form provides a new development direction for wearable
devices to be used to monitor information such as
humidity and strain of the human body and the sur-
rounding environment.

The paper-based sensors made by F. Guder were only
used for the detection of some physical signals (humidity,
stress). However, it is more important to detect

biomarkers in exhaled gases, thus the additional proces-
sing steps are required during paper-based sensor fabri-
cation. Compared with other substrates, due to the rough
surface of paper, the electrodes on paper-based sensors
can be prepared by simple and low-cost processing
methods such as pencil drawing (conductive graphite) and
conductive tape adhesion. In the recent years, paper-
based sensors are already available for the detection of
trace NH; gases'’! and NO, gases'**. (Fig. 11)

Sensor evaluation factors

In the following discussion, we describe the perfor-
mance of the wearable device by some characteristic
parameters. Here, the meaning of each performance cri-
terion in relation to the practical application of gas sen-
sors is listed in this section as follows:

1. The “response” of a gas sensor represents the
change in the measured electrical signal (e.g., I, C, R,
or Z, V, or E) due to the introduction of an analyte.
Typically, the gas response is usually defined as
R = (Rair-Rgas)/Rgas, Where Ry is the resistance in
the air and Ry, is the resistance in the target gas.

2. The “sensitivity” of the sensor is defined as the change
in the sensor output response per unit concentration
of analyte over the entire signal range, reflecting the



Yin et al. NPG Asia Materials (2024)16:8

Page 14 of 29 8

(a)

o )
Ece
E----==-=----
E
Majority carriers holes — > h+
P-NiO

O...Q o o EC

N - WO,

e 0
® o<«——— Majority carriers electrons
B

Low Depletion

P-NiO " 2P N.wo,
(@)
0
O O /,—c\,() 0
" (XX XX X J O
\ 00
2000
B2 ‘ \_ eeeee .
— <
- -.-......-...: L L e l».
Eva ¥ = n-Sn0: Eg~35¢V
L 00000
\&..900/// & Evs
v 000000
0 - ] 0
@ clectron (¢) Depletion layer o
O hole(h’)

Ecs

Fig. 10 Sensing principle of the heterojunction. Schematic diagram explaining the bending of heterojunction interfacial bands of

adsorbed surface matter. a Band diagram for NiO and WOs3, b Band diagram for the NiO/WOj interface in air, ¢ Band diagram for NiO/WQO3 after the
interface in the target gas. Reproduced with permission from ref. ®2 d Band diagram for the NiO/SnO, interface in air. € Band diagram for NiO/SnO,
after interface in target gas. Reproduced with permission from ref. &

CH,CHO CO,+H,0+e  CH,CHO

High Depletion
region

P- NiO N - WO,

COPHIO C:HOH

N

O

Depletion layer o Y

ability of the sensor to discriminate small differences
in the concentration of the analyte gas.

3. The “limit of detection” (LOD) specifies the lowest
gas concentration that the sensor can reliably detect.
A low LOD is the basis for exhaled gas health
monitoring.

4. The “resolution” of sensors is the smallest possible
change that a sensor can perceive. Usually, the
resolution of the sensor is not the same at each point
in the full-scale range, so the maximum change in the

input quantity that can cause a step change in the
output in the full-scale range is often used as a
resolution.

“Selectivity” is defined as the ability to distinguish
target gas analytes in the presence of other gas
analytes in the sample. The selectivity of wearable
devices does not require us to detect and distinguish
absolutely every substance in exhaled gas. For
example, acetone, a marker of diabetes, is present
in human exhaled gas at a concentration of ~1bbm.
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In fact, there are approximately 3000 volatile
substances in human exhaled gas, and most of the
exhaled volatile gases are present at ppb/ppt
concentrations. It is impractical to measure the
cross-sensitivity between each substance and the
target gas to achieve absolute selectivity. When
judging the selectivity of the sensor for acetone, we
only need to focus on substances with concentrations
around ppm and do not need to pay too much
attention to other gases.

6. “Response time” is the time needed for the sensor
to reach a stable response, usually defined as the
time to reach 90% of the final response, and
“recovery time” is the opposite of the response time,
being the time needed for the sensor to return to
90% of its original conductivity after the test gas has
been released.

7. The “signal-to-noise ratio” (SNR) is the ratio of
sensor signal power (desired) to background noise
power (undesired).

8. The “dynamic range” (DR) of a sensor is defined as
the span of its operation.

Respiratory sensors for health monitoring

As early as in ancient Greece, physicians discovered that
the odor of human breath provided clues to certain dis-
eases. The methods of detecting the concentration of
various biomarkers in exhaled breath, as well as different
breathing patterns, to determine a patient’s illness and
recovery have been proven and clinically applied in var-
ious medical fields>®, such as for the identification of
several respiratory diseases, including asthma'®?, chronic
obstructive pulmonary disease (COPD)'%*, pneumonia'®
and carbohydrate malabsorption'%. The use of wearable
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respiratory sensors to collect data on the components of
exhaled gas in real time and continuously to make judg-
ments about the health status and provide warnings about
the early onset of disease is in line with the trend of
human-centered health care and the Internet of Every-
thing. In this section, we will summarize the source and
current status of detection of the major biomarkers in
exhaled breath. Figure 12 illustrates the close physiolo-
gical link between respiration and blood.

Exhaled gas detection
Volatile organic compounds

Exhaled gases contain thousands of compounds, includ-
ing VOCs, volatile inorganic compounds, and nonvolatile
substances. In terms of their origin, these substances may
be produced by human metabolism or that of endomi-
crobiota (endogenous), or they may be absorbed from the
environment and subsequently excreted after bodily cir-
culation (exogenous). Inhaled air enters the alveoli of the
lungs, and after metabolism, excretory products diffuse
from the blood into the inhaled air and are eventually
expelled as exhaled gas. Thus, exhaled air necessarily car-
ries the fingerprints of endogenous metabolic processes”.
Therefore, the monitoring of endogenous gas levels is of
great interest for disease diagnosis and health monitoring.

VOCs are organic compounds with high vapor pressure
at ordinary room temperature, and more than a thousand
VOCs are found in human exhaled breath. Among them,

common VOCs found in all humans include acetone,
ethanol, methanol, isoprene, pentane and higher chain
alcohols, aldehydes and ketones'””'%®. By detecting differ-
ent concentrations of endogenous substances, it is possible
to respond to different information in different parts of the
patient. Additionally, exogenous VOCs detected in exhaled
air are of interest, mainly because they are associated with
personal exposure to carcinogens. Exogenous VOCs are
often highly reactive and cause peroxidative damage to
DNA, proteins and polyunsaturated fatty acids (PUFAs).
The negative effects of these processes accumulate over the
years and are thought to promote the chance of cancer®. To
understand the potential of exhaled VOCs as markers of
disease, it is important to understand their origin and their
relationship to pathology. In this part of the review,
respiratory biomarkers containing information on different
diseases and metabolic disorders are discussed, their
sources and generating factors are described, as well as
sensing techniques for these specific gases in recent years.

Acetone Acetone can be used as a biological status
marker for diabetes'®!!°, Patients with diabetes, either
type I diabetes (where the body does not produce enough
insulin) or type II diabetes (where the cells are insulin
resistant), cannot rely on the decomposition of glucose for
sufficient energy. In this case, fatty acids are broken down
in the liver and replenish the body’s energy needs, and the
end products of the reaction, acetone and CO,, are
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excreted as waste products; hence, acetone is thus
available as a good indicator of fat burning. As the
diabetic patient’s condition worsens, the patient’s ability
to decompose glucose further decreases, and ketogenesis
increases, with a corresponding increase in acetone
concentration in exhaled breath.

Acetone in the blood is exchanged and balanced with
intra-alveolar air in the alveoli (exhaled gas contains
approximately 1/330 times more acetone than plasma)''*.
By measuring the concentration of acetone in the exhaled
breath, it is possible to determine the degree of diabetes
(the acetone concentration in normal breath is <0.9 ppm,
0.9-1.8 ppm in moderate diabetic patients, and up to tens
of ppm in severe diabetic patients) and the current
physical state of the diabetic patient. Thus, acetone in
exhaled breath may be a useful respiratory marker in
patients with diabetes''>''>, The measurement of acetone
content in human exhaled gas also provides a range of
information, such as diabetic ketoacidosis''*, physical
exercise''” and ketogenic diets''®.

Ethanol Ethanol is as the common “alcohol” The
intestinal flora may be a potential source of trace amounts
of endogenous ethanol, which in much smaller concen-
trations than exogenous ethanol''”. Alcohol ingested
through drinking is partially absorbed in the gastrointest-
inal tract and enters the bloodstream by diffusion. The
concentration of acetone in breath is mainly governed by
its concentration in the blood vessels of the upper
respiratory tract and is therefore positively correlated
with the amount of alcohol ingested. In healthy indivi-
duals who have not consumed alcohol, the concentration
of ethanol in exhaled breath usually ranges from 13 to
1000 ppb, but up to several hundred ppm of ethanol can
be detected in exhaled breath within eight hours after
drinking alcohol''®. Fuel cell-based portable breathalyzers
have been widely used in traffic enforcement, health
monitoring and safety incidents"'®'"®,

Isoprene The concentration of isoprene in the exhaled
breath of normal healthy individuals is 12—-580 ppb and
is the main hydrocarbon produced endogenously in
mammals, along with the cholesterol synthesis pathway,
as a byproduct of cholesterol production and therefore
has the same circadian rhythm as cholesterol'**'*",
Clinical studies have shown that isoprene can be used as
a marker of cellular damage and cellular repair.
Abnormal fluctuations in isoprene concentration can
indicate lipid metabolism disorders and liver and lung
fibrosis'%®.

Alkanes The human body cannot produce methane on
its own, and methane in the human body is mainly
produced by anaerobic bacteria in the intestine (e.g.,
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Methano brevibacter) by hydrogenating carbon dioxide.
In general, methane is not present in human respiration,
but it can also be found primarily in the feces if excessive
methane is produced in the intestine and can be detected
in human respiration'**'*?, Diseases caused by too much
or too little methane in the human body include
obesity'**, intestinal diseases'?’, anorexia nervosa, etc.’.
Pentane and ethane are the end products of cellular lipid
peroxidation (LPO). Due to their low solubility in blood,
these compounds are exhaled within a few lung passages,
and the exhaled substances can then serve as markers of
oxidative damage'®>'**'*’, Finally, the levels of both
pentane and ethane increase when subjected to mental'*®
and physiological'* stress.

Aldehyde There have been many reports showing that
changes in the concentration of aldehydes in exhaled
breath can be used as a biomarker for corresponding
diseases. The current COVID-19 pandemic has created a
need for inexpensive and rapid screening tools for this
disease, of which respiratory biomarker screening may be
a very promising way to discriminate, with studies
indicating that acetaldehyde and acetone may be simulta-
neously increased in the breath of patients with COVID-
19'%°7132 Shan et al.'** fabricated exhaled gas sensing
arrays using hybrid nanomaterials and made good test
discriminations for both healthy and COVID-19 patients
as well as for active disease and recovery by detecting
biomarker concentrations of VOCs in exhaled gas. In
addition, cancer patients tend to have an increase in
endogenous enolenic aldehydes, hydroxyenolenic alde-
hydes and lipid peroxidation (LPO) di-aldol products'*.
As the concentration of these aldehydes increases in the
blood and urine, it also increases in the exhaled breath.
Therefore, aldehydes in exhaled breath can be used as
biomarkers for a variety of diseases, especially lung
cancer.

The above discussion show that human breath is a rich
mixture of organic compounds that can be used as
biomarkers for different diseases and metabolic disorders.
In Table 1, we list different methods and detection
performances developed in recent years for the detection
of very low concentrations (ppmv, ppbv and pptv) of
VOCs.

Volatile inorganic compounds

In addition to the main gaseous components (N,, O,,
CO,, noble gases and water vapor) and VOCs, exhaled
gases contain various inorganic compounds, such as NO,
(10-50 ppb), NO (1-20 ppb), NH; (0.5-2 ppm), CO
(1-10 ppm), and H,S (0-1.3 ppm). These abnormal
changes in the concentration of exhaled substances may
reflect internal problems caused by certain diseases.
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Table 1 Gas sensors with potential for analysis of VOCs in exhaled gases.
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Target gas Sensing material Synthesis method Sensing performance Ref.
Acetone WO3 NFs electrospinning LOD>1 ppm 1
SiWO5 flame spray pyrolysis, anneal DR: 4-70 ppm 183
ZnO-PANI self-assembly, coating DR: 260—1300 ppm 184
HAT?7 and P3HT Anneal, thermally deposited and oxygen-plasma etching LOD >100ppb 185
CSe@rGO chemical methods LOD >20 ppb 186
Pt/AlL,O5 4 Si/WO; flame spray pyrolysis, anneal LOD>50 ppb 187
ethanol TisCTx-M, Chemical substitution DR: 20-500 ppm ol
TiO,@2D-TiC Etch, single-stept hermalde composition DR: 0.01—60 ppm 188
PVA/MWCNTs spray layer by layer LOD >9.17 ppm 189
WS-/GONRs chemical vapor transport, drop-casting method DR: 1-21 ppm 8
PVP-CB-EG gravure printing, coating LOD >40 ppm 190
In,O3-PtNP NPs oxygen reactive ion etching, etch and coat LOD >3.9 ppb 191
Bi,WO,/TiO, Electrospun, calcined DR: 1-800 ppm 192
isoprene Pt-doped SnO, flame spray pyrolysis, directly deposited and situ LOD>5 ppb 193
annealed
rGO@ITO-PET electrochemical-assisted deposition LOD>237 ppb 194
In,O5 NPs co-precipitation method, anneal LOD>1 ppb, 195
R=143ppm-1
Au-loaded ZnO solvothermal method, Sputter and anneal LOD>6ppb 196
flower-like In,05 hydrothermal method LOD>5ppb 197
methane PI/SnSe, Single source co-evaporation, polycondensation, LOD >0.02% 198
imidization
PVP-CB-EG gravure printing and coating LOD >36 ppm 190

Pt-doped SnO, nanoflowers

Co-doped ZnO
formaldehyde  ZnO/MXene NW
SnO,/CMF
Ni-doped ZnO
NiO4-WO3

acetaldehyde

hydrothermal process, thermal reduction method
sol-gel method, in situ growth

Etch, hydrothermal method

in situ growth

chemical spray pyrolysis technique

hydrothermal chemical route, anneal

DR: 5-5000ppm

DR: 100-5000ppm

DR: 0.01-10 ppm, R=1.7128+1.0008X
LOD>1 ppm

LOD >10 ppm

DR: 20-100ppm

199

200

201

202

203

204

Room temperature and air humidity if not specially marked.

P3HT poly(3-hexylthiophene), HAT7 2,3,6,7,10,11-hexakis(heptyloxy)triphenylene, CS chitosan, CB carbon black, EG ethylene glycol, RH relative humidity, NFs
nanofibers, NPs nanoparticles, NTs nanotubes, NW nanowire, NM nanomembrane, NRs nanoribbons.

Ammonia (NH3) NH; is used in the body to maintain
blood acid-base balance and to produce nonessential
amino acids. However, excess ammonia in the body can
act as a toxin, and a healthy body will pass excess
ammonia through the urea cycle to produce urea and
ornithine, which are excreted from the body in the form
of urine by the kidneys, and this cycle occurs in the liver
and kidneys. If there is a problem with liver or kidney
function, the excretion of ammonia through conversion to
urea is limited, and some of the remaining ammonia will
be excreted through respiration, as reflected by increased

ammonia concentrations in exhaled air'**~'*°, Therefore,
abnormal concentrations of NHj in exhaled gas can
provide early warning of some liver or kidney diseases,
such as kidney failure’®®, liver dysfunction'®’, hepatic
encephalopathy'®® and other diseases.

Nitrogen oxides Nitrogen oxides in exhaled gas mainly
include NO, and NO. NO has an important physiological
role in the regulation of vascular tone, response to
vascular injury and hemostasis and acts as a neurotrans-
mitter in cellular signal transduction (this work was later
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Table 2 Gas sensors with potential for analysis of Inorganic compounds in exhaled gases.
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Target gas Sensing material Synthesis method Sensing performance Ref.
NH; CaCly-infiltrated one-pot polymerization LOD > 86 ppt 205
hydrogel
PEDOT:PSS NW soft lithography LOD >100ppb 206
CuBr flame-aerosol deposition, brominated 90%RH, LOD>5 ppb, 207
5-5000 ppb
graphene/MXenes lasering LOD >5 ppb 208
Zn0/Sn0, Electrospinning, hydrothermal method LOD >10 ppm 209
Ag-RGO modified Hummers and Offman method, self-assembly LOD >5 ppm a“
PET-PANi-CoFe,0,4 sol-gel combustion technique, In situ chemical oxidative  LOD >25 ppb, 210
polymerization DR: 1-50 ppm
PECOTEX roll-to-roll coating DR: 10-1000 ppm 2
Ce-ZnO-X spray method DR: 0.1-10 ppm 212
TiO5/CNCs Compound enzymatic hydrolysis, low-temperature liquid ~ DR: 1.34-435 ppm 213
phase process
PEDOT:PSS/IrOx/ chemical methods DR: 17-7899 ppm 214
hydrogel
TisC,T/RGO wet-spinning, etch, modified Hummer's method LOD >10 ppm 21
CeO,—CuBr thermal evaporation, electron beam deposition LOD >20 ppb 216
NiO@CuO chemical methods, electroless deposition LOD >46.5 ppb 217
BC/PANi-SSA/PAMPS static fermentation, chemical methods DR: 21.3-50 ppm 218
SiO,/PANI sol-gel, electrospinning and calcination LOD >400 ppb 219
PANi/Fe,05 Lyophilization, in situ deposited LOD >0.3 ppm b
CA/PAM one-pot polymerization method LOD >3.5 ppb; 220
R=84 ppm-1
NO, rGO-ZnFe,04 soft lithography, e-beam and thermal evaporation DR: 50 - 4000 ppb 221
Pt_ZnO/ PRGO chemical methods LOD >0.1 ppm 222
RGOH-(p) single-step wet process DR: 0.6-3 ppm 223
rGO-ZnO NPs atomic layer deposition, Electron beam-induced LOD >40 224
deposition
ZnS NPs/N-rGO modified Hummer's method, chemical methods LOD >69 ppb s
g-CsN4/PANi Electrospinning, doctor blade technique, situ DR: 8-108 ppm 225
polymerization
WS5,5€5 chemical methods DR: 10-500 ppm %8
MWCNT Lasering, deposition DR: 5-20 ppm 226
TCNF/CNT wet spinning DR: 0.125-5 ppm 227

TiO,-spaced RGO

MoS,-LIG
rGO/SnO,

modified Hummer's method, minimally intensive layer
delamination, layer-by-layer assembled

chemical methods, Laser, drop-casted

Hummer's method, Spraying

DR: 0.05-20ppm

LOD >2 ppm
DR: 20-100 ppm,

R=0.0754-+0.00182x(ppm)

228

229

45
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Table 2 continued
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Target gas Sensing material

Synthesis method

Sensing performance

Ref.

Borophene In situ thermal decomposition method LOD >200 ppb; 230
DR: 0.2-100 ppm
CNT/a-TiO, situ hydrolysis, calcination LOD >500 ppb 21
Zn(0ThH,/PAM assembled layer by layer LOD >0.1 ppb 232
SnO./MXene self-assembly LOD >0.03 ppb 233
YSZ/Sn0,/SnS, self-sacrificial sulfidation method DR: 0.02-4 ppm 234
NO Cu-TCA/TIO, chemical bath deposition, chemical methods LOD > 140 ppb; 235
R=16.08+7.56X(ppm)
LIG laser LOD >83 ppb, !
4.18%oppm—1
LM@SnS, Sintering, Laser LOD >1.32 ppb, 236
1092%/ppm
DPPTT/Cu-BHT-NTs self-assembly LOD >5 ppb 27
In,0/Zn0 wet-chemical LOD >100 ppm 238
H,S CuO-SWCNT self-assembly LOD >100 ppb 239
Fe;,05-MPCNF Electrospinning DR: 0.2 - 100 ppm 240
2D NbWOg chemical methods 150°C, LOD >0.5 ppm 2
NO,-UiO-66 NM Electrospinning, spraying agueous synthesis method LOD >10 ppb; 242
DR: 1-100 ppm
PEDOT:PSS@Pd Cross-linking, in-situ growth DR: 0.25~6% 243
H, Pd/Si NM Metal depositions DR: 50—5000 ppm 24

245

yarn@ Pd@Pt sputter-deposition, spinning LOD >1 ppm

CNFs@Ni—Pt electrospinning LOD >100 ppm 246
CNT-Pd chemical vapor deposition, chemical methods LOD > 0.1 mol % 7
Pd NP mask evaporation deposition LOD >15 ppm 27
Cs,Ptlg chemical methods LOD >100 ppb 28
rGO/SnO,/PVDF mortar pestle, E-beam evaporation DR: 10-1000 ppm 249

Zn(0Tf),Zn-zinc trifluoromethanesulfonate, PAM polyacrylamide, PECOTEX PEDOT:PSS-modified cotton conductive thread, CNC cellulose nanocrystals, SSA sulfosalicylic
acid, PAMPS poly(2acrylamido-2-methyl-1-propane sulfonic acid), YSZ yttria-stabilized zirconia, CA carrageenan, LM liquid metal, Cu-BHT Cu-benzenehexathiol, DPPTT

donor-acceptor copolymer semiconductor.

acknowledged with the Nobel Prize in Physiology or
Medicine for the ‘discoveries concerning nitric oxide as a
signaling molecule in the cardiovascular system’)'*.
Subsequently, it was shown that exhaled gas contains
endogenous NO and is rapidly oxidized to NO, under
natural environmental conditions. Exhaled nitric oxide is
partially synthesized from the amino acid L-arginine by
enzymes called NO synthases (NOS)'*’, which are
abundant in the lungs and may also be produced in the
respiratory mucosa due to epithelial cell damage or
inflammation'*', Thus, changes in fractional exhaled
nitric oxide (FeNO) may be indicative of a disease of the
lungs or respiratory tract'*>143, eg., asthma'**, chronic
obstructive pulmonary disease (COPD)'** and cystic

fibrosis**®. NO levels in the breath of healthy individuals

are below 25 ppb, increase during exacerbations and
decrease during recovery. A simple and absolutely
noninvasive measurement of FeNO can be used as an
additional diagnostic tool to screen patients suspected of
having these diseases.

Hydrogen sulfide (H,S) H,S is a toxic gas with a ‘rotten
egg’ smell and acts as a gas transmitter in humans and
animals, participating in a variety of physical signaling
processes, such as neuromodulation, cytoprotection,
inflammation, apoptosis, and vascular tone regulation'*”.
Hydrogen sulfide correlates with the severity of different
respiratory diseases and airway inflammation and can be
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used as a marker of airway inflammation and lower
respiratory tract infections as well as the biological status
of oral and dental health'**'%°,

Hydrogen (H,) The noninvasive hydrogen breath test
(HBT) has been applied in clinical medicine to detect
carbohydrate malabsorption'. In principle, when sugar
in food is not absorbed in the small intestine and
subsequently enters the colon, it becomes an energy
supply for anaerobic colonic bacteria during fermentation,
which releases CO,, H, and CHs. As it is produced by
intestinal bacteria, intracolonic hydrogen diffuses through
the colon wall into the systemic circulation and is carried
to the lungs, where it is excreted from the body via
exhaled breath. Therefore, HBT is commonly used to
diagnose three physiological disorders: 1. Lactose intoler-
ance: dietary sugars (e.g., lactose, galactose, etc.) are not
properly digested'”’; 2. Small intestine bacterial over-
growth'®; 3. Rapid passage of food through the small
intestine. These scenarios can lead to a variety of
symptoms, such as abdominal pain, bloating, flatulence
and diarrhea'®® (Table 2).

Respiratory pattern monitoring

The four main vital signs routinely monitored by
medical professionals are (i) body temperature, (ii) heart
rate, (iii) respiration rate, and (iv) blood pressure'>. The
respiratory rate is a better indicator than other vital signs
when differentiating between stable and unstable patients.
Abnormalities in respiratory rate and pattern are impor-
tant predictors of acute events or diseases, such as cardiac
arrest, chronic obstructive pulmonary disease (COPD),
pneumonia and asthma®**°°,

In clinical settings, uninterrupted respiratory monitor-
ing is essential to improve the survival of patients with
potential respiratory disease. For example, respiratory
failure is one of the major symptoms of COVID-19
infection'®’. Respiratory arrest is one of the main symp-
toms of epilepsy (SUDEP)'*®, brain injury'*®, and heart
failure’®® and is a cause of high mortality. Considering the
nature of seizures, real-time respiratory monitoring can
significantly improve survival in these diseases'®’.

Healthy adults breathe approximately 12-20 times per
minute and inhale or expel 6-8 L of gas per minute. Dis-
turbances in the normal breathing patterns (i.e., breathing
rate and depth) can reflect a person’s underlying health
status (i.e., stable or unstable). In a routine medical set-
ting, specialized instruments can accurately measure a
patient’s breathing pattern by monitoring sound, airflow
or chest motion; however, these processes include heavy
instrumentation, expensive prices and high labor costs,
which are not suitable for continuous monitoring of
breathing patterns over long periods of time. Therefore,
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there is a need to develop a low-cost, comfortable, easy-
to-use, wearable respiratory sensor.

To obtain respiration-related parameters (frequency,
flow rate, etc.), sensors can be placed near the mouth or
nose and used to respond to differences in temperature
and humidity of inhaled and exhaled gases within a
respiratory cycle and to sensor pressure-bearing. Strain/
pressure sensitive sensors can also be placed near the
mouth and nose to sense the impact of airflow with each
breath, or they can be affixed near the chest to respond to
the expansion and contraction of the chest cavity. The
corresponding respiratory cycle is reflected by periodic
changes in the conductivity of the sensitive element.

The humidity in the exhaled gas is close to saturation,
while the humidity of the inhaled gas depends on the
environmental conditions in which the subject is exposed
and generally differs significantly from the humidity of the
exhaled gas. Therefore, based on the water absorption
properties of sensing materials (mainly graphene, rGO,
conductive polymers, MoS,, CNTs, cellulose paper, etc.)
and the changes in relevant parameters (conductance,
capacitance, impedance, etc.) of the materials after water
absorption, the fabrication of wearable humidity sensors
on various flexible substrates provides a high-quality
solution for the noninvasive and sustainable detection of
respiratory frequency (Table 3).

EBC detection

Condensing and collecting exhaled breath is a non-
invasive method for obtaining lung and airway samples
and is a promising source of biomarkers for lung disease.
In general, tidal breathing for 10 min can collect 1-3 mL
of EBC from resting adult subjects, with the vast majority
(>99%) of the EBC being condensed water vapor and the
rest consisting of water-soluble volatiles or nonvolatile
biological media'®>. Most of the VOCs and inorganic
substances present in the exhaled gas are remixed into the
EBC through condensation, and the content of each
component in the EBC changes with the development of
the disease and therapeutic interventions. Excitingly, the
EBC contains not only those volatile substances in the
exhaled gas but also a large number of nonvolatile solutes
(e.g., hydrogen peroxide, isoprostane, nitrite, cytokines,
and sodium ions)'®*'%*, which are not detectable in the
gas phase'*’.

The main source of nitrite in the respiratory tract is NO.
In aqueous solutions, NO reacts rapidly with reactants to
form more stable nitrogen oxides such as nitrite (NO™?)
and nitrate (NO ™). Due to the relative stability of nitrite
in EBC and the instability of NO in air (half-life of only a
few seconds in the air), nitrite in EBC has promise as a
biomarker of chronic respiratory inflammation'®®. Gho-
lizadeh et al.'®® prepared nitrite electrochemical sensors
on PDMS substrates by using screen-printed Au and
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Table 3 Respiratory sensors for respiratory pattern detection pattern.

Objective Sensing material Synthesis method Sensor performance Ref.
RH PU/ACNTs NFs ultrasonication 5,11,16,20,29 with the RH of 11,33,59,75,95% %0
ZnO/Ti/PTFE hydrothermal method, layer by layer 1.8,13.9,28,44.8/85% with the RH of 50,60,70,80,90% 1
coating
LIG/ poly(ether-ether-ketone)  laser ablation, depositing, sputtering R=1700k0)/% RH 22
SMPCF Etch, self-assembly Color changes with 0.02% RH 23
Borophene-MoS, in situ van der Waals assembly LOD>0.9736%RH, 24
R= (0.245X-0.549)
rGO/MoS, modified Hummer's method, LOD>0.0109%RH, 259
ultrasonication R=28.4RH-127.0
Borophene-graphene in situ thermal decomposition Ln R=2.992In (RH)-4.637 26
rGO/PDAC Layer by layer assembly R=0.00143x 4 0975 7
MoS,/LIG laser ablation R=8% (0—50%RH), %8
R=80%(50—100%RH)
Strain rGO/CNTs ultrasonic nanosoldering method 34.69@1%strain, 259
R=121 kPa™"
MXene@spheres wet-spinning, electrostatic assembly, R=174 (strain in 0-30%), 260
spray-coating 1187 (strain in 30-110%)
PU/rGO/PDA/PFDT Electrospinning, chemical methods 2,9,50 with the strain of 20,50,100, respectively 261
GO/CNT Self-assembly, freeze-drying method R=0.15 (strain in 0-50%), 262
0.58 (strain in 50-80%)
PANI-gelatin sol-gel R=14 (strain in 0-764.4%) 23
pressure  rGO/CNTs ultrasonic nanosoldering method, R=1.21 kPa~' 29
nano carbon drop casting method R=3163 kPa~' (0-2 kPa) 264
TPU/CB screen-printing R=5.205 kPa~' (0-2 kPa), 265
063 kPa~" (>1200 kPa)
PVDF/ZnO NFs Electrospinning, magnetron sputtering R=3.12 mV /kPa 26
MXene/rGO freeze-casting, annealing polymerization R=0.28 kPa™' (0-66.98 kPa) 7
MXene ink-SF dip-coating metho, screen-printing, etch  R=2984kPa™'(14-15.7 kPa) 208

171.9kPa~'(15.7-39.3 kPa)

CPDMS Spraying, coating R=124 kPa~'(2—200 Pa), 0.39 kPa~'(02—12 kPa), 002  **°
kPa~' (12—50 kPa)

3D graphene chemical vapor deposition R=110 kPa~'(0—0.2 Pa), 2

3kPa~'(0.2—15 kPa),
0.26 kPa~" (15—75 kPa)

rGO/PC/W Hydrothermal method, annealing R=0.0122-041 kPa~' (2-1200 kPa) 270
a-PAN/G Electrospinning, Annealing R=445kPa~'(0—1.2 kPa) 271
MXene/Fe;04/graphene thermal chemical vapor deposition, R=4.71 kPa~' (0-62.5 kPa) 22

coating, etching

Laser-reduced graphene oxide Lasering R=095 kPa~' (0-14 kPa) 273

SMPCF silk methylcellulose photonic crystal films, PDAC poly(diallyldimethylammonium chloride), PDA polydopamine, PFDT perfluorodecane-thiol, CPDMS carbon
powder/polydimethylsiloxane, PC pillared carbon.



Yin et al. NPG Asia Materials (2024)16:8

drop-in rGO as electrode materials, achieving detection
limits as low as 830 nM for nitrite in EBC substrates with
good linearity between 10 and 1000 pM concentrations.
Seven precollected clinical EBC samples were subse-
quently tested using this sensing modality, which also
showed good sensing performance. H;O, measured in
EBC has also been suggested as a respiratory marker of
oxidative stress in lung disease. In the respiratory system,
H,0, may be released from both inflammatory and
structural cells, including neutrophils, eosinophils, mac-
rophages and epithelial cells'®”. H,O, concentrations in
EBC of healthy, nonsmoking young people ranged from 0
to 0.9 umol/L'®. Increased H,O, concentrations in EBC
were found in asthma'®’, healthy smokers!”®, COPD!'"},
and acute respiratory distress syndrome (ADRS)'”?. Chen
et al.'”® prepared a disposable H,O, electrochemical
sensor using PEDOT:PSS-PB-EG-DVS as a sensitive
material, which was titrated onto a gold working elec-
trode. This chemical sensor had a low detection limit of
103 nM and showed good agreement with fluorometric
results. In addition, the pH value of EBC depends on the
volatilization and capture of airway acidic and alkaline
source fluid, with a normal range between 7.4 and 8.8"%,
Although EBC pH is not equal to airway pH, it still allows
for a qualitative noninvasive assessment of airway pH
deviations' ",

It’s difficult to predict the human disease status accu-
rately through the detection of biomarkers in EBCs,
mainly due to the lack of appropriate standards, inter-
individual variability, and the fact that many factors can
influence the results of EBC collection. However, this lack
of adoption does not detract from the potential of EBC
analysis to address unmet medical needs and expand the
portfolio of noninvasive testing for respiratory
diseasel68’175_l78.

Challenges and prospects for wearable respiratory
devices

Breathing provides direct biological information from
the human body, and continuous health monitoring
through breath analysis can be beneficial for health
diagnosis and recovery monitoring. Analysis of exhaled
gas composition and breathing patterns can replace tra-
ditional testing methods for noninvasive, easy-to-use and
continuous health monitoring but comes with multiple
challenges.

The challenges of wearable respiratory sensors

Existing sensing materials applied to detect exhaled
gases still require development in order to find use in
practical applications go. Using SMO or MOFs as the
sensing layer material, the sensors usually need to work at
high temperature, under which the oxygen ions on the
surface of the SMO will react with the water vapor in the
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air to form reactive hydroxyl groups (OH™) prior to the
gas-sensing reaction, which significantly changes the
resistance of the sensor and deteriorates its response to
the exhaled gas. The contact of graphene and conductive
polymers with the detected gases is mostly through van
der Waals forces, resulting in weak selectivity and sensi-
tivity of these sensing materials. In addition, when com-
posite materials are applied, the SNR of the sensor may
also be reduced due to the weak bonding between the
various materials. Finally, the low LOD, high selectivity
and sensitivity of the sensors usually come at the cost of
irreversibility of the interaction between the detection gas
and the sensing material, which may result in long
recovery times and memory effects'”’.

A variety of factors influence respiratory monitoring: the
rate and volume during exhalation, the choice of mouth or
nose breathing method, and the individual’s internal con-
ditions (age, diet, gender, physiologic status and possibly
genetic background), which can all influence the propor-
tion of various biomarkers in the exhaled breath*>8%181,
Moreover, the sources of biomarkers in exhaled breath are
complex, and the various markers collected may be inhaled
from the air and then exhaled, produced autonomously by
the human body or metabolized by nonhumans (micro-
organisms, bacteria, etc.). For daily health monitoring, we
are only interested in markers produced during human
biological activity, but it is difficult to distinguish the origin
of these markers and to eliminate their interference in
breath collection and analysis'**"'%*,

The prospects of wearable respiratory sensors

With the in-depth research and application of various
novel sensing materials, the detection of low concentra-
tions of target gases at room temperature with low power
consumption has become possible, establishing a founda-
tion for the application of respiratory wearable devices.
Composites based on conductive polymers offer the
advantages of favorable mechanical robustness, low sensing
temperatures, simple fabrication, and suitability for large-
scale industrial production. Combining materials such as
SMO and C-based materials with conductive polymers to
create e-textiles with clothes and masks is one of the
directions for the development of room temperature gas
sensing devices. In addition, most respiratory sensors cur-
rently monitor respiratory rate and intensity by measuring
humidity and strain. A promising application of flexible gas
sensors is the analysis of exhaled gases to diagnose diseases
such as asthma, pneumonia, and influenza; therefore, more
attention should be given to this application. Finally, EBC
contains a large number of biomarkers, some of which are
not even detectable in exhaled gas; there is great potential
to leverage the presence of these biomarkers in various
application. However, research on EBC is scarce and
immature, and more relevant research and standardization
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are needed. Combined with detection techniques such as
interstitial fluid and sweat, we expect that rapid advances in
this field will be realized in the future.
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