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Abstract: Healthcare is undergoing large transformations, and it is imperative to leverage new
technologies to support the advent of personalized medicine and disease prevention. It is now well
accepted that the levels of certain biological molecules found in blood and other bodily fluids, as well
as in exhaled breath, are an indication of the onset of many human diseases and reflect the health
status of the person. Blood, urine, sweat, or saliva biomarkers can therefore serve in early diagnosis of
diseases such as cancer, but also in monitoring disease progression, detecting metabolic disfunctions,
and predicting response to a given therapy. For most point-of-care sensors, the requirement that
patients themselves can use and apply them is crucial not only regarding the diagnostic part, but also
at the sample collection level. This has stimulated the development of such diagnostic approaches
for the non-invasive analysis of disease-relevant analytes. Considering these timely efforts, this
review article focuses on novel, sensitive, and selective sensing systems for the detection of different
endogenous target biomarkers in bodily fluids as well as in exhaled breath, which are associated with
human diseases.

Keywords: medical diagnostics; biosensor; plasmonics; surface plasmon resonance; single molecule
detection; sensors; biochemistry

1. Introduction

The recent COVID-19 pandemic has sparked interest in versatile types of bioanalytical
tools, such as optical, electrochemical, and electronic biosensors, as they can be used to
screen the patient’s infectious state, provide daily monitored information, and alert the
respective bodies to react based on the acquired results. Biosensors must fulfill several
vital performance characteristics, such as a nearly real-time response, long term stability
of the sensor operated outside, specialized laboratories, and ability to sense molecules
at low concentration. The increasing demand for highly efficient and fast treatments in
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the biomedical field has been stimulating researchers toward the development of inno-
vative technologies, notably devices that can provide continuous information about the
health state of individuals. Wearable biosensors, defined as flexible sensing devices that
incorporate a biological recognition element, are part of this next generation of healthcare
monitoring systems. While early efforts in this field were devoted to simpler sensors
monitoring heart rate and burned calories, more recent efforts are targeted towards more
complex systems for sensing small biomolecules, such as glucose, dopamine, serotonin,
lactose, cortisol, and physiological ions. Sensing biomarkers in sweat rather than blood is at
the forefront of diagnostic research due to its potential direct applicability for personalized
point of care testing. Most water-soluble constituents present in the blood leach into sweat
in about 30 min. However, they typically occur at concentrations that are an order of
magnitude lower compared to blood, which imposes a challenge and requires improving
the sensitivity of most affinity-based biosensors for such analyses. This, in addition to
other clinical needs for ultrasensitive molecular analysis, have motivated the development
of several endpoint-assay technologies primarily limited by the affinity and specificity of
molecular-recognition agents for the analyte of interest and the transducer used to read out.
Sensitivity and specificity vary widely between different probe–analyte pairs. For example,
it is now almost routine to quantify genomic DNA with single-copy sensitivity, while the
detection limits of microRNAs remains challenging [1,2]. Probe affinity and sensitivity also
vary between samples. Differences in the composition of analyzed samples (varying pH
and ion content, constituents that non-specifically block the sensor surface) further com-
plicate the sensor construction and data analysis. In terms of signal transduction, various
implementations of physico-chemical readout principles are available, mainly based on
optical and electronic means.

The optical (bio)sensors for the analysis of chemical and biological species can be
constructed based on fingerprinting approaches, enabled by infrared absorption and Ra-
man spectroscopy or based on additional biomolecules that can specifically capture the
target analyte in connection with optical probing of associated mass change. In these areas,
the use of metallic nanostructures and sensor chips carrying thin metallic films offers a
highly efficient means of optical signal amplification (surface enhanced infrared absorption
spectroscopy-SEIRA or surface enhanced Raman spectroscopy–SERS). Sensitivity of biosen-
sor assays can be further improved by taking advantage of fluorophore labels (surface
plasmon-enhanced fluorescence-PEF) or use of versatile sensor platforms for label-free
detection (based on surface plasmon-resonance–SPR or through simple colorimetric assays
enabled by colloidal nanoparticle aggregation).

In the domain of electronic sensors, there is an increasing interest in electrolyte gated
field effect transistors (FET) as they offer an alternative route for direct electronic, label-free
transduction of bio-recognition events along with miniaturization, fast data handling, and
processing. Even a small change of a chemical or biological quantity may significantly
alter the output electronic signal and is thus ideal for highly sensitive sensing. Electronic
biosensor-based detection and quantitative estimation of analytes in bodily fluids remains
a challenge, however, both from the fundamental point of view as well as in the context of
practical applications. The major problems persisting for diagnostic use are: (i) maintaining
high charge mobility (on the biosensor) after surface modification with specific receptors
to achieve high sensitivity and selectivity; (ii) reproducibility of device preparation, and
(iii) limitations due to Debye screening length in biological fluids with high salt concen-
trations such as blood and serum. Several reports over the last few years have shown
that Graphene Field-Effect Transistors (GFETs) stand out for their small size, excellent
electrical characteristics and high sensitivity to near surface charges and electrical fields,
making them ideal devices for sensitive sensing [3–6]. Specificity to the target analyte can
be integrated into GFETs via surface attachment of target-specific receptors. To overcome
issues related to the low Debye screening length, the choice of the right surface receptor
becomes paramount, along with choosing the right biosample medium.
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2. Chemosensor Types
2.1. State-of-the-Art of Plasmonic Sensors

Plasmonics represent a field of nano photonics that concerns tight confinement of
light intensity on surfaces of metallic nanostructures and thin metallic films [7]. This
phenomenon is associated with the excitation of surface plasmon (SP) modes that originate
from coupled collective oscillations of the electron density and associated electromagnetic
field at the metal surface. The optical excitation of the confined field of SPs is accompanied
by strongly enhanced electromagnetic field intensity |E/E0|2 and local density of optical
states. Plasmonics has been used for surface plasmon resonance–SPR–biosensors as well as
for the amplification in numerous spectroscopic techniques (see Figure 1), including surface-
enhanced Raman spectroscopy-SERS, surface-enhanced infrared absorption spectroscopy-
SEIRA, and surface plasmon-enhanced fluorescence-PEF [8–11]. In PEF affinity biosensors,
fluorophore labels are used as tracers of the specific analyte capture and their coupling
with the intense field of SPs allows for increasing the sensitivity of assay readout to
rapidly detect trace amounts of molecular analytes present in analyzed samples. The
enhancement factor of emitted fluorescence light intensity (per attached fluorophore label)
typically reaches values up to 102 and several works [9,12] show even higher amplification
factors exceeding 103. PEF takes advantage of the interaction between intense SP field and
fluorophore emitters at their absorption and emission wavelengths that (locally within the
SP probing depth Lp) increases the excitation rate, enhances quantum yield, and improves
extraction efficiency of fluorescence light from the sensor surface. Various lithographically
prepared metallic nanostructures have been used for signal amplification including thin
metallic films with arrays of nanoholes (NHA) [13,14], nanoparticle arrays (NP) [15], and
combined materials [16,17] that support a rich spectrum of interacting propagating surface
plasmons (PSPs) and localized surface plasmons (LSPs). It is worth noting that plasmonic
structures that provide significantly stronger field enhancement |E/E0|2 through tighter
confinement of light intensity (probing depth Lp < 10 nm on e.g.,: narrow gaps between
nanoparticles [18]) are typically not suitable for fluorescence enhancement due to the
competing effect of quenching. However, such plasmonic nanoparticle geometries are
attractive for SERS measurements that are increasingly utilized for vibrational spectroscopy-
based analysis of trace amounts of molecular analytes. Similarly to PEF, the plasmonic
nanostructures need to be adjusted to support strongly locally enhanced field intensity at
spectral regions that match the incident probing laser wavelength and overlap with bands,
where (Stokes or anti-Stokes) Raman scattering bands occur [19,20].

Figure 1. Plasmonic nanostructures for the amplification of weak optical spectroscopy signals.

Plasmonic optical schemes have been implemented in range of affinity biosensors for
rapid and sensitive detection of chemical and biological species with limits of detection
(LOD) ranging from nM (regular label-free SPR [21]), fM (PEF [9]), to aM concentrations for
aggregation-based assays [22] and SPR spectroscopy with enzymatically reacting labels [23].
It is worth noting that this performance was achieved for samples with liquid sample vol-
umes of >µL and measurements were performed to detect a multitude of biomolecules. In
addition, the strong confinement of the surface plasmon field was used to reduce of the
optically probed volumes (down to aL) to monitor affinity binding events of individual
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biomolecules. These are typically operated at high concentrations of analyte (µM–mM)
in order to reveal heterogeneity in biomolecular interactions beyond those that can be
observed on a multitude of biomolecules [24]. In general, the optical schemes probing
small volumes (<pL confocal volume) are not suitable for ultrasensitive detection in macro-
scopic samples due to slow biomolecule diffusion to the sensing spot, which translates to
impracticable (long) detection times [25].

Rapid detection of very low amounts of biochemical markers with medical relevance
has been made possible by the recent advancement of such dedicated sensors, as illustrated
by the following examples that were selected to highlight several key important aspects.
In the field of liquid biopsy pursued for early diagnosis and residual disease treatment of
cancer, SPR biosensor technology was used for the analysis of cell-free DNA mutations
specific to colon cancer in blood plasma [22]. This work demonstrated the limit of detection
in RAS mutation at a low aM level by metallic nanoparticle–enhanced assay and it allowed
for accurate discriminating of colorectal cancer patients from healthy donors (see Figure 2).
In general, detection of low amounts of analyte in complex biological fluids (such as blood
plasma) with plasmonic affinity biosensors is complicated by the presence of unspecific
sorption of the molecules on the sensor surface. One of the possible routes to minimize this
effect is the concept of the nanoparticle-release assay [26]. It was developed to enhance
the specific SPR sensor response associated with the binding of target miRNA related to
myelodysplastic syndromes (miR-125b, miR-16) in blood plasma and demonstrate that the
assay enables detection with a limit of detection (LOD) of 349 aM. Another route to mitigate
the impact of the unspecific sorption and thus allow the analysis of biological samples
is the development of antifouling coatings that can carry biofunctional moieties. Direct
SPR readout format on a sensor chip with poly[(N-(2-hydroxypropyl) methacrylamide)-
co-(carboxybetaine methacrylamide)] brushes provided excellent resistance to fouling
even after the functionalization. It enabled the detection of antibodies against hepatitis B
surface antigen (antiHBs) in clinical serum samples and discriminated anti-HBs positive
and negative clinical samples in 10 min [27]. The same biointerface was then used for the
analysis of antiHBs in saliva samples, where, due to the lower concentration compared to
blood plasma, the analysis had to be performed with the sandwich assay format and PEF
readout [27]. Let us note that a thorough review of these developments has been conducted
by more specialized publications [28–30].

Figure 2. Surface plasmon resonance imaging biosensor for liquid biopsy–based diagnosis of colorec-
tal cancer. Reproduced from Biosensors and Bioelectronics, vol 170, D’Agata et al. Direct plasmonic
detection of circulating RAS mutated DNA in colorectal cancer patients, 2020 [22] with permission
from Elsevier.
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2.2. Future Direction of Research in Plasmonic Sensors

Plasmonic biosensors have become an established technology in the field of affin-
ity interaction analysis of a multitude of biomolecules (surface plasmon resonance–SPR–
biosensors) and research has delivered a vast range of plasmonic materials that are tailored
to amplify weak spectroscopy signals. Among future key research and development
directions in plasmonic sensors and biosensors, we witness the efforts in exploiting the
surface plasmon-based optics for new types of biomolecular interaction studies at the single
molecule level, towards delivering a practical means for simplified and multiplexed ultra-
sensitive detection of target analytes, and to establish portable miniature optical devices
enabling long-term monitoring of various analyte species in real-life complex samples (such
as biomarkers in bodily fluids). The developed plasmonic nanostructures providing highly
efficient means for amplification of Raman and fluorescence signals need to be translated to
materials that can be prepared with scaled up production means and provide reproducible
properties to address practical application and impact the analytical market. Moreover, the
development of appropriate biocompatible polymer architectures that enable the contacting
the optical sensor chips with complex liquid samples and avoid the sensor surface blocking
and false response due to the fouling effects are of utmost importance.

2.3. State of the Art of Field Effect Transistor (FET) Type Sensors

FETs are semiconducting devices–also called unipolar transistors–since they only
depend on the majority carrier in the semiconductor to finally become conductive. Their
low cost, low volume, and low weight, as well as their excellent integration possibili-
ties in portable electronic devices, make them ideal candidates for point of care medical
applications. They can be used as biosensor materials since binding of analytes to the
semiconductor surface influences the behavior with which they react to application of the
gating voltage with direct correlation to the analyte concentration, charge, and molecular
weight. FET type sensors can be used in gaseous or liquid media for the detection of
biochemical markers or the detection of environmental pollutants [31].

Various types of FET sensors are available. An ion-sensitive field-effect transistor
(ISFET) is a field-effect transistor used for measuring ion concentrations in solution; when
the ion concentration (such as H+, see pH scale) changes, the current through the transistor
will change accordingly [32,33]. ISFETs have been mainly used for pH detection [34] and
are optimized for minimized interaction with interfering molecules. Hence, they depend
only on specific ion species for transduction in a capacitive principle and are not suitable
for the discrimination of a wide range of analytes. Successful specific DNA detection has
been reported with differently modified FET type sensors (ISFET [35], EGFET [36]).

Special functionalized FETs with the aim to identify biomarkers are known as biosensor
field-effect transistors (Bio-FETs or BioFETs). In such devices the voltage is changed by the
concentration of the biomolecule, and the biomolecule itself, present in the gate channel.
Hence, the charge transfer from the biomolecules to the transducing nanomaterial induces
a change in the gate voltage. The overall amount of charge carriers thereby depends on
the concentration of the biomolecules and so quantification is enabled by measuring the
change in conductance or the change in source-drain current (or shift in the Dirac point (see
Figure 3). Due to their outstanding sensitivity and selectivity, BioFETs are in the limelight
for early diagnosis, drug screening, and disease screening.
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Figure 3. Different bindings of biomolecules inside and outside the electrical double layer. Only the
changes inside the electrical double layer are detected [lD, Debye length]. Modified from [37].

Transducing materials for BioFETs are inorganic semiconductors (e.g.,: SnO2, ZnO2,
CuO, WO3) which might also be used for the detection of gases (CO, NOx, NH3, CH4, SO2,
H2S) [38–44] and also, for the detection of simple organic molecules (hydrocarbons and
alcohols). Here the need of the development of novel (mixed) oxides for the development
of optimal platforms is necessary. Organic FET (OFET) type sensors use semiconducting
polymers (CPs) for transduction. The main types of semiconducting polymers used for
this purpose are Polyaniline, Polypyrrole, Phthalocyanine, and Thiophenes. Polymethyl-
methacrylate is commonly used as a gate insulator. Contrary to most of the metal oxide
FET sensors the conductive polymer FET sensors can be operated at room temperature
providing adequate sensitivity [45]. A disadvantage of polymer FET sensors is that they
are usually not stable for extended times in their properties and tend to degrade in their
performance. The advantage of using polymers in FET type sensors is their great variabil-
ity enabled by using differently modified monomers, by adding additives (e.g.,: oxidic
Nanoparticles [46]) or by using copolymerization schemes in the production of sensitive
layers. Furthermore, pristine conductive polymers are unspecific towards a single analyte,
but cover a wide range of sensitivity for a variety of volatile organic compounds. An
OFET gas sensor with Pentacene for NH3 detection and phthalocyanine for NO2 has been
successfully demonstrated [47,48]. Due to their nanostructured dimensions nanomaterials
[silicon nanowires, metal oxides, nanoparticles, or carbon nanomaterials] used in FET sen-
sors can be operated as well at room temperature thereby saving power and increase their
usability for point of care applications. Further advantages are a decreased response time,
good stability and a high selectivity paired with ultrasensitive properties down to low ppb
range. FET sensors with nanostructured sensing principle are well suited to be embedded
in silicon technology due to their small size and weight and low energy consumption.
FET based on nanowires have been developed for CO and ethanol detection with CuO
as sensing element [49]. In2O3 nanowires have been used for the detection of NO2 [50].
In order to reach a higher sensitivity a great number of nanowires can be arranged in a
parallel fashion in a FET sensor. The sensitivity for NO2 could be reduced down to a single
digit ppb value by such an arrangement [51].

The relentless miniaturization of silicon-based electronics coupled with the advent
of carbon nanotubes most notably graphene, or MoS2 has led the electronic materials
community towards atomically thin two-dimensional semiconductors [52–54].

A key advantage of carbon nanomaterial-based FETs like carbon nanotubes reduced
graphene oxide (rGO), as well as graphene is the facile functionalization strategies based
often on simple π-π stacking interactions [55,56] enabling easy attachment of biorecognition
elements (e.g.,: antibodies, aptamers, DNA). Highly sensitive (down to single digit fM
levels) single stranded DNA detection devices based on nanowires have been developed
and demonstrated [55,57–63]. Protein detection (e.g., cancer markers) can be accomplished
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by specifically prepared antibody layers on the sensing surface [64]. Selective detection of
(e.g., PSA [prostate specific antigen]) has been accomplished [65]. Pathogen species like
viruses, bacteria [66], and molds can be detected too by specific surface proteins employing
antibody-antigen interactions [67,68]. The detection of Dengue virus has been shown with
a detection limit down to 10 fM [69]. Further the detection of specific enzymes [70,71] and
even cell types has recently been demonstrated [72]. As a promising alternative to standard
biorecognition units like antibodies for sensor surface functionalization, aptamers (ssDNA)
have been demonstrated in a wide range of applications for the realization of healthcare
devices [73].

Generally, independent of transduction material type, FET can be used as sensors
in gas phase by application of a back-gate architecture, where the channel material is
exposed to the environment gas phase. In this context, Hayasaka et al. have shown a
single graphene FET system to discriminate between water, methanol, and ethanol in gas
phase measurements with a 96% success rate utilizing machine learning [74]. Furthermore,
inorganic semiconductor FETs are suitable candidates for this architecture but need to be
operated at high temperatures. A modified building setup in SGFET sensors (suspended
Gate FET) includes an air gap in order that the gas can reach the sensing gate surface
directly. Such SGFET haven been shown to operate successfully at room temperature for
the detection of H2, NH3, NOx, and CO [75].

Anyhow, FET transduction surfaces functionalized with biorecognition molecules
suffer from sensor element degradation and instability due to the direct exposure to outer
factors if these effects are not counteracted. On one hand, the application of hydrogel layers
for shielding of surface functionalized biological components has been demonstrated before
and enables application of the sensing principle also in the gaseous phase. The approach is
highly compatible with capacitive sensing since the formation of electric double layers has
been demonstrated for supercapacitor separator films [76]. Accordingly, displacement of
such electric double layers due to analyte binding to the gate electrode would result in a
significant change in gate capacitance, leading to high device sensitivity. For the detection in
electrolyte solutions, the capabilities of the capacitive sensing approach were demonstrated
by the group of Torsi et al. showing that such sensor architectures can potentially lead
to single molecule detection (zM range) of genomic markers in whole blood serum [77].
On the other hand, the advantages of aptamers as functionalization elements are a much
higher stability, allowing for application in harsher environments, as well as decreasing
fabrication costs as tailor-made aptamers are becoming commercially more accessible due
to improved synthesis routes. The applicability of aptamer-based FETs for gas sensing
has been recently demonstrated [78] and enables to use back-gated device architecture for
gas sensing without the need of an encapsulation layer to shield the bio-components from
deterioration since aptamers withstand the gaseous phase environment.

2.4. Future Direction of Research in FET Type Sensors

Although biosensor FET applicability has been thoroughly demonstrated in literature,
for the application of such biosensors in real-life scenarios still some challenges need to be
addressed. Surface passivation strategies to allow for detection in complex media reach
from encapsulation with high-k dielectric materials, zwitterionic brushes, PEG components,
and not interchained components like ethylamine or bovine serum albumin. Investigations
on sampling in saliva or breath condensates allows for pinpointing the optimized strategies
depending on the transducing material and the sample matrix. Sensor data evaluation
is generally performed by trained personnel and research towards automatized response
evaluation principles and the implementation of machine learning can overcome this
challenge to enable the FET biosensor technology for the application as point of care
devices. Detailed understanding of the electrochemical and electrostatic interactions during
FET transduction can be achieved via sensor fusion with optical methods and reveal
the key parameters necessary for FET biosensor application with reduced baseline drifts,
environmental influence, and independent data quality for sampling in complex media.
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2.5. State of the Art of Chemiresistive Sensors

A chemiresistive configuration is essentially like a FET configuration, but instead of a
three-electrode configuration a two-electrode configuration ensures simplified design while
the analyte (e.g., VOCs) cause an analyte specific (or passive) gating effect (see Figure 4).
The advantages of chemiresistors are low-manufacturing costs, simplicity (as no complex
control electronics are required), and that they are more sustainable for integration in
large sensors array to increase sensor performance and redundancy. The last two features
are especially important in the context of VOC-sensors (e.g., gas sensors or electronic
nose systems) as they offer portable, cost-efficient, and energy efficient sensors for trend
predictions (e.g., fingerprint analysis). They are an enabling technology for breath biopsy
as a direct medial application but also for environmental monitoring of potential hazard
conditions, exogenous components, and air quality. Furthermore, due to the advantages of
chemiresistive sensors they are ideal devices for Internet of Things (IoT) applications [79]
(see Figure 5). Not all semi-conductive materials used for FETs are suitable candidates for
the realization in a chemiresistive setup. As the working point is not adjusted by a gate
electrode, only semi-conductors with suitable threshold voltages according to the n-type,
p-type, or ambipolar behavior can be used. However, specific doping of the materials is a
feasible strategy to expand the applicability of semiconducting materials for application
in chemiresistors [80]. Such sensors include metal oxides (MOx), nanomaterials, and
conductive polymers. Although chemiresistors can operate in a liquid environment, their
key advantage resulting from the simplified structure is the operation in the gas phase.

Figure 4. Schematic illustration of electrically transduced gas sensors [31].

Figure 5. Schematic overview of smart sensor systems from the transduction of sensor signals, via
the artificial intelligence and IoT connection for applications in various sectors. Adapted from [78].
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MOx sensors are generally realized in a chemiresistor configuration with an underly-
ing heating element. Metal oxides used as sensing elements in MOx sensor types exhibit
their sensing performance due to a significant change in electrical conductivity when
they get in contact with the defined analyte gas component. When semiconducting metal
oxides are heated to high temperatures (200–450 ◦C), oxygen species are absorbed to the
surfaces, forming a depletion layer. Upon binding of the oxygen molecules to exposed
reducing gases, electrons are released in the metal oxide, and current flow is observed.
The generated electrical signal can be readily processed, thus making real time sensing
devices and lab-on-a-chip platforms possible. Depending on the type of metal oxide and
dopant used, a wide range of gases can be detected, but the downsides of the system
are the high operating temperature and narrow range of detectable analytes. MOx based
chemical sensors are used in the detection of obnoxious gases for the purpose of envi-
ronmental monitoring SO2 [37,81–83], NOx [84–86], NH3 [87,88], H2S [89], CO [90,91]
hydrocarbons [detection of oil spills], and VOCs [volatile organic compounds]. Such sen-
sors have been light-powered and realized on flexible substrates for the detection of NO2
by ultrathin heterostructure configuration (see Figure 6). VOCs successfully detected are
acetone [92,93], ethanol [94,95], formaldehyde [96,97], benzene [98], benzaldehyde [99,100],
toluene [101,102], xylene [103–105], isoprene [99,106], propane [100], butanol [107,108], phe-
nol [109,110], acetonitrile [111], dodecane [112,113]. Furthermore, palladium has been used
successfully as the sensing material for hydrogen detection with a sensitivity of 10 ppm, to
be operated at 150 ◦C [114].

Figure 6. (a) The dynamic response curves of visible light powered, flexible ZI, ZIC-L, ZIC, ZIC-H
sensors to 1 ppm NO2 at room temperature in dark, (b) under visible-light illumination. (c) Schematic
diagrams of the NO2 detection process with visible-light illumination, oxygen molecules in air freely
diffuse through the porous structure of the ZIC networks. Adapted from [85].

The achieved detection limits are in the low ppm range and for some working prin-
ciples even beyond in the ppb range. Normally the sensors have to be operated at high
temperatures well above room temperature to achieve the required sensitivities. The sensi-
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tivity of MOx sensors is increasing with temperature up to a plateau of an optimal operating
temperature. Above this individual temperature the sensitivity is decreasing again. For
most of the MOx sensors this operating temperature is well beyond room temperature.
MOx sensors have domain application for gaseous analytes, but due to operating needs at
higher temperatures need more power and are not as easily to be integrated and have an
interference problem by humidity and a low selectivity. Humidity is disturbing (decreasing)
the sensitivity and operating the sensors at higher temperatures is overcoming this problem.
When sensors work at lower temperatures the humidity problem is surfacing again, and
solutions must be worked out to overcome this challenge for MOx sensors operating at
room temperature. To be used for point of care applications the operating temperature
must be decreased in the ideal case to room temperature. This can be achieved by using
nanostructures for the sensing surfaces (e.g.,: [110], Cr2O3 decorated nanotubes for sensing
of phenol) and should be further developed for other analytes. To improve the selectivity
of MOx sensors, they can be arranged as a matrix [115] of sensors with similar but slightly
adapted properties or in a micro sensor array of different sensing materials [116]. The
response time is usually in the single digit seconds range, most of the recovery time is in the
double-digit seconds range. MOx sensors have been used for applications in agriculture
and food packing industry, breath and sweat analysis, for clinical markers diagnosis and
pharmaceutical analysis, and in hazard analysis and forensics. In pharmaceutical analysis
they can be used by forming an [electronic] e-tongue. The so-called e-tongue is used to
detect small quantities of certain pharmaceutical drugs in bodily fluids. A CuO nano-
sensor was used for the detection of Rifampicin [117]. The anticancer drug Doxorubicin
and Dasatinib was detected with a ZnO sensor [118] Ranolazine, an antianginal drug was
detected in very low concentration by a MOx sensor based on WO3 and graphene [119].
MOx sensors are proposed and have been used in food analysis for quality assessment.
Also MOx sensors for ascorbic acid in fruits basing on ZnO/CNT were described [120].
An electronic nose based on the combination of MOx sensors comprising SnO2, MoO3,
and SnO2 doped with Mo was shown to detect a combination of specific VOC’s gener-
ated by Enterobacteriaceae in vegetable preparations [121], Methyl-propyl sulfide and
2-Nonanon could be detected by MOx sensors based on Sn and W oxides for quality control
of onions [122]. It can be expected that similar other developments for the quality control
of prepacked food will emerge soon. MOx sensors have been proven also very valuable for
Hazard analysis, Crime prevention, concealed explosives detection, and identification of
fires. A MOx sensor based on ZnO doped with Indium [In] was successfully used to detect
TNT, trinitrotoluene, DNT, dinitrotoluene, picric acid, and paranitrotoluene [123]. The
sensor worked at room temperature and had a rapid response time of 6 s. Furthermore, fast
and remote detection of fires with MOx sensors was shown [124,125]. Also, for agricultural
applications MOx sensors have been developed and used. MOx sensors based on NiO
could detect the pesticide parathion in low concentration in green vegetable samples [126].
Other pesticides could be analyzed as well with selected MOx sensors [127,128].

Similarly, to the application of (semi-) conducting polymers for OFETs, a wide range
of organic polymers can be used for the realization of CP sensors in a chemiresistive con-
figuration [129]. To improve the applicability of polymers used in OFET configuration, a
differential sensing principle can be applied, measuring the resistance changes by compar-
ison of a measurement and reference channel; one exposed to the sensing environment,
while the reference sensor element is kept insulated. This approach allows for the use
of a wide range of CP materials in chemiresistive configuration, while at the same time
compensating the influence of environmental temperature [130]. The key technological
advantages using polymers instead of metal oxides are room temperature applicability,
low production costs, and a wide range of available materials with different specificities
for target analytes [78]. Four technological leaps with high impact on the facilitation of
a polymer based nose have been achieved since, namely: (i) Shirakawa’s Nobel prize
work in 2000 [131] enabling chemical modifications for polymer conductivity allowing for
pi-conjugated materials using different functional groups within the pi-system but also
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their corresponding side-chain modifications, which opened a plethora of new organic
electronic materials to be used and optimized for tailormade applications like eNoses
(e.g., increase in specificity); (ii) recent progresses in microfabrication of electronic circuit
boards [132,133], providing smaller electrode distance patterns (reproducibility increase);
(iii) and the enormous advances in machine learning and artificial intelligence [134], pro-
viding a perfectly suitable route for data evaluation of eNose response data (applicability
increase); and (iv) the advances in printing technology allowing for high precision printing
of micrometer scale polymer dots and the use of polymer solutions with low limitation to
solution properties [78].

Hence, most pitfalls of previous attempts of utilizing polymer-based materials for
eNose realization have been overcome in recent years and recent work has shown the state-
of-the-art progress in this direction [135]. Still, commonly used polymer materials are not
strictly specific against a single analyte, but rather show variable sensitivity against various
volatile compounds. Various conductive polymers are known for their affinity to a variety of
these compounds, e.g., polythiopenes (e.g., P3HT) for ammonia and amines [136], polyani-
lines for hydrogen sulfide [137] (see Figure 7), xylenes [138], or NO2 [139], polypyrrole for
ammonia and indoles [140], poly(vinyl alcohol) for hazardous gases [141], poly(methyl
methacrylate) for ethyl acetate and toluene [142]. Furthermore, a wide range of composites
for conductive polymers (e.g., graphene composites) and nanowire application of CPs have
been demonstrated as suitable approaches for gas sensing [143,144]. Such polymeric arrays
have been demonstrated for the analysis of food freshness [145], diagnostics via breath
analysis [146,147], analysis of human sweat [148], phytopathogenic microbes [149], meat
spoilage detection [150], methanol detection in liquors [151], and Alzheimer markers [152],
among other applications. Arrays of CPs are especially efficient and capable to discrimi-
nate between a wide range of analytes when p-type and n-type materials are used at the
same time.

Figure 7. Response to hydrogen sulfide of a chemiresistor based on a Polyaniline-SnCl2-PEDOT:PSS
blend. (a) shows the derivative of the response evolution and (b) a corresponding calibration curve
expressed as the variation of the relative response as a function of the concentration of hydrogen
sulfide. Adapted from [137].
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2.6. Future Direction of Research in Chemiresistive Sensors

On one hand, the narrow specificity of metal oxide sensors does not allow for monitor-
ing of complex smell mixtures, odors, fragrances, or the bouquet of products. On the other
hand, conductive polymers provide a wide range of detectable analytes and can support,
supplement, or replace MOx sensors for a range of applications in the medical sector. A
downside of CP sensor materials is the lack in long-term stability, since the materials are
prone to degradation due to their interaction with environmental interferents, a down-
side that comes with the wide range of analyte sensitivity. To prolong long-term stability,
deposition of graphene films on the CP [153], addition of nonvolatile dopants [154], and
application of PU foams [155] and aerogels [156] were demonstrated. Furthermore, most
CPs have dependence on the environmental humidity, which can pose an issue for sensitive
biosensing in high humidity environments. Sensor drift adjustment [157] or addition of
fatty acid filler materials have been developed to overcome this challenge. Furthermore,
modern artificial intelligence algorithms allow for specified training of CP based e-Nose
systems and provide solutions for medical applications from personalized and/or objecti-
fied patient care and sense complex mixtures for early diagnostics when the key challenges
are addressed and can render CP based sensors as an enabling technology.

2.7. State of the Art of Sensor Arrays

The next step of sensor development is to deploy a group of sensors in a certain
geometry pattern—a so-called sensor array—which allows increasing the signal-to-noise
ratio (SNR), improving robustness by providing redundancy of the devices. An e-Nose is an
electronic array of different semiconducting materials which change their resistivity based
on the chemical composition of the exposed environment with an implemented analytical
algorithm for training of the device in a biomimetic approach. On one hand, e-Nose
systems based on metal oxides are already commercially available and resemble the current
state-of-the-art [135,158]. They suffer from high fabrication costs, the need to be operated
above 300 ◦C and a very low specificity against relevant volatile organic compounds. On
the other hand, polymer-based e-Nose systems have been investigated widely from 1980
to the 2000s and did not yet perform sufficient for commercialization. With the recent
progress in artificial intelligence and machine learning capabilities polymer-based e-Nose
systems have again received attention and have been commercialized only in certain
sectors. Recently also the field of multivariable sensors has received considerable attention,
especially for environmental IoT applications, as they provide independent outputs to
recognize gases and vapors, by using a sensing material designed to have diverse, and in
the best case orthogonal, responses to different analytes (see Figure 8). These electrical,
-optical-, and electrochemical outputs correspond to different sensing responses, thus
yielding high dispersion which in turn allows for discrimination of up to four different
gases in mixtures [78,159]. This concept has been superbly highlighted in two reviews by
Potyrailo [160,161] (see Figure 9). Theoretically, they can quantify individual components
in mixtures, prove to be immune to interferences, offer self-correction ability against
environmental parameters (e.g.,: T, RH), and offer a more stable response over sensor
arrays. Again, CP are interesting candidates for these sensors as their chemical tunability
allows for the creation of novel sensing materials with multi-response mechanisms to
different gases, [159] based on modulations of charge carrier density, polymer swelling,
and conformational transitions of polymer chains. Due to the combination of the main four
thrusts such as (1) tunability of sensing materials, (2) transducer design, (3) data analytics,
and (4) manufacturability we foresee a bright future for chemiresistive (multivariable)
gas sensors.



Chemosensors 2022, 10, 199 13 of 33

Figure 8. Illustration of the advantages of multivariate sensor systems. Analyte and interference
responses are well distinguishable. Picture from [160].

Figure 9. (A) Demonstration of the sensor prediction rate error increase with increasing sensor drift
for the comparison of arrays and multivariate sensors. (B) Probability of detection against false alarm
predictions for multivariable sensors against sensor arrays. Figure from [161].

2.8. Future Direction of Research in Sensor Arrays

Recent advances in the fabrication of organic polymer materials with suitable conduc-
tivity have shown an increase in eNose research based on CPs. Among other applications,
the suitability of the approach was shown for the detection of Penicillium digitatum in
oranges [162], wood identification [163], air quality monitoring [164], oil pollution in sea
ware [165], liquor discrimination [166], fruit aroma detection [167], bile species and fer-
mentation states [168] or BTX components [169] with various implementation of artificial
intelligence via principle component analysis [162,163], ensemble learning [165], Neural
Networks [166], and Support Vector Machines [168,169]. Similar to the combinatory code
used by the human brain it is not the response from one of the sensor materials that enables
to differentiate between different smells, but the array formation of many different sensing
components and the complex differences that occur from material to material when exposed
to a certain smell [170]. Microfabrication techniques enable fabrication of interdigitated
electrodes with distances below 50 µm, which enables a wide range of conductive polymer
materials as sensing elements as an isotropic domain of interlinked polymer chains can
be realized only on this scale for many polymers. Furthermore, novel doping methods,
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especially enabling the doping for n-type [171–173] materials, allow for adjustment of
polymeric matrices for acidic and alkaline transduction processes enabling a wider range
of analyte detection. Hence, research is driven to investigate combinations of polymer
composites for the realization of a robust e-Nose system with a wide range of applicability.

3. Applications of Chemosensors in BioMedical Context
3.1. State-of-the-Art of Single Molecule Detection Technologies

Biosensors have been attracting increasing attention over the last decade with rapidly
increasing market size and numbers of publications [174]. Individual biomolecules and
their interactions are a key subject of research in the bioanalytical community and single
molecule detection has become an enabling technology in the important fields of biology
and biophysics. For the detection of pathogenic and exogenic compounds, various types of
sensors have been developed to operate either in the liquid or in the gas phase. Arguably,
optical technologies outperform electric sensors in liquid phase, but the most promising
approaches for gas phase analytics are based on electrical signal transduction. Single
molecule detection is typically implemented by using optical measurements in small sam-
ple volumes (<pL) with µM analyte concentration and they serve to reveal heterogeneities
in biomolecular interactions that are otherwise hidden in measurements on a multitude of
biomolecules [24]. In addition, single molecule detection in liquid samples of macroscopic
volume represents the goal of ultimate sensitivity of analytical technologies [175]. Among
these, detection of nucleic acids takes advantage of established enzyme-based amplifica-
tions including polymerase chain reaction (PCR). In order to enable quantitative detection
of individual copies of oligonucleotide biomolecules in samples with macroscopic volume,
the compartmenting of the analyzed sample is performed for digital type of readout. The
majority of digital polymerase chain reaction (dPCR) assays rely on the compartmenting
via microdroplets [176], which is performed in a microfluidic device that splits the ana-
lyzed sample to multiple small (nL) reactors that carry mostly 0 or 1 analyte biomolecules.
The readout of the presence of the analyte in each compartment is performed after the
PCR amplification by fluorescence. Most often used is the Förster energy transfer with
quencher [177] that switches a fluorophore from its dark to its bright state (by increasing
its quantum yield by up to 102-fold) in the analyte presence. For the sensitive analysis
of protein analytes, the direct exponential amplification strategy of analyte itself (such
as PCR) is not available and therefore enzymes are used as labels in conjunction with
e.g., immunoassays. Fluorescence detection by the linear enzymatic amplification strategy
has been adopted by using of beta-galactosidase label attached to a detection antibody and
reacting with a substrate (e.g.,: resorufin-beta-D-galactopyranoside [175] with the quantum
yield change of up to 102–103 triggered by the enzymatic reaction [178]).

3.2. Future Direction of Research Single Molecule Detection

In order to expand the applications of ultrasensitive detection platforms that are
capable of detection of individual target molecules, research is pursued in the direction
of enzyme–free amplification strategies, towards parallel detection of multiple analytes,
and by overcoming the need of sample compartmenting. Through these efforts, new and
simpler platforms for single molecule detection of chemical and biological species can be
delivered to performing field analyses outside the specialized analytical laboratories.

Especially bioelectronic sensors based on large-area interfaces offer intriguing single-
molecule label-free detection in combination with a compact design to detect the onset of
a disease at the earliest possible stage [179–182]. Pioneered by the Torsi group, biolayer
functionalized electrolyte-gated field effect transistors have been used for both protein
and DNA sensing in the zepto-molar range. The remarkable sensitivity is attributed to
an amplification mechanism, which is speculated to be triggered by the affinity binding
event that induces a work-function change in the FET which is assumed to propagate in the
gating-field through the electrostatic hydrogen-bonding network within the biolayer [182].
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3.3. State of the Art in Biomarkers

The advent of technologies for discovery and validation of biomarkers and biomarker
panels at the omic-wide level (DNA- and protein microarrays, next generation sequencing
(NGS), mass-spectrometry based proteomics, and metabolomics) have paved the way for
development of personalized treatment approaches. Some molecular biomarkers panels
have already found their way into every-day life and clinical applications and are opening
new possibilities for optimizing personal lifestyles and therapy of patients. It is undisputed
that these biomarkers offer great potential, which has not yet been fully exploited. However,
there is the big disadvantage of–still–complex analysis, requiring well-trained personnel
and expensive lab equipment as well as complex protocols. That might be one reason why
many biomarkers have failed to translate into clinical routine so far.

3.4. Future Direction of Research in Biomarkers

Upcoming concepts based on samples collected by minimal invasive methods, such
as plasma, serum, saliva, and interstitial fluid are on the way and can accelerate the use
of different biomarkers. Ideal targets for biomarker development, which can also be used
for novel, improved sensing systems belong to different omic-layers of nucleic acids, like
DNA methylation, miRNAs, mutations, as well as proteins and peptides. Many of the
aforementioned analytes are ideal targets for disease detection and disease monitoring and
for monitoring lifestyle adaptations and offer the advantage that they are stable in different
body fluids like blood (including serum and plasma), saliva, and urine, being also highly
specific for certain types of diseases. A current unmet clinical need is the straightforward,
fast, and affordable analysis of these biomarkers and this is exactly where the great potential
of chemosensors lies, particularly as they can be used at the point of care.

3.5. State of the Art in Personalized Medicine and Liquid Biopsy

“One size fits all” has been the standard in the medical world for a long time. The shift
to personalized medicine started around 20 years ago and has accelerated over the past few
years. The breakthrough of the Human Genome Project, which charted the complete human
DNA in 2001 [183] was an important step in this process. Technological developments
such as DNA microarrays and next generation sequencing (NGS) and ever improving
data processing enabled genetics to take off. Charting somebody’s genetic profile has
become increasingly faster and less costly and enables us to gain insight into the genetic
profile and thereby to predict the risks of specific diseases for a specific person and which
medication will work best. This kind of detailed genomic analysis is especially exploited in
the cancer field with respect to clinically actionable mutation profiling (via whole-genome-
or targeted mutation sequencing) and thereby tailoring targeted cancer therapies to the
specific molecular profile of the tumor rather than to the tumor type.

3.6. Future Direction of Research in Personalized Medicine and Liquid Biopsy

In general biopsies are usually taken from the primary tumor, whereas samples from
the metastases are often scarce and additionally overlooked for the purpose of treatment
decisions. Novel approaches have arisen to detect tumor products from bodily fluids
such as blood, urine, cerebrospinal fluid, or saliva including the analysis of circulating
tumor cells (CTCs), circulating tumor nucleic acids (ctDNA and ctRNA), or tumor-derived
extracellular vesicles (EVs), also termed exosomes [184–186]. This so-called “liquid biopsy”
is a convenient, fast, non-invasive, and reproducible sampling method that can dynamically
reflect the changes in tumor tissue and provide a robust basis for individualized therapy and
early diagnosis of cancer. Though mutation profiling of circulating tumor DNA (ctDNA)
in plasma and enumeration of circulating tumor cells (CTCs) from whole blood samples
are the currently approved cancer liquid biopsy approaches (as not least evident from
corresponding recently FDA approved assays such as the Roche Cobas EGFR Mutation
Test v2, the FoundationOne® Liquid CDx test and the CELLSEARCH® Circulating Tumor
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Cell Kit) there are also examples of other biomarker types as well as bodily fluids with
diagnostic potential as elaborated in more detail in the following.

3.7. State of the Art in DNA Methylation Biomarkers for Disease Diagnosis and Therapy Stratification

Being vital in embryogenesis and affecting such processes as imprinting or X-chromosome
inactivation and/or silencing of repetitive DNA the methylation in eukaryotes is an im-
portant epigenetic modification regulating gene expression [187]. Hence, its deregulation
is associated with a range of human diseases [188]. Every cell type has a unique DNA
methylation fingerprint that changes during normal biological processes but also in many
diseases, in particular cancer, whereby most work on disease-associated DNA methylation
marks has been done starting in the early 80s. As DNA-methylation changes already occur
early in tumorigenesis and can not only be detected in tissue but also in cell-free DNA
present e.g., in plasma/serum, stool, urine, or other bodily fluids, DNA-methylation based
biomarkers are particularly suited for early cancer detection. As illustrated in Figure 10
underneath numerous freely circulating DNA-methylation marks have been described
e.g., for the big four tumor entities (breast-, lung-, prostate-, and colon cancer) which even
overlap between the tumor types [189]. The application of cancer methylation markers is
not limited to early diagnosis but also includes other stages of the cancer patient’s journey
such as disease monitoring or detecting minimal residual disease [e.g., [190,191]. Though
still very scarce, there are even first examples of chemobiosensors which determine the
methylation status such as a carbon dot-modified liquid-exfoliated graphene Field Effect
Transistor targeting the cancer marker Sept9 via a multiprobe approach [192].

Figure 10. Circulating cell-free DNA methylation-based biomarkers described in literature for cancer
detection which are common to at least two cancer types [Breast Cancer (pink box), Lung Cancer
(blue box), Prostate Cancer (yellow box), Colorectal Cancer (orange box)]. Reprinted with permission
from [189]. 2020, Cells, MDPI.

In past years more and more DNA methylation biomarkers have also emerged for
diseases other than cancer. Along these lines numerous DNA methylation biomarkers
have been described in cardiovascular diseases such as for example atherosclerosis [193],
hypertension [194], and myocardial infarction [195]. Further areas where circulating DNA
methylation biomarkers have been identified in recent years include metabolic disorders
such as type 2 diabetes [196] and obesity [197] as well as neurological diseases [198,199].

3.8. Future Direction of Research in DNA Methylation Biomarkers for Disease Diagnosis and
Therapy Stratification

Despite the promise of epigenetic biomarkers, so far only a few DNA methylation-
based candidate biomarkers have reached their potential for use in a clinical setting, and
all these are mainly related to the field of cancer and typically comprise single diagnostic
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markers (see Table 1). Differences in DNA methylation between patients and controls may
be large (e.g., more than 50%) in cancer but in other non-communicable diseases may be
less than 5%. Methods used to measure methylation must therefore be accurate to well
below this level of resolution. A recent landmark study by Liu et al. [200] revealed that
plasma whole-genome bisulfite sequencing to analyze methylation patterns outperformed
whole genome sequencing and targeted mutation methods for cancer detection. The
authors further demonstrated that a targeted NGS-based methylation-based multi-cancer
early detection test using a machine-learning classifier can simultaneously detect more
than 50 cancer types with a single, fixed, low false positive rate of less than 1%, and can
accurately localize the tissue of origin.

Table 1. Characteristics of clinically approved DNA methylation assays for the detection of different
cancers (derived from [201]).

Name Manufacturer Biomarker(s) Biosample Application Sensitivity (%) Specifity (%)

Cologuard Exact Sciences Corp. NDRG4, BMP3 Stool CRC early
detection 92 87

Epi proColon 2.0 Epigenomics GA SEPT9 Plasma CRC early
detection 81 97

Epi proLung Epigenomics GA PTGER4, SHOX2 Plasma Lung cancer
detection 90 73

Cervi-M Epigene, iStat
Biomedical Co. ZNF582, PAX1 Cervical brush Cervical cancer

detection 77 *, 70 ** 87 *, 82 **

Oral-M Epigene, iStat
Biomedical Co. ZNF582, PAX1 Oral swab Oral cancer

detection 85 *, 72 ** 87 *, 86 **

Assure MDx MDxHealth

TWIST1,
ONECUT2, OTX1
(+FGFR3, TERT,

HRAS mutations)

Urine Bladder cancer
detection 97 83

* Value refers to ZNF582, ** value refers to PAX1.

Whereas the majority of DNA-methylation biomarkers have been described in the
context of (early) cancer diagnosis there are also examples for DNA-methylation based
therapy response markers [202,203]. Technologies typically applied for genome-wide and
targeted DNA methylation analysis comprise DNA microarrays (e.g.,: Illumina EPIC bead
array), NGS and quantitative PCR (qPCR).

3.9. State of the Art in Auto-Antibody (AAb) Biomarkers for Early Diagnosis

AAbs are produced as an immune-response against tumor-associated antigens (TAAs)
comprising mutant, aberrantly post-processed, or locally over-expressed proteins in tu-
mors [204]. AAbs can amplify a signal from antigens at very low concentrations, and at
an early stage in tumorigenesis when the corresponding antigens may not themselves still
be detectable. To search for such autoantibodies, several state-of-the art technologies and
methodologies have been developed, including SEREX, phage display, protein microarrays,
reverse-capture microarrays, and SERPA [205]. Using high density protein microarrays
covering the whole human proteome, not only diagnostically relevant TAA panels for the
big four cancer entities (colon, breast, lung, prostate) could be identified (e.g., [206,207]),
but also the usefulness of serum/plasma-derived autoantibody biomarkers in non-cancer
diseases such as e.g., ulcerative colitis has been demonstrated including pre-diagnostic
samples [208].

3.10. Future Direction of Research in Autoantibody Biomarkers for Early Diagnosis

Although a high number of discovery studies have been published on various non-
cancerous and cancerous diseases, AAb validation is still missing for many of these studies.
The only exception is lung cancer diagnostics, where autoantibody-based early diagnostic
assays are on their way to clinical practice and commercialization. Although the Oncim-
mune early CDT lung cancer assays are commercially available, these are lacking diagnostic
performance [209]. Thus, a new direction followed in autoantibody biomarker based diag-
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nostics is to use peptides derived from the diagnostically relevant autoantibody reactive
antigens and to implement them instead of the whole proteins into multiplexed assay plat-
forms. An additional new and promising avenue in antibody-based diagnostics has recently
come up as it could be shown that immunoglobulin profiles are highly similar in blood and
saliva, which opens not least new and promising applications for AAb biomarkers to be
used along point-of-care chemosensors [210].

3.11. State of the Art in Extracellular Vesicles/Exosomes

EVs is an umbrella term for a heterogenous group of membranous vesicular structures,
released to virtually all human bodily fluids. As EVs represent vehicles for the transfer of
molecular cargo including proteins, DNA fragments, different RNA species, metabolites,
and lipids, according to their role in intercellular communication, their cargo is also repre-
sentative for the physiological (or pathological) state and origin of the releasing cell and
therefore make them ideal biomarker candidates for minimally invasive systemic disease
diagnostic purposes. A further plus is that EV cargo biomolecules are most efficiently
protected from enzymatic degradation in bodily fluids and that, for example, tumor cells
may release up to 10-fold more EVs than released by healthy cells. A commonly accepted
classification divides EVs into three groups based on their distinctive biogenesis pathways:
apoptotic bodies, microvesicles, and exosomes (see Figure 11) [211].

Figure 11. Schematic depiction of the biogenesis pathway of apoptotic bodies, micro vesicles, and
exosomes and the respective characteristic size ranges reported for these vesicle types (left side).
Molecules which can be typically detected in exosomes are shown (right side). Reprinted with
permission from [211]. 2021, Adv. Drug Deliv. Rev. is open access journal where copyright stays with
authors. C Noehammer.

3.12. Future Direction of Research in EVs

There have been many studies on EVs and their various types of cargo in cancer
as we recently summarized in a review [212] together with elaborating on the specific
challenges associated with using saliva- and blood derived EVs and their cargo as diagnostic
biomarkers. Beside cancer, EVs have also been proposed as biological indicators for a
number of diseases affecting multiple organs including the central nervous system, liver,
kidney, lung, and arteries, as recently reviewed by Barili & Vassali, highlighting the great,
however not yet fully exploited potential of EVs as therapy delivery tool [213].

3.13. State of the Art of microRNA (miRNA) Biomarkers

Extracellular miRNAs are stable (i.e., protected from ribonucleases) and can be de-
tected in many bodily fluids including blood, urine, or saliva [214]. miRNAs are secreted by
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cells in (i) a free form, i.e., not bound to any biomolecule; (ii) a complex with RNA-binding
proteins including Argonaute 2 protein (AGO2), high-density lipoprotein (HDL), or nucle-
ophosmin I (NPM1); (iii) cell delivered vesicles such as micro vesicles and exosomes. As
miRNAs are tissue-specific, stable in bodily fluids and regulate a wide range of cellular
processes in health, disease, and development (see Figure 12 underneath e.g., for their
putative role in cardiac remodeling) they have raised enormous interest as potential and
promising biomarkers and have been heavily studied in many diseases in recent years. A
lot of research has been done here again in cancer, where many different miRNA biomarker
panels for different tumor types have been described [215,216]. Cardiovascular diseases,
neurological diseases as well as autoimmune diseases have been other areas of intensive
research on circulating miRNA markers, which all have been nicely summarized in a recent
review [217].

Figure 12. MicroRNAs suggested to play a role in physiological and pathological cardiac remodeling.
Some micro RNAs have a protective role (green color) against cardiovascular diseases, whereas others
promote extensive cardiac remodeling, leading to disease (red color). Reprinted with permission
from [218]. 2019, Int. J. Mol. Sci. is open access journal of MDPI.

3.14. Future Direction of Research in Small RNA Biomarkers

As mentioned above, changes in levels of circulating miRNAs have been associated
with a wide range of diseases including type 2 diabetes (T2D), obesity, cardiovascular
disease, cancer, neurodegenerative disorders, and others [219]. Not least many exosome-
derived miRNA disease biomarkers have been described and exosome isolation has been
generally shown to improve the sensitivity of miRNA amplification from human biologic
fluids. Along these lines it is recommended to be the starting point for early biomarker
studies to reduce the probability of false negative results involving low abundance miRNAs
that may be missed by using unfractionated serum or saliva.

3.15. State of the Art of Saliva Biopsy

The bio-liquid saliva is easy and non-invasive to obtain, transport, and store, even
by laypeople. Saliva is a unique, readily, and repeatedly available bodily fluid, which
can be obtained via non-invasive, painless collection. In addition, saliva represents a
basically unlimited sample matrix (healthy adults produce 500–1500 mL of saliva per
day) and further offers the advantage of not requiring any special skills for collection,
which makes it a most promising sample matrix for disease diagnostics and biomarker
search. Systemic diseases influence the composition of saliva and thus the analysis of
saliva is a promising medical branch of the future for point-of-care medicine. This enables
patients to monitor their health status easily and continuously with portable tools such as
smartphones that are already practically everywhere available. As a diagnostic indicator,
saliva can be used to measure stress hormones, enzyme levels, and many biomarkers
for acute and chronic diseases, micro-RNA, and microbiome. Liquid saliva biopsy is an
innovative, rapid, and non-invasive means of examining the presence of cancer in a patient
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by detection of circulating tumor cells (CTCs) and fragments of tumor DNA. As soon as
such biomarkers are validated and can be reliably measured with high-quality diagnostic
sensors, saliva diagnostics opens a new promising area in future high-quality health
care. This enables real-time health monitoring for effective and personalized preventive
medicine for patients and doctors. Biosensors for saliva diagnostics have been used to
detect chronic kidney disease [220] for Hyperuricemia [221] and prostate cancer [222].
Also, in dental medicine, saliva diagnostics employing immunosensors or enzyme-based
sensors have been applied successfully for oral cancer [223,224], Periimplantitis [225], and
Periodontitis [226–230]. The presence of bacteria and viruses can be detected, as well in
the saliva with biosensors like Bacillus cereus [231,232], COVID-19 [181], HIV [233], Zika
virus [234,235], Pseudomonas aeruginosa [236], and Staphylococcus aureus [237]. A recent
review summarizes the advancements in this field of biochip development and innovative
applications for disease recognition [238].

As a bodily fluid of the oral cavity, comprising a plethora of different biomarker types
(DNA, mRNA, miRNA, proteins, antibodies, EVs, microbiome), saliva makes intuitively
sense for detection of oral diseases, as underlined by the numerous biomarker studies
performed in oral cancer and oral cavity-related diseases such as caries, periodontitis,
and Sjögren’s syndrome. There is a wide spectrum of more than 100 suggested salivary
biomarkers for oral cancer so far, comprising many proteins, but also DNAs, mRNAs, and
miRNAs [239]. A review by Javaid et al. [240] summarizes commercially available test kits
for oral diseases such as the OraRisk® HPV test for identification of individuals at risk
for oral squamous cell carcinoma, the CRT bacteria® caries risk test, which determines
streptococci mutants and lactobacilli counts in saliva and the MyPerioPath® salivary test
(Oral DNA® Labs, Eden Prairie, MN, USA) which detects most of the periodontal pathogens.
More and more studies have come up recently which demonstrated that saliva is also useful
for detection of non-oral, systemic diseases including type 2 diabetes, melanoma, lung
cancer, pancreatic cancer, breast cancer, and ovarian cancer [241]. In addition, a couple of
salivary tests for non-oral diseases are commercially available, such as the FDA-approved
point-of-care saliva test Oraquick advance rapid HIV-1/2 or the CE marked NarcoCheck®

for the detection of five different drugs of abuse (cannabis, cocaine, heroin, amphetamines,
and ecstasy). Finally, steroid hormones, such as estradiol, progesterone, testosterone,
DHEA-S, and cortisol, are meanwhile often routinely measured in saliva.

3.16. Future Direction of Research Needs in Saliva Biopsy

More biomarkers must be discovered, detected, and validated. The development of
biosensors with higher sensitivity integrated on a lab on chip using biocompatible materials
will be performed for home testing, telemedicine, and remote patient monitoring. Easy
to use home tests with non-invasive testing will result. Integrated artificial intelligence
and machine learning will create an evolution of the monitoring process, resulting in
improved sensitivity of detection and streamlined protocols for an established point of
care diagnostic. Not at least due to the COVID-19 pandemic and the fact that COVID PCR
testing was successfully performed from gurgle solutions and the feasibility of detection
of COVID-specific antibodies in saliva could be demonstrated [242,243], saliva has most
recently attracted wide interest as promising sample matrix for point of care and home
testing. Though the understanding how diagnostically relevant biomolecules from distant
tissues and organs reach saliva and thus can reflect disease states is still limited and
respective blood-saliva barrier models have only started to be developed, e.g., [244,245]
there has been recent evidence for saliva as liquid biopsy for successful detection of EGFR
mutation analysis in lung cancer patients taking advantage of a novel core technology,
electric field-induced release and measurement (EFIRM), which relies on a multiple flexible
electrochemical sensor [246]. In addition, there has been support from a human lung cancer
mouse xenograft model for the hypothesis that systemic nucleic acid biomarkers are carried
and delivered into saliva via exosomes [247].
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3.17. State of the Art in Breath Biopsy

Breath biopsy enables the non-invasive collection and analysis of biomarkers in the
exhaled breath (Figure 13). Breath samples thus give a picture of the patient’s state of health
and provide information about disease processes taking place in the body. A biomarker can
show detectable changes in an existing disease, which is verified by statistically reliable tests
on large patient populations. Metabolic changes occur in cancer cells in the earliest stages of
the disease. The measurement of specific biomarkers and cancer-specific metabolites in the
breath therefore has great diagnostic potential for the early detection of cancer. Diagnostics
with breath biomarkers enable treatment decisions in a personalized medical approach by
predicting drug resistance, toxicity, and therapeutic response. The health care system can be
significantly improved by the application of non-invasive breath biopsy, since patients can
be monitored without significant costs or radiation exposure. Increased patient acceptance
of these new diagnostic and non-invasive options is to be expected.

Figure 13. Exhaled molecules in the body originate partly from the airways, gastrointestinal tract,
or the whole body (i.e., systemic molecules passing the blood-air barrier in the lungs) and from
environmental molecules inhaled (modified from [229]).

The diagnostic detection of specific volatile markers in the breath of persons or patients
can give information about the health status of that person and can be used as a noninvasive
early warning indicator of a starting health problem (see Figure 13). The detection of
Acetone in the breath is an indicator of type1 and type2 diabetes. With a Carbon doped
WO3 sensor a high sensitivity for Acetone was achieved. The lowest recorded sensitivity
was down to 1.8 ppm [92]. Toluene in the breath is an indicator of lung cancer. A WO3
sensor doped with Pd has been shown to detect Toluene reliably within a response time of
10 s down to 1 ppm [248]. Other diseases which can be diagnosed by breath markers are
Renal dysfunction [114], Myocardial infarction, Asthma [114], and unspecific Infections. A
combination of different sensors in a single device forming an electronic nose is promising
to detect reliably biomarkers indicating the mentioned health problems and additional
ones. This principle has been demonstrated for the sensing of VOC’s resulting in a 3D
printed artificial nose which appears 100 times more sensitive than the human nose [249].
The miniaturization of sensors in a portable device is promising and valuable to diagnostic
tools for point of care diagnostics [250].

Breath biopsy has been used for the early detection of breast cancer in the exhaled
air [251,252] using an array of sensors sensitive for VOC´s in an electronic nose setup. For
improving the prediction accuracy machine learning techniques have been successfully
applied [253] in a clinical study involving 899 subjects, both positive and negative predictive
value was 97%.
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A great potential is provided by breath biopsy also for the detection and monitoring
of lung diseases like asthma and COPD [254]. Metabolic changes associated with the
development of cancer open up new fields of non-invasive diagnostic by breath analysis of
other tumor types [255]. Other diseases having been investigated to be suitable for detection
by breath analysis such as cystic fibrosis [256,257] and diabetes [258]. A comprehensive
review on breath biopsy describing state of the art of collecting breath samples and sensing
means has recently been issued [259].

3.18. Future Direction of Research in Breath Biopsy

Additional respiratory biomarkers for early cancer detection and monitoring of treat-
ment efficiency are identified and investigated. The costs of the sensors required for this
are to be reduced and the operability of the monitoring devices is improved through the
integration of AI and IOT. Examinations are carried out both in exhaled air (EB) and in
exhaled condensate (EBC). The stability, sensitivity, and accuracy of the biosensors are im-
proved. The measurement results obtained are compared with other standardized analysis
methods. An improvement and standardization of the sampling procedure by checking the
humidity and temperature in the event that the samples may need to be stored after the
sampling is to be developed.

3.19. State of the Art in Wearable Sweat-Based Diagnostic Textile-Based Sensors

For monitoring chronic health conditions wearable sensors for analysis of sweat are of
great medical, clinical, and commercial interest. Such wearable sensors must monitor with
multiple measurements the composition of sweat during a 24 h period and they must keep
their integrity and sensitivity at least during the addressed period. Electrochemical sensors
provide high sensitivity and non-invasive detection of biomarkers. Specific antibodies must
be immobilized on the surface of the electrochemical sensors and must retain their intact
chemical structure for prolonged and stable sensing of the biomarkers. Physical based
sensors can be integrated into textiles giving information about temperature, pressure,
respiration monitoring, and are used as a sensor for obstacle monitoring. A recent review
is analyzing comprehensively the obtained progress of integrated sensors in textiles for
healthcare monitoring [260]. The analytes to be monitored are proteins and enzymes,
e.g., Interleukin-6 and Cortisol. Other analytes detectable are pH, H2O2, Glucose, Lactate,
Ammonia, Ions (Na, K, Cl, Pb, Cd), Adrenaline, and Uric acid.

3.20. Future Direction of Research in Textile-Based Sensors

Appropriate wearable sensing systems must be developed for other important biomark-
ers in human sweat. The stability of electrochemical sensors must be enhanced to prolong
their functionality and to keep their biochemical integrity using room temperature ionic liq-
uids. Electrochemical sensors on flexible and wearable substrates need to be developed and
the reliability, stability, and sensitivity of such sensors well beyond the 24 h period must be
reached by closely monitoring manufacturing parameters for the start of a successful series
production. The energy needs of such sensors need to be diminished and easy readout
provisions must be provided. An advanced integration of AI into the readout algorithms
for pattern recognition needs to be established to obtain a well enhanced information gain.

4. Conclusions

Across all enabling technologies for biomedical technologies, recent advances have
included de-convolution of data sets, in the manner of single molecule detection, complex
microfluidic setups, multivariable sensing methods, functionalization schemes, and the
implementation of artificial intelligence for data analytics. Biomedical applications already
rely not only on the underlying technology but benefit strongly from more sophisticated
algorithms, which can be readily tuned to overcome technological challenges digitally,
allowing diagnosis and predictions for personalized medicine, handling of databases, cross
validations, and classifications.
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In the field of plasmonic-based sensors, SPR biosensors represent an established
method that is routinely used for the biomolecular interaction analysis of (ensembles
of) biomolecules enabled by a range of commercial instruments deployed in specialized
laboratories. In addition, this optics concerning tailored metallic nanostructures paved the
way for rapid portable analysis of low molecular weight compounds based on vibrational
spectroscopy fingerprinting (SERS) and we witness research efforts to deliver new affinity-
based tools for rapid ultrasensitive detection of biomarkers suitable for point of care
applications as well as those aimed at molecular interaction studies at single molecule level
serving in life sciences and, potentially, drug development areas.

In the domain of electronic sensors, there is an increasing interest in electrolyte gated
field effect transistors, (FET) as they offer an alternative route for direct electronic, label-free
transduction of bio-recognition events along with miniaturization and fast data handling
and processing. Even a small change of a chemical or biological quantity may significantly
alter the output electronic signal and are thus adapted for highly sensitive sensing. Elec-
tronic biosensor-based detection and quantitative estimation of analytes in bodily fluids
remains a challenge both from the fundamental point of view as well as in the context of
practical applications. The major problems persisting for diagnostic use are: (i) maintaining
of high charge mobility (on the biosensor) after surface modification with specific receptors
to achieve high sensitivity and selectivity; (ii) reproducibility of device preparation, and
(iii) limitations due to Debye screening length in biological fluids with high salt concen-
trations such as blood and serum. Several reports over the last few years have shown
that Graphene Field-Effect Transistors (GFETs) stand out for their small size, excellent
electrical characteristics, and high sensitivity to near surface charges and electrical fields,
making them ideal devices for sensitive sensing [3–6]. Specificity to the target analyte can
be integrated into GFETs via surface attachment of target-specific receptors. To overcome
issues related to the low Debye screening length, the choice of the right surface receptor
becomes paramount, along with choosing the right bio sample medium.

Chemosensors can serve many application fields and without a doubt are most ex-
citing tools for non-invasive personalized medicine and health monitoring. Nevertheless,
specificity and sensitivity of the measured analytes for health or disease-state are key and
the biggest challenge, beside limitations related to detection limits given by the abundance
and stability of the studied diagnostic biomarkers in bodily fluids or breath. In addition,
inter-individual as well as intra-individual differences and variabilities must be considered
and understood as biomarker base line levels might differ from one individual to the other
and can also depend on the time of the day or situation when a bio sample is taken as well
as on the age of the individual. As manifold experiences and studies have shown, there is
typically no one single marker to reliably indicate a certain disease. Therefore, successful
sensor concepts need to detect multiple markers either from the same analyte type, or even
markers from different biomolecule classes such as DNA, mRNA, microRNA, metabolites,
or proteins, which, especially for the latter case, is technically not trivial. Finally, diagnos-
tic results and their interpretation, even when in future strongly supported by machine
learning and artificial intelligence approaches, need to lead to clear next steps and potential
intervention measures, and by no means shall leave the patient in uncertainty.
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