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ABSTRACT: Electrochemical detection of metabolites is essential for early diagnosis and
continuous monitoring of a variety of health conditions. This review focuses on organic
electronic material-based metabolite sensors and highlights their potential to tackle critical
challenges associated with metabolite detection. We provide an overview of the distinct
classes of organic electronic materials and biorecognition units used in metabolite sensors,
explain the different detection strategies developed to date, and identify the advantages and
drawbacks of each technology. We then benchmark state-of-the-art organic electronic
metabolite sensors by categorizing them based on their application area (in vitro, body-
interfaced, in vivo, and cell-interfaced). Finally, we share our perspective on using organic
bioelectronic materials for metabolite sensing and address the current challenges for the
devices and progress to come.
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1. INTRODUCTION

Biomarkers are molecules that can objectively be measured and
evaluated as indicators of normal or disease processes of living
systems and their pharmacological responses to therapeutics.1

Their accurate detection can aid in the prediction, screening,
diagnosis, and therapy of diseases.2,3 Metabolites are typically
monitored using biochemical assays in clinical laboratories.
These assays often require complex instruments, a long time for
specimen analysis, and trained professionals to perform.4−6

Advances in metabolite diagnostic tools could alleviate financial
and logistical issues, especially when access to clinical screening
instruments may be limited outside certain institutions and in
low-income countries. Point-of-care (POC) biosensors are
anticipated to shift the existing “one-size-fits-all” approach to a
more proactive and personalized model that would facilitate
portability. Indeed, glucose sensors, the golden standard that
accounts for 85% of the biosensor market, have already
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Figure 1. Recognition units of metabolite sensors. (A) A ternary model of metabolite (M) sensing that is composed of sensor, signal transducer, and
effector. Reproduced from ref 17. Copyright 2018, Wang et al., Nature Publishing group under the terms of the Creative Commons Attribution-Non-
Commercial 4.0 International License. (B) Enzymes are complementary to the transition state. E is the enzyme, S is the substrate, ES is the enzyme−
substrate complex, and P is the product. The plot on the right depicts a dynamic change of free energy in the enzyme-assisted reduction reaction.
Structure of glucose oxidase (GOx) and its reaction scheme with glucose. (C) Schematic of immunoglobulin G (IgG) antibody, composed of two
polypeptide heavy chains and two polypeptide light chains connected together via disulfide bridges. Reprinted with permission from ref 40. Copyright
2012 Wiley-VCH. (D) Illustrations showing examples of two types of conformational changes that aptamers undergo upon target recognition. For a
recently reported dopamine aptamer (left), dopamine binding induces the negatively charged oligonucleotide backbone to orient closer to the
semiconductor surface within the Debye length (λD). Alternately, a negatively charged serotonin aptamer backbone orients away from the electrode
surface upon target binding (right). Reprinted with permission from ref 65. Copyright 2021, American Chemical Society. (E) Riboswitch sensors
consist of two primary parts: (1) the analyte recognition and binding element and (2) the transducer that transmits and reports signals. Transcriptional
biosensors (a) are built by linking environment-responsive promoters to engineered gene circuits for programmed transcriptional changes.
Translational biosensors (b) are built by linking RNA aptamer domains to RNA regulatory domains. Reprinted with permission from ref 75. Copyright
2010 Nature Publishing Group. (F) A schematic of the fabrication of molecular imprinted polymers (MIPs). Reprinted with permission from ref 76.
Copyrights 2018 CSJ Journals.
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improved the quality of life of diabetic patients in addition to
making a socioeconomic impact.7,8

Although current metabolite sensors rely heavily on in vitro
measurements from bodily fluids, the increasing adoption of
closed-loop, continuous, and real-time monitoring technologies
will render body-interfaced and implantable platforms the new
standard. For example, Glucotrack (Integrity Applications),
approved by the European Union in 2016, is a noninvasive
glucose sensor in the form of an ear clip. This device measures
glucose levels in the earlobe tissue in the range of 3.9−27.8 mM,
can be used for up to 6 months, and costs ∼US$100. The U.S.
Food and Drug Administration has approved a few other
minimally invasive sensors, such as Dexcom G6 CGM
(Dexcom) and FreeStyle Libre (Abbott). These wearable
platforms are transdermal patches that target the glucose in
the interstitial fluid (ISF) and rely on electrochemical
transduction mechanisms for continuous glucose monitoring
up to 10 (Dexcom) and 14 (Abbot) days, for US$90−110 per
patch. However, technical hurdles and integration limitations
impede the practical use of these sensors, such as the need for
calibration a few times a day. Commercially available
technologies fall short of goals such as continuous and
multiplexed monitoring, long-term stability, small size, easy
integration with electronic readers, compatibility with flexible
substrates, and user-friendly format.9,10 Novel technologies to
achieve these goals are urgently needed. However, since most
new technologies are often limited by the existing materials
available, materials research can be the driving force for building
next-generation metabolite sensors.
Silicon-based electronics are the workhorse of POC

devices.11,12 However, silicon-based devices struggle to meet
the multifunctionality demand of wearable and implantable
electronics.13 Organic semiconductors possess several exciting
features such as mechanical flexibility, biocompatibility, and
processability from solutions at low temperatures on various
substrates, making it possible to develop multifunctional devices
via large-scale production.13 They conduct ionic charges in
addition to electronic ones, allowing them to open a new
channel of communication with living systems. They can be
customized to contain recognition units or functional groups on
their surfaces for sensitive and selective detection of (bio)-
chemical molecules. Their mechanical properties match those of
soft biological tissues, enabling conformable electronic inter-
faces.14 These features render organic electronic materials ideal
for building metabolite sensors in various geometries and for use
at the cellular interface and in complex biological fluids.
In this review, we present a comprehensive discussion on

electrochemical metabolite sensors made from organic elec-
tronic materials. We first introduce the recognition units that
have been applied in such sensors. We then present organic
electronic materials and the major sensing strategies employed
in associated devices. We review representative metabolite
sensor technologies applied as in vitro, body-interfaced, in vivo,
and cell-interfaced platforms. Finally, we compare the pros and
cons of each technology, highlight key requirements for a given
application, and identify areas for improvement.

2. Metabolite Sensing in the Body at a Glance

The International Union of Pure and Applied Chemistry defines
metabolites as “any intermediate or product resulting from
metabolism”.15 Metabolites, e.g., alcohols (ethanol), amino
acids (glutamic acid), antioxidants (ascorbic acid), organic acids
(lactic acid), and vitamins (B2), are involved in fundamental

biological and cellular processes, including biosynthesis,
proliferation, growth, and differentiation. Cells need a timely
and accurate perception of the intracellular and extracellular
metabolite levels to interact and coordinate with their
environment.16,17 Metabolites are also important indicators for
the body’s health status, where any abnormalities in their
concentration and regulation can lead to (or are a result of)
dysfunctions. In contrast to peptides and genetically encoded
proteins, metabolites do not follow a fixed structural template.
Consequently, cells have multilayered mechanisms for metab-
olite detection, allowing them to coordinate their metabolism
with signaling and gene expression.17,18 In this section, we will
give a general overview of metabolite sensing and signaling
pathways. We will also introduce the central biological units
involved in the specific recognition of metabolites, emphasizing
the ones that have been employed in organic electrochemical
biosensors.

2.1. Metabolite Sensing and Signaling Mechanisms:
Sensor−Transducer−Effector Model. Since the 1960s,
significant efforts have been pursued to map cellular metabolism
and describe the metabolite sensing machinery.19 Following the
discovery of DNA and protein phosphorylation, metabolism
fluctuations were initially understood as a direct consequence of
changes in signaling pathways and gene expression.19 Early
metabolism research in the 1950s led to several discoveries, i.e.,
the control of gene expression in bacteria by the availability of
glucose and lactate (the lactose operon),20,21 the influence of
nutrients on signal transduction regulation (protein phosphor-
ylation),22 and the effect of covalent binding of metabolites on
protein function.23 Metabolites are now known to change
protein function, cell signaling, proliferation and differentiation,
stress response, and gene expression. Many diseases, such as
diabetes, obesity, cancer, and neurodegenerative diseases, are
correlated with deregulation in the metabolite sensing path-
ways.24,25 Understanding these pathways is fundamental in
disease-oriented research and for the development of new
treatments. For instance, drugs that interfere with cholesterol
metabolism help to prevent cardiovascular diseases.26 Metabo-
lism is also connected to signaling and induction of gene
expression.27,28 A prime example is the relationship between
cancer genetics and cancer metabolism. In several types of
gliomas, mutations in the metabolic enzymes (isocitrate
dehydrogenase 1 and 2) generate a new metabolite, 2-
hydroxyglutarate (2HG), which acts in the reprogramming of
the cell metabolism and the cross-talk of tumors with immune
cells.19,29−31

While a detailed description of metabolic pathways is beyond
the scope of this review, we would like to introduce the primary
metabolite sensing and signaling mechanism developed by cells.
Wang et al. proposed a ternary model to illustrate this
mechanism (Figure 1A).17 The model consists of three main
components: a sensor, a transducer, and an effector. The sensor
helps cells detect fluctuations in metabolite levels. The
information is then conveyed to the transducer unit, which is
in charge of the cells’ decision-making. Depending on the input
(metabolite concentration, nutritional or energy status, etc.), the
transducer orders effector proteins to execute the corresponding
signal output. Inspired by what nature designed, electronic
biosensors typically comprise a (biological) recognition unit,
whose purpose is to provide specificity and selectivity toward the
analyte, and a transduction element, responsible for causing a
detectable change in the properties of the material that
constitutes the sensor.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00395
Chem. Rev. XXXX, XXX, XXX−XXX

C

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A metabolite sensor is an entity that explicitly recognizes the
target metabolite and binds to it. The sensing occurs via (1) a
direct interaction of the metabolite with its sensor via physical
interactions or conjugation or (2) an indirect mechanism relying
on a signaling cascade.16,17 An example of a direct metabolite
sensor-induced signal is the AMPK-mediated glucose signaling.
The 5′-AMP-activated protein kinase has a catalytic α subunit
and two regulatory subunits (β and γ) where the γ subunit is a
receptor for the AMP:ATP ratio.32 When glucose levels are low,
the γ subunit of the protein binds to AMP, resulting in a
conformational change of the protein which exposes its catalytic
site (α).33 The exposed catalytic site then signals the
information on glucose/energy shortage via phosphorylation
reactions to its downstream protein targets. Such events lead to a
slowdown of the anabolism and enhancement of the catabolism
to improve the glucose uptake of the cell and its energy
production ability.34,35 Here, the γ subunit of the protein acts as
the metabolite sensor, the subsequent conformational change
that exposes the active site α is the transducer, and the actions
undertaken by the downstream proteins correspond to the
effectors of the ternary model. Metabolite−sensor interactions
can also involve conjugation, upon which the metabolite sensor
undergoes structural modifications. Such mechanism includes
sugar modification, lipid modifications, and alteration of protein
by amino acids or metabolic intermediates.16,36

The indirect metabolite sensing mechanism relies on a
cascade of signals that reaches the transducer unit. The
metabolite sensing module has more than one molecule
involved in the detection and generally lacks a structurally
conserved metabolite-binding site. Lactate-induced hypoxia
signaling is an example.37 NDRG3 is a protein that degrades
under normal oxygen conditions. When oxygen is low, glycolysis
is enhanced and cells accumulate lactate. Under this hypoxic
condition, NDRG3 senses the accumulation of lactate and gets
stabilized. The stabilized NDRG3 triggers Raf-ERK signaling by
binding to c-Raf protein, which, overall, meditates lactate
signaling and promotes angiogenesis and cell growth.
2.2. (Biological) Recognition Units. Researchers have

adapted the metabolite sensing ternary model described above
by coupling metabolite recognition units to electronic devices
which translate the presence of a target metabolite into a
readable signal. Ever since the glucose biosensor presented by
Clark and Lyon in the 1960s,38 tremendous efforts have been

pursued to push the performance limits of metabolite sensors.
Much of the work has focused on developing biorecognition
elements that are characterized by their origin (natural or
synthetic), structure, and binding/detection mechanisms.
Common biorecognition units for metabolite sensing are
enzymes, antibodies, aptamers, riboswitches, and molecularly
imprinted polymers (MIPs). Some of these are naturally
occurring (e.g., enzymes, antibodies), while a few are synthetic
receptors (e.g., aptamers and MIPs).10

2.2.1. Enzymes. Enzymes are proteins with catalytic activity
to convert a target analyte into a product. They can catalyze
reactions at ambient conditions that would require an extreme
environment to occur otherwise.39 They achieve targeted
recognition through their specifically structured active site, a
binding cavity within their 3D structure. An enzymatic reaction
starts with the analyte, often called substrate or ligand, binding to
the enzyme active site, forming a complex. The enzyme−analyte
complex is stabilized by various interactions such as hydrogen
bonds, electrostatic interactions, hydrophobic effects, and Van
der Waals forces.40 Enzyme−analyte specificity is often
represented as a key−lock mechanism, but in reality, enzymes
are complementary to the transition state of the analyte−
product reaction.39,40 The reaction relies on the formation of an
intermediate complementary to both the substrate and enzyme
active site structure (Figure 1B). The stabilization of the
reaction intermediate lowers the overall activation energy and
prevents the reconversion of the substrate to its original form
(Figure 1B).39 Simultaneously, the active site facilitates the
substrate conversion by altering the critical chemical bond in the
substrate for further reaction.40 Note that enzymatic reactions
are not necessarily limited to a single substrate. A single enzyme
can gather multiple reactants at once, named cosubstrates, in a
state that would allow the reaction to proceed.
Based on their composition, we categorize enzymes into two

classes, namely, pure enzymes and binding enzymes. The pure
enzymes only contain the protein, while binding enzymes are
composed of proteins and cofactors (i.e., coenzymes or metal
ions). Coenzymes can be covalently attached to the enzyme as a
prosthetic group (such as the flavin adenine dinucleotide, FAD,
in oxidoreductase enzymes) or can be an independent molecule
that will be temporarily, weakly bonded to the enzyme during
the reaction (such as nicotinamide adenine dinucleotide, NAD+,
in dehydrogenase enzymes). Metal ion cofactors (such as heme

Table 1. Classification of Enzymesa

Enzymes Reaction type Description

Oxidoreductases Redox reaction (electron transfer) The enzymes can be oxidases or reductases.
Ared + Box ↔ Aox + Bred Example: glycolysis, oxidative phosphorylation, and amino acid metabolism.

Transferases Transfer or exchange of an atom or group
between substrates

Transferases can be categorized further based on the type of chemical group transferred.

A−B + C → A + B−C Example: DNA polymerases and glutathione transferases
Hydrolases Hydrolysis reactions The hydrolases are further grouped into 13 subclasses depending on the bonds they act upon, such

as cleaving ester bonds, destroying peptide bonds, breaking carbon−nitrogen bonds.A−B + H2O → A−H + BOH
Lyases Nonhydrolytic bond cleavage (bond

formation/breaking)
The lyases are classified into 7 subclasses based on the cleaving bonds, including decarboxylases
(C−C), oxo acid lyases (C−N), aldehyde lyases (C−O).

A−B ↔ A + B
Isomerases Conversion of isomers, geometric isomers,

or optical isomers
The isomerases are assigned into 6 subclasses based on the involved molecules such as cis−trans
isomerases, intramolecular oxidoreductases.

A−B−C ↔ A−C−B
Ligases Catalyze the synthesis of two molecular

substrates into one molecular compound
Ligases use ATP as a cosubstrate and are categorized into 6 subclasses depending on the formation
of new chemical bonds such as C−O, C−S, C−N.

A + B + ATP → A−B + ADP + Pi
aReprinted with permission from ref 40.
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iron in some oxidoreductase enzymes), on the other hand, are
generally attached to the protein side-chains via coordination or
electrostatic bonds.40

Enzymes are very rich in their structures and actions and can
be considered under six major classes according to the type of
reaction that they catalyze (Table 1).40 Being catalysts, enzymes
are regenerated via a mechanism that depends on their category,
and the catalytic cycle continues with the same enzyme as long as
there is a substrate available. For instance, oxidoreductases use
an electron acceptor to regenerate their oxidized form. An
example, commonly used in glucose sensors, is glucose oxidase
(GOx). GOx is a redox enzyme that converts β-D-glucose to
gluconolactone via a two-electron transfer mechanism (Figure
1B). In this reaction, the active site of GOx, FAD, gets converted
to FADH2. Themolecular oxygen (O2) converts FADH2 back to
FAD and is reduced to hydrogen peroxide (H2O2). The glucose
breakdown continues as long as O2 is available. This two-
electron transfer mechanism of GOx-like enzymes and the
formation of H2O2 as a catalytically detectable byproduct
constitute the foundation of metabolite sensors.38

In enzymatic sensors, the substrate conversion involves the
generation/exchange of measurable particles or species, such as
protons, electrons, cofactors, or electroactive species (e.g.,
H2O2). The sensor detects these species, and the signals
obtained are representative of substrate concentrations.
Enzymes generally provide high specificity and selectivity
toward the target substrate. However, only a few enzymes
have absolute selectivity to a single substrate.40 For instance,
some glucose dehydrogenases are selective to glucose but will
also give a response, to a lesser degree, to other sugars such as
lactose, fructose, and galactose.41 Despite their high specificity,
naturally occurring enzymes are not easy and cheap to produce.
They are delicate to manipulate and typically require specific
conditions, including pH, temperature, and solvent, to work
efficiently. Consequently, artificial enzymes have become an
alternative. These artificial enzymes offer freedom of design
toward a specific analyte and are more robust, cheaper, andmore
chemically malleable in terms of “mass production” than their
natural analogs. In 2015, the world’s first artificial enzyme
(XNAzymes) was made from a genetic material and shown to
trigger chemical reactions such as cutting and joining strands of
RNA.42 Another recent concept concerns the use of “nano-
enzymes”, that mimic the function of enzymes. Nanomaterials,
such as gold and iron oxide nanoparticles, have been developed
to emulate enzymatic glucose and peroxidase enzymatic sensing,
respectively.43 While nanoenzymes present a generally lower
activity and lack specificity, they are cheaper, recyclable, and easy
to store. We want to refer the reader to excellent reviews on
artificial enzymes44,45 and nanoenzymes,46,47 along with their
applications.43,48,49

2.2.2. Antibodies. Antibodies are natural proteins used by the
immune system to identify and neutralize foreign agents.
Antibodies recognize antigens and generate an immunochemical
complex, triggering the immune system response.40 Antibodies
have a Y-shape, consisting of two light protein chains and two
heavy protein chains (Figure 1C). They have a constant domain,
where the amino acid sequence is similar among a specific class
of antibodies (i.e., immunoglobulin IgG), and a variable domain.
The variable domain is specific to the corresponding antigen
(called complementarity-determining regions, CDRs), endow-
ing the antibody specific for its target (Figure 1C).50 The
antigen-binding domain is generally located on the arms of the
Y-shaped molecule. The site on an antigen to which an antibody

binds is called an epitope. Once the analyte is recognized, the
fragment crystallizable (Fc) region of the antibody binds to a
specific class of Fc receptors of the immune system.40

The antibody recognition mechanism is affinity-based, and
the strength of the antibody−antigen interactions is expressed
by the association constant, Ka. The binding event is based on
the complementarity of the shape of the antibody binding site to
its antigen and involves various types of interactions.50 The
binding event starts with the antigen’s free diffusion to the
antibody’s binding site. When the distance is around 10 nm,
electrostatic and hydrophobic interactions between charged
amino acid chains eject water molecules from the vicinity of the
two reactants, bringing them closer.40 When the distance
between the two reactants is short enough, Van der Waals forces
and hydrogen bonding become effective, and binding occurs. To
ensure high specificity toward the target antigen and avoid cross-
reactivity with other metabolites, it is essential to select the most
appropriate antibody. For the same antigen target, a monoclonal
antibody will bind to a single epitope, while a polyclonal
antibody binds to different epitopes. While monoclonal
antibodies present a higher degree of specificity, they are
generally more costly than their polyclonal analogs.51 A third
category includes recombinant antibodies that offer a better
specificity with optimized binding capability and enhanced
reproducibility over different antibody types.52 Such antibodies
are designed in vitro using synthetic genes that control the
encoding sequences.
Although antibodies are ubiquitous in the biosensors field,

they present several limitations. First, the production, isolation,
and purification of the antibody require animal experiments.53

Antibodies also suffer from short shelf life and batch-to-batch
variations and require specific storage conditions. Researchers
have developed antibody fragments, such as nanobodies,
antigen-binding fragments (Fab), and single-chain variable
fragments (scFv), through genetic engineering processes.54,55

These smaller versions of antibodies provide high stability,
flexibility, and easy access to the antigen. We would like to refer
the reader to comprehensive reviews on the current trends of
antibody fragments and their applications in biosensors.56−58

2.2.3. Aptamers. Aptamers are synthetic single-stranded
DNA or RNA oligonucleotide sequences.59,60 Aptamers are
designed using an in vitro process which selects and amplifies the
aptamer’s sequence for optimum selectivity and affinity to the
target.61 Being synthetically generated, the architecture of
aptamers can, in principle, be customized for any target
molecule, rendering their potential range of use virtually
unlimited.62 They can fold into specific 2-D and 3-D
conformations (e.g., hairpins, duplexes, and G-quadruplexes)
that selectively bind to the target molecule.63,64 Aptamers, much
like antibodies, bind to their target via various interactions, such
as hydrogen bonding, Van der Waals forces, and electrostatic
interactions (Figure 1D).65 The strength of the binding events
between an aptamer and its target is characterized by a
dissociation constant (Kd).

66 Cooperative binding to target
molecules enables aptamer-based sensors to reach high levels of
sensitivity.67 Additionally, binding-induced conformational
changes may prevent nonspecific binding and enable target
detection in complex fluids, while specific functionalization, e.g.,
fluorophores, allows for sensitive detection.68 Furthermore,
being a DNA/RNA single strand, an aptamer can bind to its
complementary sequence, enabling it to switch between two
distinct binding structures.69 They can also be split into two
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pieces,70 or fused,71 where typically one module is for target
recognition while the other module serves for signal generation.
Aptamers present several advantages over antibodies, e.g.,

shorter generation times, lower batch-to-batch variations,
diverse functional groups, higher chemical and thermal stability,
and higher specificity and sensitivity due to their smaller
size.59,72 However, their selection process is generally costly and
time-consuming.59 Aptamers have been employed in combina-
tion with redox reporters in electrochemical biosensors, where
the structure switching of aptamers upon binding generates a
signal by changing the distance of the redox reporter to the
electrode surface.73 A recent concept in aptamer design involves
a catalytically active nucleic acid (which may be a ribozyme or a
DNAzyme).74 These aptazymes are particularly useful to
monitor metabolite intermediates of very low concentrations.
They have allosteric properties, where upon the target binding,
the complex formed stabilizes the folding of the aptamer part
and regulates the activity of the ribozyme module attached to it.
2.2.4. Riboswitches. Riboswitches are specific segments of a

mRNA. They can directly measure a physiological parameter to
act on or influence the expression of the genes encoded within
that RNA sequence.77,78 These regulatory RNA elements are
composed of two modular subunits: an aptamer domain that
binds with high specificity and affinity to a target ligand, and an
expression platform that transduces the ligand-binding event
into a gene expression output. The operating principle of
riboswitches is similar to the aptamers: the binding of the target
metabolite to the aptamer domain of the riboswitch leads to a
shift in the structure of its expression platform, which in turn
activates or represses the expression of genes encoded within the
RNA transcript of the riboswitch.79,80 At the transcriptional
level, ligand binding to the aptamer domain can be engineered to
either facilitate or disrupt the formation of a terminator to
prevent the synthesis of long mRNAs, creating transcriptional
repression or activation, respectively (Figure 1E). Many reviews
have comprehensively described the implementations of
riboswitches for the control of gene expression,81,82 the
manipulation of biosynthetic pathways,83 or their use as
molecular reporters.79,84 Riboswitches were engineered to
sense various metabolites, including folinic acid,85 theophyl-
line,86,87 ammeline,88 and thiamine pyrophosphate.89

Riboswitch-based metabolite biosensors have distinct advan-
tages that lead to highly predictable outputs. Sensor character-
istics can be readily tuned by mutating the sequences, location,
and/or copy number of regulatory DNA/RNA sequences to
modulate expression level. They can be synthesized in vitro in a
versatile manner (both aptamers and expression platforms can
be tailored) and provide a fast response owing to the direct
recognition mechanism that bypasses complicated protein−
protein interactions.79,84,90 Another advantage of riboswitch-
based sensing is the capability for high-throughput applications.
Low concentration metabolite detection assays can be scaled up
to screen for numerous genetic and/or environmental
conditions, such as the detection of single-gene deletions or
metabolic inhibitors.91 Although riboswitches’ design was
optimized to achieve high efficiency, low crosstalk, and low
unspecific binding, there are still some challenges for it to be
used for metabolite sensing. One of the major drawbacks of
riboswitch-based sensors is the indirect detection mechanism
that relies on the level of expression of a reporter gene, which is
influenced by environmental and genetic conditions.91 There-
fore, the use of these probes requires proper controls to account

for factors that influence the reporter expression, a complexity
introduced for sensor readout calibrations.

2.2.5. Molecularly Imprinted Polymers (MIPs). MIPs are
synthetic biorecognition units, analogs to the natural antigen−
antibody system.92 They exhibit specific sites for the target
molecule binding that are prepared using imprinting techniques
within a polymer matrix.93 Since the first report by Wulff and
Sarhan in the 1970s,94 MIPs have been developed to detect
various compounds, such as proteins,95 nucleic acids,96

viruses,97 cells,98 and ions.99 MIPs can be produced via different
methods (phase inversion, synthesis, or soft lithography), but
their synthesis follows a universal double-step outline.92 First,
the functional monomer is copolymerized with the template
molecule (the target metabolite), generally in the presence of
cross-linkers, in the porogenic solvent. Typical functional
monomers include acrylamide, methyl methacrylate (MMA),
methacrylic acid (MAA), aniline, and pyrrole.76,100 The second
step is to remove the template from the polymer host, which
leaves template-specific recognition cavities. These cavities are
physically (in shape and size) and chemically complementary to
the template molecule, thanks to the functional groups provided
by the monomers (Figure 1F).76 MIPs can be produced in the
form of nanoparticles, nanofibers, thin films, and monolayers.76

The type of interactions between the imprinted target and the
functional monomers can be covalent,101 noncovalent (hydro-
gen bonding, ionic interactions, Van Der Waals forces, π−π
interactions, etc.),102 or semicovalent.103 The latter two, even if
less stable and reproducible, are the most popular approaches, as
they offer a large range of imprintable compounds. Ultimately,
the interactions between the template and the monomer dictate
the accuracy and selectivity of the recognition sites and,
consequently, the sensor’s performance. The type of materials
used, synthesis methods, and platform optimization have been
detailed in dedicated reviews.93,100

MIPs offer selectivity and sensitivity similar to biological
receptors but with the benefits of being more durable and stable
with respect to environmental conditions, all while being cost-
and resource-effective to produce.104,105 Much like aptamers,
MIPs have a near-universal applicability because of their
synthetic templating production process. However, the binding
affinity/specificity of synthetic biorecognition is lower than that
of their natural counterparts. Furthermore, the templating of
small molecules and proteins is rather challenging.106,107 What
limits the applicability ofMIPs is often the controllability of their
synthesis. Controllable synthesis only applies to a few functional
monomers, limiting the possible functional groups one can
generate. Finally, in some cases, regeneration of the MIP is not
possible without losing their activity.108,109

2.2.6. Choosing the Right Biorecognition Element. Under-
standing each biorecognition unit’s advantages and drawbacks is
essential when building a metabolite biosensor. Naturally, there
is no single superior way of accurately detecting a metabolite
target, while some approaches may present a better trade-off on
sensor selectivity, sensitivity, and cost. Table 2 summarizes the
main characteristics to consider when choosing between the
various biorecognition units presented in this section.
Due to their biologically evolved role, naturally occurring

biorecognition elements aremore advantageous when selectivity
is crucial in the biosensor application.110 Synthetic modalities,
such as MIPs and aptamers, may present hindered selectivity
due to nonspecific electrostatic interactions or bindings in
complex media.51,111−113 Possible strategies to reduce non-
specific binding include postsynthesis chemical modifications of
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aptamers111 or using peptide nucleic acids to minimize
electrostatic interactions with intereferents.114,115 In the case
of MIPs, it has been shown that increasing the amount of
polymer cross-linking reduces the nonspecific bindings due to
the heterogeneity of interactions within the binding cavity116,117

but may come at the expense of metabolite diffusion.107 For
sensitivity, dynamic range, and limit of detection (LOD) of the
sensor, the number of receptor sites that the metabolites can
access, their conformation, and orientation are very important.
While it is possible to increase the surface loading of a
biorecognition unit by increasing its concentration, the cost of
the overall sensor might become too high to be practical.
Besides, overpacking of the biorecognition units can cause steric
hindrance, especially for antibodies, which results in conforma-
tional changes that render binding sites inaccessible.118,119

Smaller single-chain format of antibodies can alleviate some of
these issues.120 Aptamers are also advantageous owing to their
small size that enables high surface density of receptors.121,122

On the other hand, enzymes can be embedded within the
transducer structure, where multiple approaches have been
devised to optimize enzyme loading, orientation, and stability
within the construct.123

The biorecognition unit also affects the reproducibility and
reusability of the metabolite sensor. For instance, batch-to-batch
variations occurring during enzyme or antibody production
(e.g., different purities, aggregations) or the immobilization
process (e.g., the same enzyme immobilized with different
orientations on the electronics surface) may result in sensors
showing different output response to the same metabolite
concentrations.54,55 Synthetic constructs such as aptamers,
riboswitches, or MIPs would, in principle, remain more
predictable and homogeneous. The stability of the recognition
unit will partially dictate how long and how many times a given
sensor can be used. Here, the biorecognition elements of natural
origin often show low performance as their 3D structure, and
thus their function, is sensitive to the pH, temperature, or ionic
strength of the sample solution. The reusability of a sensor is also
determined by the availability of the binding site after detection,
challenged by the complex nature of the interactions involved in
metabolite detection.124 Enzymes are often preferred when the
sensor is envisaged to be reusable, as they are regenerated during
the enzymatic cycle.
Overall, a metabolite sensor that relies on one type of

biorecognition unit will not, in most cases, lead to the most
selective, sensitive, reproducible, and reusable device. Depend-
ing on the sensor’s aimed application, the sensor characteristics
should be optimized with the goal to maximize a single property.

This is because, often, the improvement in one merit of the
sensor will come at the cost of another. Thus, it is essential to
first identify and fully understand the needs of the intended
application when building a sensor. Morales et al. proposed a
simplified decision map (Figure 2) as a good starting point when
choosing the biorecognition element.51

3. ORGANIC ELECTRONIC MATERIALS IN
METABOLITE SENSING

The key to successful metabolite detection lies in the quality of
the interface between the biorecognition units and the electronic
transducer of the sensor. This section presents organic
electronic materials integrated into metabolite sensors and
discusses their properties. The organic sensors that we will show
in the next sections are based on graphene, carbon nanotubes,
conjugated polymers (CPs), and composite materials compris-
ing the former materials.13

3.1. Graphene

Graphene consists of a single-atom-thick planar sheet of sp2-
bonded carbon atoms arranged in a honeycomb lattice (Figure
3A). It has high electronic mobility (200,000 cm2/(V s)),125

excellent thermal conductivity (5000 W/mK),126 high surface
area (2700 m2/g),127 and good electrochemical stability.128 The
combination of all these properties renders graphene suitable for
electrochemical applications. However, pristine graphene is
hydrophobic, which limits its applicability at the biotic interface.
Fortunately, the surface can be decorated with specific chemical
groups, which led to graphene oxide (GO) from the oxidation of
graphite in protonated solvents. GO possesses a similar structure
to graphene but bears oxygen-based functional groups
(hydroxyl, alkoxy, carbonyl, carboxylic acid) on its surface.
Although the GO surface is easily functionalizable, the material
is electrically insulating. GO can be reduced to reduced
graphene oxide (rGO), typically via laser irradiation,129

annealing,130 or chemical methods.131−133 rGO still contains
structural defects that disrupt the carbon sp2 hybridization and
reduce the material’s conductivity.134,135 Current techniques to
produce pristine graphene (physical exfoliation or atomically
grown with chemical vapor deposition, CVD)136 are slow and
hard to scale up, although there have been attempts for
production at a large scale.137,138 Graphene films can be
patterned by laser scribing of polyimide, allowing production of
flexible, low-cost sensors.139

The large surface area of graphene derivatives provides a high
density of sites that can be functionalized with biorecognition
units (improving sensor sensitivity and LOD) or with

Figure 2.Decision-making flow chart to choose a recognition unit for the design of biosensors. Reprinted with permission from ref 51. Copyright 2018
American Chemical Society.
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Figure 3. Organic electronic materials in metabolite sensors. (A) Schematic illustration of general methods for the preparation of graphene from
graphite using mechanical cleavage, exfoliation, CVD, and reduction of graphene oxide. Reprinted with permission from ref 159. Copyright 2014
Elsevier. (B) Construction of CNT from a 2D graphene sheet into three different chiral conformations. Reprinted with permission from ref 160.
Copyright 2011 Royal Society of Chemistry. (C) Organic semiconductors used in bioelectronics. Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS), PEDOT:tosylate (PEDOT:TOS), poly(4-(2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl-methoxy)-1-butanesulfonic
acid) (PEDOT:S), poly(3-hexylthiophene-2,5-diyl) (P3HT), poly(2-(3,3′-bis(2-(2-(2-methoxy ethoxy)ethoxy)ethoxy)-[2,2′-bithiophen]-5-yl)-
thieno[3,2-b] (p(g2T-TT)), polypyrrole (PPy), polyaniline (PANI), N,N′-dialkylnaphthalene-dicarboxymide-dithiophene (p(NDI2OD-T2)),
poly(benzimidazobenzophenanthroline) (BBL). (D) Schematic illustration of selected procedures for the preparation of nanocomposites based on
conducting polymers and metal nanoparticles. Reprinted with permission from ref 161. Copyright 2018 Nature Publishing Group.
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conducting materials (to improve catalytic activity).127,131 The
graphene surface can be biofunctionalized by physical
adsorption, and catalytic species can be introduced with
electrochemical deposition while reducing GO simultane-
ously.140 The surface groups present on the rGO surface serve
as anchor points to attach biorecognition units via a standard
cross -coupl ing chemis t ry , namely , 1 -e thy l -3 -(3 -
(dimethylamino)propyl) carbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS).141While graphene and its derivatives have
excellent properties that have made them attractive for
biosensors,142 the large-scale production of high-quality pristine
graphene has been challenging. Second, a smooth, well-defined
surface is essential for the immobilization of the biorecognition
units. The conventional approaches for functionalization of such
surfaces need further optimization for the reliable use of
graphene in biosensors.

3.2. Carbon Nanotubes

Another example of ubiquitously represented carbon-based
material in electrochemical biosensors is carbon nanotubes
(CNTs). A CNT is a single graphene sheet rolled upon itself,
creating a cylindrical tube (Figure 3B). CNTs are organic
electronic wires with shape persistence, where the π-electrons
possess distinct electronic states with coherence lengths that can
exceed those of conducting polymers. Besides excellent
electrical properties, CNTs have unique optical and mechanical
properties, which have put them at the forefront of chemical
sensors.143 CNTs are considered under two categories: single-
wall (SWCNTs) and multiwall nanotubes (MWCNTs).
MWCNTs consist of concentrically arranged nanotubes, similar
to a tree trunk. The electrical properties of CNTs are defined by
their chiral vector (n, m), evaluating the rolling angle of the
graphene sheet. SWCNTs exhibit metallic behavior when n−m
is a multiple of 3, and they exhibit semiconductor behavior
otherwise.
CNTs can be organized in networks, and much like graphene,

they can be decorated with biorecognition elements to endow
specificity for metabolite sensing. The nanowire shape has been
proven to be ideal for producing sensitive sensors, benefiting
from the large active surface area and the restricted transport
along the percolative paths.143,144 The biorecognition units can
be either attached covalently or physically adsorbed on the
surface. Physical adsorption is less stable than covalent bonding,
and it offers no control of the adsorbed unit’s orientation, but it
does not disturb the sp2 hybridization, thus preserving the
electrical property of the material. Various chemical conjugation
techniques have been developed to anchor biorecognition units
on the CNT. A popular one is first to introduce chemical groups
on the CNT surface, which then allows for further reactions to
anchor biorecognition units, such as the carboxylic acid on the
surface via EDC/NHS reaction for the attachment of
proteins145,146 or antibodies.147,148 Linker molecules such as
pyrene can also be bound onto CNT walls, providing amide
bonds to covalently couple with biorecognition units.149 To
enhance the stability of enzyme/CNT systems, enzymes can be
adsorbed on metal nanoparticles (NPs) coated with a thin layer
of Nafion to limit leakage.150 Enzymes have also been directly
tethered onto the CNTs, by first functionalizing the nanotube
with the enzyme cofactor, followed by the reconstitution of the
apoenzyme.151 Another functionalization strategy involves the
entrapment of enzymes together with CNTs in a matrix of a
polymer (e.g., polysaccharides).152,153

The challenges in the production of CNTs may pose a hurdle
for using these materials in metabolite sensors.143 CVD can
mass-produce MWCNTs but not without impurities and
structural defects. Their production remains costly and suffers
from polydispersity in terms of length, diameter, and chirality,
and hence, the current market price of CNTs is too high for
commercial applications. The fabrication of CNT-based
biosensors is restricted as it usually requires specific CNT size
and helicity, with both parameters being challenging to control.
While several strategies have been developed to alleviate these
issues, e.g., separation by density-gradient centrifugation,154

wrapping with conjugated polymers,155 gel chromatography,156

and bottom-up syntheses,157 none are fully realized or scalable
yet. As for the CNT-based biosensors, the biorecognition unit
needs to be immobilized on the surface of CNTs. The
biofunctionalization may damage the biological activity and
structural stability of the molecules. Furthermore, although the
continuous nature of CNTs may prevent the leaching of CNT,
reports on CNT toxicity have generated confusion on the
biosafety of CNT-based materials.158

All the above-mentioned issues must be evaluated by
systematic methods before CNT technology can be widely
applied in biosensors.

3.3. Conjugated Polymers (CPs)

The overlap between the molecular orbitals gives rise to the
extended delocalized π-electron system along the CP backbone.
As the conjugation length increases, the large number of
interactingmolecular orbitals leads to the formation of a series of
discrete energy levels that can be occupied (bonding π) or
unoccupied (antibonding π*). These energy states are separated
by an energy band gap due to fundamental electronic
instabilities (Peierls distortion effect), giving the CPs their
semiconducting nature. The energy states on either side of the
band gap are referred to as the highest occupied molecular
orbital, HOMO (corresponding to π-bonding orbitals), and the
lowest unoccupied molecular orbital, LUMO (corresponding to
π*-antibonding orbitals). Charge transport occurs via hopping
along a single chain and between aligned molecules when their
π−π orbitals display an overlap, with mobilities of ca. 0.01−3
cm2/(V s).162,163 The charges are introduced by exposing the
CP to a reducing or oxidizing solution that contains dopant
acceptor or donor molecules, upon light stimulation, or by
applying an electric field to the film interfacing a dielectric.
CPs generally have low electronic conductivity because of

localization of charges in disordered areas and the absence of
connectivity between polymer chains.163 They may also present
some degree of instability and degrade in ambient conditions
when their energy levels align with those of oxygen and water,
generating charge traps or leading to parasitic side reactions. On
the other hand, CPs offer many fascinating properties, such as
mixed (ionic and electronic) conductivity, tunable surface
physiochemical properties, biocompatibility, and softness. The
mixed conduction property enables CPs to transduce ionic
fluxes into electronic signals, allowing them to detect weak
biological signals, deliver charged bioactive molecules, and
mechanically or electrically stimulate tissues.164 The most
commonly used CPs are hole-transporting (p-type) materials,
and they include polypyrrole (PPy), polyaniline (PANI),
polythiophene (P3HT), and poly(3,4-ethylenedioxythiophe-
ne):polystyrenesulfonate (PEDOT:PSS) (Figure 3C). Electron-
transporting (n-type) CPs are less common due to their
instability in ambient conditions and low conductivity in the
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doped state. The ladder-type polymer benzimidazobenzophe-
nanthroline, BBL, and a donor−acceptor type poly(N,N′-
dialkylnaphthalene-dicarboxymide-dithiophene), PNDI2OD-
T2, along with its glycolated versions,165−167 are examples of
n-type polymers used in bioelectronics applications.
Perhaps one of the most valuable properties of CPs for

metabolite sensing applications is the various paths one can
choose to functionalize them with (bio)chemical moieties.
Biorecognition units can be chemically linked to the CP before
polymerization if the monomer unit has a convenient location
for the functional groups to be grafted on.168,169 The functional
units can also be introduced during the film deposition, e.g.
electropolymerization in the presence of a biorecognition
unit.170,171 It is also possible to link biological species through
functional groups on the CP film surface172 or via the use of self-
assembled monolayers (SAMs).173,174 CP films can be designed
to bear side-chains, such as polymer brushes, comprising
biocomponents.175−177 Some CPs possess a charged surface
that can be exploited in a layer-by-layer (LbL) assembly type
strategy to link the biorecognition units.178,179 Ultimately, the
choice of the biofunctionalization strategy depends on the
requirements of the sensing application and the nature of the
biomolecule to graft. For instance, physical adsorption may be
used if the CP film surface exhibits functional groups and
appropriate polarity and roughness. However, the lack of control
over the number of adsorbed molecules and their orientation
may prove physical adsorption unsuitable for the immobilization
of some biomolecules, e.g., for enzymes, where the catalytic site
needs to be at a certain orientation to communicate efficiently
with the CP film. The chemical structure of CP governs its
interactions with biorecognition units and the resulting
operation mechanism of the biosensor. For instance, for use
with a redox enzyme, the LUMOorHOMOof the CP should be
adjusted such that it can exchange electrons with the enzyme or
catalyze the byproducts of the enzymatic reaction. For a sensitive
enzymatic sensor, such reactions should occur in the vicinity of
the CP, which requires intimate polymer/enzyme interactions.
Such interactions can be established if the CP is designed such
that functional groups are exposed to the film surface or that
surface roughness, charge, and hydrophobicity are controlled.167

For reaction products to reach the CP backbone, the film can be
made more porous.
The other important feature of CPs for biosensors is their

solution-based, large-area, and versatile processability. Once
solubilized in water or organic solvents, the CP solution can be
processed in various ways, creating opportunities to design new
form factors.180 CPs can be deposited on substrates using drop-
casting or spin-coating methods. Slot-die, doctor blade, and bar
coating techniques are particularly interesting for scalability
purposes as they are suitable for roll-to-roll processes and large-
scale manufacturing.181 Another attractive technology compat-
ible with CPs is inkjet printing, which has been successfully used
to build metabolite sensors with a high production yield.182 It is
also possible to generate porosity in CP films. Several processes
have been used to create 3D CP scaffolds, including freeze-
drying a water-based CP solution183,184 or in situ interfacial
polymerization.185 CPs can also be electrospun to form
conductive fibers186 or make composite bundles with materials
such as CNTs for electrochemical metabolite sensors.187 Finally,
the processability of CPs renders the miniaturization of their
biosensors much more feasible than for other classes of
materials. Despite all these exciting properties, the stability of

CPs is a significant obstacle preventing the development of
reliable sensors.

3.4. Composite Materials

A high-performance metabolite biosensor requires the elec-
tronic component to be stable and easily accessible by the
analyte while having high conductivity and a large surface area.
However, all these essential characteristics may not be provided
by one type of material, as explained above. Composite
materials, particularly the combinations of carbon nanomateri-
als, CPs, and metal NPs, have been used in metabolite
sensors.188 Such composites combine the high surface area
and electronic conductivity of nanomaterials, resulting in a high-
density biorecognition element loading, and improved electro-
catalytic properties, with the processability of polymers. For
example, gold nanoparticles (GNPs) are combined with PANI
due to their simple synthesis, electronic conductivity, and large
surface-to-volume ratio.189 The synergetic effects of these
properties can reduce the overpotentials of electrochemical
reactions such as the oxidation of metabolites.190 The
composites of PANI with GNPs were shown to have higher
electrochemical activity toward metabolites compared to PANI
alone.190 GNP-enriched biosensing platforms also showed
better chemical stability with minimized poisoning effects by
reaction intermediates.191,192 Moreover, the immobilization of
biomolecules directly on polymer surfaces may result in their
denaturation. This problem is mitigated by using GNPs as the
surface for bioconjugation.193 GNPs may also mediate direct
electron transfer between a wide range of electroactive species
and electrode materials, acting as “electron wires”.194−196 For
the detection of metabolites, composites of CNTs with CPs
were also shown to have enhanced sensitivity and specificity
compared to the single materials.197 Figure 3D summarizes the
most commonly used procedures for preparing CP-based
composite materials.161 Metal NPs can be either electrochemi-
cally deposited (Procedure 1) on the polymer film, or they can
be entrapped during the electropolymerization of the polymer
(Procedure 2). Composites can also be generated from colloidal
dispersions of polymers and metal nanoparticles (Procedure 3)
or via one-step synthesis from a mixed solution of the monomer
and metal ions (Procedure 4).
A recent work decorated an electropolymerized PEDOT:PSS

electrode with MXene (Ti3C2) to improve its performance for
dopamine detection.198 The composite structure displayed
outstanding capacitance (over 600 F/cm3), outperforming the
Mxene- or PEDOT-free films. The PEDOT:PSS:MXene
electrodes passed several stability tests, including sonication,
immersion in PBS and cell media, repetitive electrical
stimulations, and long-term electrochemical cycling. The
composite electrodes showed a more specific response to
dopamine in mixtures comprising other electroactive species.
Another type of composite interesting for metabolite sensors

is conducting polymer hydrogels (CPHs).199 CPHs combine
the features of hydrogels (biocompatibility, high water content,
tissue-like mechanical properties, easy and scalable process-
ability, and hierarchically structured architectures) with the
electrical conductivity of CPs. The hydrogel component is
typically made of a cross-linked alginate,200 cellulose,201

gelatin,202 chitosan,203 or polyacrylamide.204 With their large
surface area, high permeability, and hydrophilicity, such
conductive porous networks allow for a higher amount of
biorecognition units loaded and possibly faster electron
transfer.205,206 Consequently, CPH-based biosensors show
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high sensitivity and rapid detection times.207,208 For example, Li
et al. used phytic acid as the gelator and dopant to form a 3D
porous conducting PANI hydrogel.209 PtNPs and GOx were
loaded onto the hydrogel to form PANI CPH/PtNPs enzymatic
electrodes. The porous network provided high permeability and
surface area to glucose to diffuse in, where homogeneously
dispersed PtNPs improved the speed and the sensitivity of
glucose detection. The high performance was attributed mainly

to the short diffusion path for molecular and electronic transport
through the open channels.

4. SENSING METHODS

Organic electronic metabolite sensors are built in the form of
electrodes or thin-film transistors. The ideal sensing method
should (1) detect as well as amplify the signal on-site, (2) allow
miniaturization and adaptation into different form factors
without a decrease in performance, (3) be simple (e.g., no

Figure 4. Potentiometric metabolite sensors. (A) Schematic diagram of potentiometric sensor that consists of a reference electrode (RE) and the
working electrode (WE). The WE involves an ion-selective membrane (ISM) (orange) specifically capturing one type of ion or analyte. The
correlation between the electrode potential (EMF) and ion concentration (ai) is described by the Nernst equation. Reproduced from ref 211.
Copyright 2019, Cuartero et al., MDPI under the terms of the Creative Commons Attribution-Non-Commercial 4.0 International License. (B)
Illustration of the fabrication and operation of a potentiometric glucose sensor using a MIP as the recognition unit. The MIP was immobilized on
poly(terthiophene benzoic acid) (pTBA). Reprinted with permission from ref 212. Copyright 2017, Elsevier. (C) Schematic of a thread-basedWE that
detects the Cl− and pH levels of sweat. The use of the Cl− thread sensor has been demonstrated with a portable wireless data-reader connected via
Bluetooth to a smartphone. Reprinted with permission from ref 213. Copyright 2020, Nature Publishing Group.
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requirement of a reference electrode or complex instrumenta-
tion), and (4) avoid the production of side-products that can
interfere with the signal and cause damage to the biological
environment or the active material. This section reviews
electrical methods for metabolite sensing and highlights their
advantages and drawbacks for the targeted application.

4.1. Electrodes

A biological recognition event (e.g., an enzyme’s reaction with
its target or the binding of an antibody/aptamer to its antigen)
can induce a measurable change in the potential, current, or
impedance of an electrode nearby. We will first explain the three
mechanisms electrodes use to transduce these signals in
physiological buffers.
4.1.1. Potentiometric Detection. A potentiometric sensor

typically consists of an ion-selective electrode (ISE).210 For
metabolite sensing, these electrodes detect an ionizable
metabolic product. For example, the detection of creatinine
occurs through its cation, creatinium. The ISE (the working/
sensing electrode, WE) has a membrane selective to the
particular ion of interest. The target ions are captured at the ISE
via electrostatic interactions, hydrogen bonding, or van der
Waals forces and perturb the charge equilibrium in the solution.
The difference in ionic activity at the WE interface results in a
change of the WE potential with respect to a reference electrode
(RE), read as a voltage signal (i.e., EMF, Figure 4A). The Nernst
equation is used to predict the ideal response of potentiometric
sensors:

K
RT
zF

aEMF log= +
(1)

where EMF is the electromotive force or the observed potential
at zero current, K is a constant potential at the RE, R is the gas
constant, T is the absolute temperature, F is the Faraday
constant, while a and z are the ion activity and ion charge,
respectively. Note that the ion activity in the equation above is
valid under the assumption that ions are free or completely
dissociated. Thus, the obtained results might overestimate the
actual ion activity when complex ions are present in the solution.
The relationship between the EMF and the target ion
concentration, described by the Nernst equation (eq 1), gives
a calibration curve, as shown in Figure 4A.
Ag/AgCl and saturated calomel (Hg/Hg2Cl2) are the most

commonly used (aqueous) REs since they can provide a stable
and reproducible potential. As for the WE material, the primary
consideration is low impedance. Low impedance electrodes
reduce the potential drift at the interfaces during the
measurement. Fulfilling this requirement, conducting polymers
(e.g., PEDOT and PPy) and other carbon-based materials (e.g.,
graphene and CNTs) are promising ISE materials. The
stabilization of the ISE potential can also be improved using
additives such as tetrathiafulvalene/tetrathiafulvalene cation
(TTF/TTF+),214 tetracyanoquinodimethane (TCNQ),214 and
trihexyl(tetradecyl) phosphonium ionic liquids (IL) at the
WE.215 The selectivity of the WE stems from the membrane
coating that contains ionophores or MIPs. Ionophores are
molecules that form complexes with specific ions and facilitate
their transport across the membranes.216 MIPs, as described in
the previous section, are more versatile and can be integrated
into potentiometric sensors to detect metabolites, such as lactic
acid,217 bisphenol,218 or acetylcholine.219 A recent trend in the
development of potentiometric sensors focuses on developing
all-solid-state electrodes, for example, via printing.220,221

A simple example for the WE of an organic potentiometric
glucose sensor is a poly(terthiophene benzoic acid) (pTBA)
layered-AuZn alloy oxide (AuZnOx) deposited on a screen-
printed carbon electrode (SPCE).222 This WE was function-
alized with GOx, and Ag/AgCl was used as the RE. As GOx
catalyzes glucose, gluconolactone and H2O2 are produced.
Gluconolactone can then undergo spontaneous conversion into
gluconic acid in water, producing charged species, i.e., gluconate
and hydronium ions (OH−):

Gluconolactone H O Gluconate OH H2+ → − +− +

(2)

These ions changed the potential of the pTBA-based WE. The
sensor exhibited a linear response to glucose concentrations
from 30 to 500 mg/dL with a Nernstian behavior, a sensitivity of
59.2 ± 0.5 mV/decade, and a fast response time of less than 1 s.
To improve the stability of these sensors, Kim et al. replaced the
enzyme with a MIP in a similar polymeric electrode design
(Figure 4B).212 Aromatic boronic acid units in the MIP
complexed with glucose and formed the boronate anion−
glucose complex with H+ ions as a byproduct. This cis-diol
reaction changed the pKa value of the conducting polymer and
generated a potentiometric signal. Based on this mechanism, the
sensor could detect glucose in the range of 3.2 × 10−7 to 1.0 ×
10−3 M, with a LOD of 1.9 × 10−7 M. Khasanah et al. prepared a
potentiometric WE by mixing imprinted zeolite with activated
carbon and paraffin granules.223 The sensors detected glucose in
the range 0.01−10mMwith a sensitivity of 28.6mV/decade and
a LOD of 47.9 μM. The potential of these electrodes changed
rapidly upon the addition of glucose into the solution (within 30
s), and the electrodes could be usedmultiple times for more than
9 weeks.
Potentiometric sensors could also be fabricated on textiles to

detect ions. Possanzini et al. developed a wearable potentio-
metric sensor made of a PEDOT coated fabric (Figure 4C).213

The PEDOT coatings were functionalized with nanocomposite
materials and a chemical sensitive dye for Cl− and pH selectivity,
respectively. The wearable sensor integrated with a wireless-data
reader recorded Cl− levels in artificial sweat in real time.
Dopamine (DA) is another metabolite that can be detected with
potentiometric sensors. Kamel et al. demonstrated a potentio-
metric DA sensor using a MIP based on 4-vinylphenylboronic
acid as the functional monomer, which covalently binds to DA,
forming a negatively charged five- or six-membered cyclic
ester.224 Other potentiometric DA sensors were designed by
using ionophores in the ISE that specifically bind to the
corresponding ionic species of DA.225−227 Most of these sensors
showed a linear response in the suitable physiological
concentration range of the respective targets and showed
sufficient specificity against interferences.
Since they only rely on a shift of the WE potential, the

potentiometric sensors do not require the target to be
electroactive. This makes their functionalization relatively easy
as the only crucial step is the coupling of the WE with tailored
membranes.210 Another advantage of potentiometric sensors is
their low energy consumption, as the measurements are
performed at zero-current conditions. Recent efforts involve
the miniaturization of the electrodes to the nanosize scale,
integration of fluidic systems, improving the selectivity of the
membrane, and fabricating devices on unconventional sub-
strates such as plastics and textiles.220 However, the common
shortcomings of potentiometric electrodes are their reusability
and stability. The properties of the sensing environment (e.g.,
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pH, temperature, etc.) and the diffusion limitations are critical
factors that interfere with the performance and may lead to
irreversible and slow response, up to several minutes.

4.1.2. Amperometric Detection. In contrast to potentio-
metric measurements carried out at equilibrium (no current
flow), amperometric detection relies on the electrochemical

Figure 5. Amperometric metabolite sensors. (A) The two-electrode cell for the amperometric detection of the redox species Xred undergoing an
oxidation reaction that generates a Faradaic current. TheWE is a PEDOT:PSS (blue) coated gold electrode, and the RE is Ag/AgCl.More information
on this type of sensors can be found in ref 228. (B) Illustration of the three-electrode circuit for a wearable amperometric lactate sensor along with
feedback control and detection units. TheWE is a carbon graphite mixed with PBmediator and LOx enzyme. Reprinted with permission from ref 233.
Copyright 2018, Nature Publishing Group. (C) Illustration for the modification of a copper wire with electropolymerized PEDOT bearing GOx. The
sensingmechanism is based on direct electron transfer from the enzyme to the electrode. Reprinted with permission from ref 234. Copyright 2020, IOP
Publishing Ltd.
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oxidation or reduction of electroactive species. TheWE is where
the metabolite (X) undergoes an oxidation (releasing an
electron to the WE) or a reduction (extracting an electron
from the WE) reaction:

X Xered ox− ↔−
(3)

A voltage is applied at the WE with respect to the RE to catalyze
this reaction, and the resulting current is proportional to the
concentration of the metabolite near the adjacent biocatalytic
layer (Figure 5A). The measurements are conducted in a system
that is out of equilibrium, at which the set potential is different
from the equilibrium potential of the redox species involved.228

The applied potential should thus be controlled, which is
achieved by using an RE.228 In theory, RE and WE are sufficient
to observe a chronoamperometric signal if the reaction is self-
sufficient and does not need a bias or if the reaction has a low
current density so that it would not affect the RE potential.229 In
most cases, the WE current is measured against a counter
electrode (CE) which supplies the necessary charges to close the
circuit. The analytical formulation of the current is expressed by
the rate of the redox reactions, assuming an exponential
dependency of the rate constants on the applied voltage as
described by the Butler−Volmer equation:
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where S is the electrode active surface area, I0 is the Faradaic
current under standard conditions, φ is the transfer coefficient,
ϕX is the working electrochemical potential at a bias condition,
ϕX,0 is the standard electrochemical potential, F is the Faraday
constant, kB is the Boltzmann coefficient, T is the temperature,
and Xsur,red, Xsur,ox and Xred, Xox are the concentration of reduced
or oxidized metabolite at the electrode surface and in the bulk of
electrolyte, respectively. The current is generated when the
applied voltage meets the following condition: ϕX ≤ ϕX,0. The
initial electrode reaction induces a concentration gradient of the
reductant (Xred) toward the WE, dictated by Fick’s law of
diffusion, causing a depletion zone ofXred on theWE surface that
grows with time. Under a constant applied voltage, and when
migration and convection terms are negligible, i.e., only diffusion
takes place, the Butler−Volmer equation can be simplified to the
Cottrell equation:230

I t S n F D X( ) red
1/2 1/2π= · · · · ·[ ]−

(5)

where t is the time, n is the moles of exchanged electrodes, andD
is the diffusion of the reacting species in the solution. The
Cottrell equation quantitatively correlates the measured current
with the bulk concentration of the metabolite if ϕX is constant,
which requires a nonpolarizable RE like Ag/AgCl where there is
no buildup of charges. The charge balance in the solution is
achieved by Ag/AgCl that constantly trades ions and electrons
to maintain a stable potential at its interface:

AgCl s Ag s Ag s Cl Ag( ) ( ) e ( ) e+ + ⇋ + + +− − − +
(6)

Amperometric detection is widespread when detecting species
that are electroactive. TheWE held at a fixed voltage can directly
oxidize/reduce the target metabolite, or a catalytic enzyme
(often in the presence of redox mediators) generates the
electrons or electroactive species that will affect the current of

the WE. For instance, when the enzyme uricase catalyzes uric
acid (UA) oxidation to allantoin, CO2 and H2O2 are produced.
An electrode whose current is sensitive to variations of H2O2 or
CO2 detects UA indirectly. Arora et al. fabricated an
amperometric UA sensor by entrapping uricase in PANI coated
ITO substrates.231 The enzyme was covalently immobilized
using glutaraldehyde as cross-linking agent, which connected the
amine groups of the PANI film with the amino group of the
enzyme. This immobilization strategy led to impressive stability,
as the sensor retained 95% of its enzymatic activity after 17−18
weeks when stored at 4 °C. The electrode detected H2O2
generated upon the enzymatic reaction. Zhao et al. reported a
similar UA detection approach using a combination of uricase
and hemoglobin (redox mediator) encapsulated in a chitosan
matrix and coated on a glassy carbon electrode (GCE).232 UA
concentrations were determined through the reduction of H2O2
by theWE. The LOD of the sensor was estimated to be 0.85 μM,
while its linear response ranged from 2 μM to 30 μM with a
sensitivity of 29.5 μA/mM. Lactate is another metabolite that
has been detected mostly using amperometric sensors. For
example, Shiwaku et al. developed a flexible enzymatic
amperometric electrode to detect lactic acid in sweat and a
printed circuit system with feedback control and amplification
units (Figure 5B).233 The feedback control and amplification
circuits were designed to allow rail-to-rail operation and low
output impedance. The lactate sensor employed Prussian Blue
(PB) as a redox mediator dispersed inside a lactate oxidase
(LOx)/chitosan matrix deposited on a graphite electrode. The
sensor detected lactate in the range 0−0.5 mM with a sensitivity
of 1 V/mM and a short response time of hundreds of seconds.
Most amperometric sensors that contain enzymes rely on

electron mediators to transfer electrons formed in the enzymatic
reaction to the electrode. An ideal sensor material should,
however, reach these electrons by itself. For electron transfer
from the enzyme active site to the electrode, the enzymemust be
immobilized closely on the electrode surface in an orientation
exposing its active site to the electrode. Chen et al. developed
such a mediator-free glucose sensor based on PEDOT modified
carbon nanofiber (CF) (Figure 5C).234 The CF microelectrode
was used to improve themechanical strength of the sensor, while
the PEDOT, with its high conductivity, promoted fast electron
transfer. GOx was immobilized on PEDOT directly using
electrostatic interactions. The authors observed a pair of redox
peaks at the potential ca. −0.6 V in deoxygenated and air-
saturated PBS. The oxidation peak current increased after the
addition of D-glucose in both solutions. No current was
generated upon additions of H2O2. The O2 independent current
generation with glucose suggested a direct electron transfer
between the FAD and the electrode occurred through PEDOT.
Using a similar approach, Yang et al. entrapped GOx inside
porous PEDOT nanofibers during their electropolymerization
on a Pt electrode.235 The sensor could measure glucose at low
voltages (0.3 V), with a sensitivity higher than its thin-film
counterparts.
One of the challenges in amperometric detection of a target

metabolite is sensor selectivity. Voltages applied at the WE can
oxidize/reduce other species in biological media, typically
present at a higher concentration than the target and with similar
redox potentials or molecular structure.236,237 For instance, UA
and ascorbic acid (AA) have oxidation potentials close to that of
DA, thus displaying overlapped oxidation peaks by many
electrodes.238 Using charged membranes, such as Nafion, can
electrostatically repel the negatively charged UA and AA while
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allowing the positively charged DA to reach the electrode.239

Nafion also helps in reducing the signals from these interferents
for accurate detection of glucose. Bihar et al. inkjet-printed
PEDOT:PSS-based amperometric glucose sensors on recyclable
paper.182 All the sensor components were printed in a layer-by-
layer assembly, and the sensor employed ferrocene as the redox
mediator. The sensor was encapsulated with Nafion, which
improved the specificity of the sensor toward glucose by
repelling UA and AA present in saliva. This all-organic sensor
exhibited a linear range of detection ranging from 20 μM to 1
mM, matching the glucose range in saliva. The MWCNT-PPy
core−shell nanowire developed by Choi et al. detected lactic
acid in human sweat while avoiding neutral and cationic
interferents (glucose, urea, riboflavin, NaCl, and KCl).240 PPy
catalyzed lactate anion under a specific potential (0.68 V vs Ag/
AgCl) which did not oxidize other species. The sensor had a
sensitivity of 2.9 μA/mMcm2 and a LOD of 51 μM toward
lactate.
Amperometric biosensors present many advantages for

metabolite sensing, including high sensitivity and fast response,

generally in the order of tens of seconds. However, since they
require the application of a potential, they generally show high
power consumption and cause oxidation/reduction of other
electroactive species. Consequently, amperometric devices need
an additional level of complexity to ensure selectivity or
minimize the potential used, whether by the addition of an
ion-selective layer or via redox mediators, which need to be
carefully chosen and immobilized. Furthermore, for their
response to be quantitative, amperometric sensors must contain
a stable RE, which can be cumbersome when miniaturizing the
platform. Finally, the sensitivity of amperometric devices is
largely dictated by their impedance, which increases as the
electrode size decreases, hindering the miniaturization of such
platforms.

4.1.3. Impedimetric Detection. Impedimetric sensors use
electrochemical impedance spectroscopy (EIS), a powerful,
nondestructive, versatile, and scalable technique.241 EIS
measures the impedance of a system upon the application of
an AC signal of a set amplitude (e.g., 10−50 mV), in the form of
a sinusoidal waveform varying over a desired frequency range

Figure 6. Impedimetric metabolite sensors. (A) Nyquist plot depicting the relationship of the impedance parameters and the time response as a
function of frequency. In the illustration, the yellow spheres with the sign “+” correspond to the cations solvated by the solvent molecules (blue
spheres), and the sign “−” represents the electrons electrostatically attracted toward the interface. Reproduced from ref 243. Copyright 2019, Dorledo
de Faria et al., MDPI under the terms of the Creative Commons Attribution-Non-Commercial 4.0 International License. (B) Schematic of an
impedimetric glucose sensor made of PANI and GNPs. The Nyquist plot shows changes upon addition of glucose into PBS containing the redox
reporter K3[Fe(CN)6]. AA, UA, AP, GT, and TS stand for ascorbic acid, uric acid, acetaminophen, D-galactose, and L-tyrosine, respectively. Reprinted
with permission from 244. Copyright 2016, Nature Publishing Group. (C) The left panel is a photograph of the impedimetric sensor with hybrid BPt/
PEDOT or BPt/Nafion composite. The middle panel displays Scanning Electron Microscope (SEM) images of the electropolymerized film: PEDOT
(top left), electroplated BPt (top right), hybrid BPt/PEDOT (bottom left), and hybrid BPt/Nafion (bottom right). The right panel displays the
impedance change of the impedimetric BPt/Nafion sensor in a dilution series of human serum and saliva. Reprinted with permission from 246.
Copyright 2018, Elsevier.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00395
Chem. Rev. XXXX, XXX, XXX−XXX

P

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig6&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(e.g., 10−1−106 Hz), on top of the DC offset. The excitation
signal perturbs the system, and the instrument measures the

response to that perturbation. The EIS output is the
accumulation of the responses from all the tested frequencies

Figure 7. Electrolyte gated organic thin-film transistors for metabolite sensing. (A) Schematic of an EGOTFT. The gate electrode can be integrated
vertically (a) or laterally (b) to the channel. (B) Representative transfer curves of an EGOTFT working in depletion or accumulation mode. (C)
Electronic circuit modeling the EGOTFT based on Bernard’s model.247 The electronic circuit is represented by a variable resistor, corresponding to
the conductivity of the channel that varies as a function of the gate voltage. The ionic circuit is composed of two capacitors (the capacitance of the gate
electrode, CG), the double-layer capacitance of the semiconducting channel, Cdl, or the capacitance of the mixed conductor channel, C*) in series with
a resistor (the electrolyte resistance, RE). (D) A schematic diagram of the potential distribution between the gate and channel when either of the
interfaces is functionalized with the biorecognition unit. The lines connecting gate, electrolyte, and channel potentials are meant as guides to the eye.
(E) Electrostatic coupling of electrolyte ions (orange and blue spheres) with electronic charges (small blue spheres) in an ion-impermeable (left) and
ion-permeable (right) organic semiconductor.
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in the form of impedance. The system being tested by EIS can be
seen as an electric circuit composed of resistive, capacitive, and
inductive elements. The spectrum can thus be modeled by an
equivalent electronic circuit whose elements can be mapped
onto real constituents of the system, for example, a resistive
element that represents the electrolyte resistance. However, the
circuit model must be carefully considered and mapped onto
real elements with an understanding of the underlying physical
model; otherwise, any circuit can fit the data with little meaning
to the results. The analysis of the system’s impedance can then
give information on the resistive and capacitive components of
the sensor by assuming the negligible contribution from
inductive components.
The EIS setup typically contains three electrodes: WE, RE,

and a CE immersed in an electrolyte. In a Faradaic EIS
measurement, the impedance behavior commonly displays three
regimes (Figure 6A).242 At high frequencies (>104 Hz), the
impedance is dominated by kinetic processes at which ions
change their direction too quickly and inhibit redox reactions at
the electrode surface. Therefore, charge transfer is delayed at the
electrode. This region is characterized by the electrolyte
resistance (Rs), determined by the electrolyte conductivity and
the geometry of the reaction cell (i.e., the distance between the
electrodes and the effective surface area of the WE). The
intermediate frequency range (104−102 Hz) reflects the electric
double-layer capacitance (Cdl), formed due to ion accumulation
at the electrode/electrolyte interface. Cdl depends on the
electrode surface area, material properties, electrolyte ionic
strength, and its permittivity. Low frequencies (<102 Hz) are
characterized by charge transfer resistance. For some cases, a
Warburg impedance (W) is observable as a linear tail of 45°
angle at the end of the Nyquist arc. This phenomenon occurs
because of diffusion limitations in the system. The simplest
equivalent circuit to characterize the impedance behavior is
represented by the Randles circuit, which models the behavior of
a typical Faradaic biosensor. When the biochemical recognition
event occurs, the electrical characteristic of the sensing electrode
changes, reflected in the circuit (Rct and/or Cdl).

243

One example of a nonenzymatic impedimetric glucose sensor
was proposed by Ahammad et al., who combined GNPs with a
PANI coated glassy carbon electrode (GCE) (Figure 6B).244

Ferricyanide ([Fe(CN)6]
3−) was used as an electron mediator

for the reaction of glucose with the GNPs. When the
electrocatalytic oxidation of glucose takes place on the GNPs,
[Fe(CN)6]

3− was reduced to ferrocyanide ([Fe(CN)6]
4−),

which was oxidized back to [Fe(CN)6]
3− by the WE. The

successive increase in glucose concentration increased the
oxidation of [Fe(CN)6]

4−, reflected as a decrease of the Rct.
Since the applied voltage (+0.3 V vs RE) was significantly less
than the one used by most of the amperometric sensors (e.g.,
+0.7 V vs RE), data could be obtained with lower power
consumption and interferences from common species such as
AA, acetaminophen, L-tyrosine, and UA. In another study, GOx
and urease were incorporated in an electropolymerized PANI
film which served as the redox mediator for the enzymatic
oxidation of glucose and urea.245 The authors observed a
decrease in the impedance at all frequencies with increasing
analyte concentration, reflected in the Rct values. Another
impedimetric sensor was developed by Lee et al. to detect low
levels of total cholesterol in saliva.246 The sensor was composed
of an enzyme-loaded nitrocellulose (NC) paper in contact with
platinum black/PEDOT (BPt/PEDOT) or platinum black/
Nafion (BPt/Nafion) composite electrodes (Figure 6C). A

combination of cholesterol oxidase, cholesterol esterase, and
horseradish peroxidase enzymes was coated on the surface of the
NC paper, serving as a supporting layer. As in the previous case,
the enzymatic reactions led to a decrease of the Rct values, and Pt
replaced the redox mediator in the measurement solution.
While EIS is a fast and powerful technique that gives

quantitative information correlated with analyte concentrations,
it requires sophisticated instrumentation and cumbersome data
analysis. Using an equivalent circuit model assumes some
knowledge of the system beforehand, and conclusions cannot be
accurately drawn unless the circuit model is mapped onto the
physical elements of the sensor. In addition, the miniaturization
and real-life implementation are hindered by the necessity of a
RE and the scaling of the impedance with size. Such limitations
can be overcome by the transistor technology, where the
inherent amplification property increases the signal-to-noise
ratio (SNR) and the sensitivity without the need for a RE.
4.2. Electrolyte Gated Organic Thin-Film Transistors
(EGOTFTs)

EGOTFTs can transduce as well as amplify weak biological
signals into a readable electrical output. Amplification allows for
miniaturization and a myriad of form factors to build devices for
portable, wearable, and implantable electronics. An OTFT
comprises an organic (semi)conducting thin film in the channel
between the source and drain electrodes. The third terminal of
the device is the gate electrode, typically the nonpolarizable Ag/
AgCl electrode or a polarizable metal electrode (Pt, Au), and in
some applications, an organic semiconductor may be coated on
the gate electrode (Figure 7A). In an EGOTFT, an electrolyte
connects the gate with the channel. The gate and drain voltages
are referenced with respect to the source electrode, which is
grounded. The gate electrode and the channel can be fabricated
and biofunctionalized separately.247

EGOTFTs display two modes of operation depending on the
intrinsic doping state of the polymer in the channel. In the
depletion mode, the application of a gate voltage (VG) causes a
reduction in the current flowing in the channel (ID), whereas in
the accumulation (enhancement) mode, ID increases (Figure
7B). ID is proportional to the number of charge carriers (holes or
electrons for a p-type or n-type semiconductor, respectively) and
their mobility in the semiconductor film. The efficiency of the
signal transduction is reflected in the transconductance (gm) of
the device:

g
I
Vm

D

G
=

∂
∂ (7)

In an EGOTFT, two distinct interfaces with the electrolyte exist:
the channel/electrolyte and the gate electrode/electrolyte
interfaces. The whole device can be represented by an equivalent
circuit model with two double-layer capacitances in series with a
resistor (electrolyte) (Figure 7C).247 Biorecognition elements
can be immobilized at either of the electrolyte interfaces. Signal
transduction is governed by the amplitude of the voltage drop at
either of these interfaces, depending on which transistor
terminal is functionalized (Figure 7D). Binding events at the
channel (gate) change the electrical characteristics of the
channel (gate)/electrolyte interface, lead to a redistribution of
the applied VG, and thus change the potential drop at each
interface (dashed lines). This change in the potential drop leads
to a variation in ID. The effective gate voltage, VG

eff, is the gate
voltage that would be required to produce the same electrolyte
potential in the absence of sensing events.248
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The gm is an important figure of merit of the EGOTFT-based
sensors as it indicates sensitivity. ID is generally used as the
analytical signal of the sensor and depends on the different
chemical processes occurring at the channel or gate electrode.
Besides the ID, the threshold voltage (VTH), corresponding to
the amplitude of the VG required to switch the transistor on, can
be modulated upon sensing events and, hence, used as an output
signal. The γ, the gate and channel materials, the film thickness
in the channel, and the gate−channel distance are parameters of
particular importance on the sensor performance, dictating the
potential distribution at the electrolyte interfaces.247

There are two major categories of EGOTFTs used in
metabolite sensing, distinguished by the ion permeability of
the channel material (Figure 7E).249 The first one is the
electrolyte gated organic field-effect transistor (EGOFET),
where the ID is modulated through a capacitive field-effect
mechanism. In an EGOFET, the organic semiconductor is ion
impermeable, meaning that the electrolyte ions accumulate at
the channel surface, leading to an interfacial ionic-electronic
charge coupling. The organic electrochemical transistor
(OECT) is the other type that involves an ion-permeable

semiconductor in the channel that is volumetrically (de)doped
by the injected ions. In the following subsections, we will briefly
review EGOFET- and OECT-based metabolite sensor oper-
ation.

4.2.1. Electrolyte Gated Organic Field Effect Transistor
(EGOFET). The EGOFET operation is characterized by a linear
regime when VD < (VG− VTH) and a saturation regime when VD
> (VG − VTH). The analytical expression of the ID is as follows:

I
W
L

C V V V V V V linear( ) , ( ) ( )iD G TH D D G THμ= * * − < −

(8)

I
W

L
C V V V V V saturation

2
( ) , ( ) ( )iD G TH

2
D G Tμ= * * − > −

(9)

whereW and L are the channel width and length, respectively, Ci
is the capacitance per unit area, and μ is the electronic charge
mobility. The VTH of the transistor is proportional to Qdeep/Ci,
where Qdeep is the density of charges that, once injected, are
trapped within the channel. VTH is the bias necessary to induce
sufficient charges to completely populate the deep-trap energy

Figure 8. EGOFETs for metabolite sensing. (A) Enzymatic EGOFET comprising a α-sexithiophene (α6T) film in the channel for the detection of
penicillin. Reprinted with permission from ref 250. Copyright 2012 Wiley-VCH. (B) Schematic illustration of an rGO FET. The zoomed view shows
the layer-by-layer (LbL) deposition process of the urease-polyethylenimine (PEI) multilayer to catalyze the hydrolysis of urea on the graphene
channel. The right panel displays the changes in the ID as a function of urea concentration. Reprinted with permission from ref 251. Copyright 2017,
Elsevier. (C) Schematics of an extended-gate OFET for saccharide detection. The extended-gate electrode was functionalized with phenylboronic acid
(PBA) units to capture glucose. Reprinted with permission from ref 252. Copyright 2014 Royal Society of Chemistry. (D) FET surface employing
aptamers for small-molecule sensing. The right panel displays a hypothesized mechanism of a stem-loop aptamer, which reorientates upon interaction
with target molecules. Reprinted with permission from ref 253. Copyright 2018, Nakatsuka et al., AAAS.
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levels. Once all the traps are filled, the further injected charges
can migrate along the delocalized molecular orbitals under the
imposed VD. The use of an electrolyte grants a high capacitance
(20−500 μF/cm2) to the EGOFET, allowing for low operation
voltages typically below 1 V.
Several important aspects need to be considered to build

sensitive EGOFET biosensors, including (i) the biofunctional-
ization strategy, (ii) the resulting sensing mechanism (a
capacitive coupling or a faradaic reaction), and (iii) the type
of materials employed. In principle, any changes in terms of
capacitance, surface charges, and/or charge transfer via an
electrochemical reaction at one of the two interfaces would alter
ID, either by directly impacting the Ci or μ or by influencing the
gating efficiency and/or theVTH. The binding of the analyte with
the biolayer either at the gate or the channel leads to a change in
the double-layer capacitances and results in a potential shift,
scaling with the analyte concentration as described by the
Nernst equation (eq 1). The potential change governs the
charge density of carriers accumulated in the channel and
defines the amplitude of the ID.
When the channel is the sensing interface, the detection

mechanism generally involves one of the following scenarios: (i)
interactions between the semiconductor and the analyte or (ii)
interactions between the immobilized biorecognition units on
the semiconductor film and the analyte. In the first case, the
semiconductor in the channel (e.g., pentacene, copper
phthalocyanine, α-sexithiophene, graphene, etc.) reacts to the
presence of the analyte with a change in its conductivity.
Although this is a simple and straightforward approach that does
not require any biochemical modifications, sensing is often not
reversible as the channel/analyte interactions may lead to
irreversible changes and eventually degradation. Immobilization
of the biorecognition units on the channel surface grants better
selectivity and stability to the sensor. Biofunctionalization
techniques range from simple physical absorption to more
complex chemical conjugation. The physical absorption of the
receptor units on the channel occurs via weak interactions
(electrostatic, hydrophilic−hydrophobic, and van der Waals).
The chemical conjugation of bioreceptor on the channel
involves covalent bond formation via cross-linker molecules.
For example, Buth et al. developed an EGOFET sensor by
chemically immobilizing the penicillinase enzyme on the α-
sexithiophene (α6T) channel to detect penicillin, a type of
secondary metabolite.250 The α6T film was exposed to O2 and
illuminated with UV light to introduce hydroxyl (OH−) groups
that reacted with (3-aminopropyl)triethoxysilane (APTES).
The amino groups of APTES were used to conjugate the enzyme
(Figure 8A). The enzyme hydrolyzes the penicillin and
generates a proton as a reaction product, which changes the
pH of the electrolyte that is detected by the transistor. The
EGOFET detected penicillin in the submicromolar range with a
sensitivity of 80 μV/μM. A similar device architecture using
poly(diketopyrrolopyrrole-terthiophene) (PDPP3T) transistor
was developed to detect adenosine triphosphate (ATP), a
central metabolite of the intracellular energy transfer system.254

The PDPP3T channel was treated with a plasma-assisted
interfacial grafting method to introduce functional groups for
the immobilization of apyrase. The specific interaction of ATP-
apyrase generates a transfer of negative charge from ATP to the
channel surface, inducing accumulation of positive charge
therein. The sensor detected ATP concentration in the range
1 nM to 1 μMwith a LOD of 0.1 nM. Tian et al. demonstrated a
graphene-based EGOFET, where the channel was function-

alized with a guanine riboswitch (GR) to detect neutral and low
molecular weight purine metabolites (GUA, 6GU, 2BP,
XAN).255 The detection relied on the conformational change
of the GR aptamer upon binding, affecting the surface potential
of the graphene channel.
Chemical modification of the channel material brings the risk

of degradation as plasma treatment, UV irradiation, and possible
solvents used during functionalization could damage the film in
the channel. Therefore, a third approach could be to deposit an
intermediate layer that contains the biorecognition units on top
of the channel.256,257 Mulla et al. used a UV-cross-linked
poly(acrylic acid) (PAA) membrane as an intermediate layer to
anchor biomolecules on top of the poly(2,5-bis(3-hexadecylth-
iophene-2-yl)thieno[3,2-b]thiophene) (PBTTT) channel.258

The PAA serves as the base to immobilize a phospholipid
bilayer which was then conjugated to biotin for the detection of
streptavidin. The change in ID was suggested to result from the
capacitive effect across the layers on top of the channel involving
the charges of the target molecules. The grafted PAA membrane
had no significant impact on the electronic properties of the
channel. The device exhibited a sensitive detection of
streptavidin down to 10 pM. While this device is not a
metabolite sensor, a similar device architecture can be adapted
for metabolite detection. Another EGOFET design uses a
selective dielectric layer on top of the semiconductor channel.
Bartic et al. fabricated a glucose sensor based on a P3HT
EGOFET comprising a tantalum pentoxide (Ta2O5) film used
as a proton selective layer and substrate to immobilize GOx.259

The Ta2O5-incorporated EGOFET indirectly detected glucose
via a change in pH triggered by the enzymatic reaction. The ID
increased as the pH of the electrolyte decreased with increasing
glucose concentrations. The device had a detection range of 10
μM to 10 mM with a sensitivity of 0.3 mA/decade. A similar
design employing an intermediate layer was demonstrated with
graphene-based EGOFET for the detection of urea. Piccinini et
al. built a layer-by-layer assembly of polyethylenimine (PEI) and
the enzyme urease on an rGO channel and detected urea with a
LOD of 1 μM (Figure 8B).251 Hydrolysis of urea resulted in a
change of the electrolyte pH and induced a variation of the
charge density of the PEI, which altered the ID.
The biorecognition units can also be immobilized on the gate

electrode, which can be physically separated from the channel.
The most commonly used method for gate functionalization
employs the chemical modification of the gate surface with self-
assembled monolayers (SAMs) and subsequent immobilization
of biorecognition units. The gate surface can also be decorated
with functional materials such as metal NPs and carbon-based
nanomaterials, which not only serve as a substrate to immobilize
bioreceptors but also improve the electrochemical activity,
resulting in higher sensitivity and lower detection limits.260−262

For instance, Minami et al. used a functionalized extended-gate
electrode comprising PBA and PBTTT channels to detect
glucose, galactose, fructose, and mannose (Figure 8C).252 The
chemical functionalization of the gate electrode consisted of a
single-step immobilization of a mercaptophenylboronic SAM
functionalized with PBA units. PBA−glucose interactions
generated negatively charged boronate esters on the extended-
gate electrode, which then induced a potential shift at the gate/
electrolyte interface. The sensor detected glucose in the
millimolar range with a sensitivity sufficient to cover the
threshold for diabetes diagnosis. Using a similar artificial
receptor strategy, Casalini et al. demonstrated a DA sensor
with a P3HT-based EGOFET and 4-formylphenyl boronic acid-
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functionalized gate.263 The sensor had a VTH shift of
approximately 50 mV for 0.1 nM of DA. Using PBA derivatives
as artificial receptors, Didier et al. proposed an extended-gate
configuration in a PBTTT-basedOFET to detect lactate.264 The
gate electrode was functionalized with a SAM layer bearing 3-
((2-mercaptoethyl)carbamoyl)-5-nitrophenyl)boronic acid.
The nitro group of the aromatic ring has an electron-
withdrawing effect, thus increasing the Lewis acidity of the
boron atom, ultimately enhancing its binding affinity toward
lactate. The sensor achieved a LOD of 6.3 μM with good
selectivity, showing a minimal response to other types of
competitive biorelated anions. Massey et al. immobilized
aptamers on the gate electrode and detected DA concentration
changes in the range 0.011 μM to 1 μM with a response time of
∼1 μs.265 The gate capacitance changed upon the aptamer/DA
binding, affecting the electrical potential across the electrolyte
and channel.
While EGOFET biosensors show outstanding metabolite

sensing performance, their operation in physiological media is
generally hindered by mobile ions screening charges from the
target molecule/recognition unit complex.266,267 This is known
as the Debye screening effect, characterized by its effective
distance, the Debye length, λD. The Debye length is sensitive to
the ionic strength of the solution and is around 0.7−1 nm under
physiological conditions.268 This length is smaller than the size
of the smallest biological recognition units we have seen, such as
antibodies (10−15 nm) or aptamers (around 10 nm), rendering
the detection challenging.269 Such limitations were evidenced by
Lei et al., for instance, where the LOD of their brain natriuretic
peptide EGOFET sensor shifted from 100 × 10−15 M in
deionized (DI) water to 50 × 10−9 M in filtered blood.270 The
majority of the work on graphene biosensors has thus presented
data acquired in DI water or diluted buffer solutions, as the
Debye length proved to be a challenge when moving toward real
sample analysis.271,272 Several approaches have been proposed
to overcome this fundamental problem. Since the Debye length
is influenced by the solution ionic strength, diluting the buffer
solution is a simple approach to decrease the screening effect.273

However, this sample processing also dilutes the analyte
concentration. Another solution consists of reducing the
distance between the sensing surface and the analyte below
the Debye length. This can be done in a few ways. Shoorideh et
al. introduced the concept of “Debye volume”, which is the
volume encompassed by a surface drawn one Debye length away
from the electrode, normal to the surface.266,274 By diligently
optimizing the Debye volume to surface ratio, one can reduce
the screening effect. It is possible to reduce the distance between
the sensing surface and the analyte, for instance, by directly
embedding the bioreceptor unit within a polymeric membrane,
as demonstrated by Jang et al. for the detection of cortisol.275

The introduction of surface coatings such as polyethylene glycol
(PEG) has been shown to reduce the screening effect by altering
the solution dielectric constant.276−278 This method has been
leveraged for the development of thyroid-stimulating hormone
biosensors operating in undiluted serum.279,280 However, this
functionalization generally leads to a slower response because
the analyte has to diffuse through the PEG coating. Another
approach is to perform the biosensing using nonequilibrium
measurement techniques. Ions have finite diffusivity and
mobility, meaning that they require some time to form double
layers and thus to screen potential. As such, the use of EIS at high
frequencies (MHz − GHz) has been leveraged to detect ionic
metabolites beyond the Debye length.281−283 However, not all

metabolites are charged. Therefore, it is incredibly challenging
to achieve sensitive detection of uncharged species in the case
where the biosensor relies on affinity-based biorecognition units
such as antibodies or aptamers. Alternatively, Nakatsuka et al.
designed specific aptamers to detect dopamine, serotonin,
glucose, and sphingosine-1-phosphate (Figure 8D).253 These
aptamers were characterized by adaptive-loop binding as they
underwent a reorientation upon binding with the target,
decreasing their size and bringing their distance to the electrode
within the Debye length. This conformational change led to the
accumulation of charge carriers on top of the FET channel
whose current was correlated with analyte concentrations. Note
that even though the FET presented in this work was based on
inorganic materials, we envision that the strategy deployed here
is applicable for organic-based transistors.

4.2.2. Organic Electrochemical Transistor (OECT). The
OECT is similar to EGOFET in terms of the device structure,
while the difference lies in the extent of charge generation. In
OECTs, the doping/dedoping of the semiconductor channel
occurs through its entire volume, as opposed to an interfacial
region in EGOFETs. The volumetric ionic−electronic charge
coupling in the channel endows the OECT with a thickness-
dependent gm, low bias operation (typically <1 V), and excellent
signal amplification. High gm is a hallmark of OECTs,284 landing
OECTs as powerful amplifying transducers285,286 outpacing
conventional inorganic/mixed-conductor coated electro-
des.287,288 The Bernard’s model provides a good approximation
of the steady-state performance of OECTs in the saturation
regime and allows for an estimation of the μ:285

g
Wd

C V V
L

( )m TH GSμ= *| − |
(10)

where d is the film thickness and C* is the volumetric
capacitance. While bulk charging is one of the strengths of
OECTs, it is also one of their flaws, as it implies a relatively slow
operation.289 OECTs typically operate below the kHz
region,284,290 while EGOFETs are functional in the MHz
region.291 The transient response is typically limited by the ion
motion inside the channel rather than electronic charge
transport. The film’s thickness can thus be optimized to lower
the RC charging time and better match the requirements of the
end application, where a trade-off between gain and bandwidth
has to be made. A new type of OECT, namely the internal ion
gated transistor, bypasses the limitations caused by the motion
of ions from the electrolyte by encapsulating the ions inside the
channel.292 These devices have a response time of approximately
32 μs (as opposed to hundreds of microseconds to milliseconds
for OECTs) and a gm similar to state-of-the-art OECTs.
Like the EGOFET, the architecture of the OECT allows for

independent functionalization of the gate and/or channel.
Whether it is caused by a charge complexation, e.g., capacitive
binding such as in immunosensors293,294 or by an electro-
chemical redox reaction,248,295 the sensing event shifts the
chemical potential of the gate by an offset, referred to as Voffset,
that changes the voltage drop at the gate/electrolyte interface,
thereby changing the VG exerted on the channel (Figure 7D).
For metabolite sensors, one main design criteria has been the
gate-channel area ratio (γ) as it dictates the potential drop at the
gate/electrolyte/channel interfaces. Yaghmazadeh et al. used
numerical modeling to estimate the best geometry for an OECT
depending on its end application.296 The authors found that for
an OECT transducing capacitive binding events that do not
involve charge generation, it is best to have a (ideally
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nonpolarizable) gate electrode much larger than the channel. In
an electrochemical reaction-driven sensor, a gate smaller than
the channel would show a higher sensitivity.297−299 On the other
hand, both the LOD and the dynamic range of the sensor seem
independent of the γ300 but rely on the operating conditions.301

An example of an OECT metabolite sensor comprising a
biofunctionalized channel is demonstrated by Wustoni et al.,
who electropolymerized a PEDOT-based copolymer in the
presence of a catalytic enzyme (GOx, LOx, or cholesterol
oxidase) inside microscale channels (Figure 9A).302 The sensing
mechanism relied on the oxidation of enzymatically produced
H2O2 by the copolymer. A fourth pristine channel acted as a
reference to account for the H2O2 generated from the
neighboring channels. The platform was able to simultaneously

and selectively measure glucose, cholesterol, and lactate in PBS
without any significant electrical cross-talk. Other works
biofunctionalized the gate electrode. Tang et al., for example,
developed a glucose sensor by using a nanomaterial (CNTs or Pt
NPs) modified gate electrode and a PEDOT:PSS channel. The
catalytically active gate electrode detected the enzymatically
produced H2O2.

303 The impressive LOD (5 nM) was attributed
to the increased active surface area of the gate and its composite
nature. This example represents the first-time use of nanoma-
terials in conjunction with the OECT architecture, displaying
superior performance to the nanomaterial-free analogs. The use
of a nanomaterial-modified gate electrode for the improved
electrooxidation of metabolites has been since successfully
implemented to detect epinephrine,304 tyrosine,305 lactate,306

Figure 9.OECTs asmetabolite sensors. (A) Schematic illustration of anOECT channel comprising the electropolymerized p(EDOT-ran-EDOTOH)
and entrapped enzymes (left). Response of the four-channel OECT array to common metabolites (right). Reprinted with permission from ref 302.
Copyright 2020Wiley-VCH. (B) Schematic representation of all PEDOT:PSS (gate and channel) OECT that acts as a glucose and lactate sensor. The
enzymatic reaction scheme using ferrocene as a mediator is displayed. The photograph shows the corresponding polyethylene naphthalate wafer
(substrate) with an OECT biosensor zoomed in. Reprinted with permission from ref 310. Copyright 2015, Nature Publishing Group. (C) Chemical
structure of the n-type polymer, P-90, and the scheme of the GOx-glucose reaction. A schematic illustration of the n-type OECT sensor chip with the
microscopy image showing two channels and a single planar gate. Real-time response of the transistor toward successive glucose additions from 10 nM
to 20 mM. The final rinsing step allows the sensor to reach its original baseline. Reprinted with permission from ref 311. Copyright 2020, Nature
Publishing Group.
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gallic acid,307 and glutamate and acetylcholine,308 to name a few.
For OECT sensors that measure the oxidation of an analyte,
when both channel and gate have the ability to do so, the sensing
event will take place at the most positive terminal, which
depends on the amplitude of the drain and gate voltages.295,309

For instance, Scheiblin et al. developed a flexible screen-printed
OECT that detects glucose and lactate from artificial sweat
(Figure 9B).310 A chitosan−ferrocene matrix was modified with
the corresponding enzyme (GOx or LOx) and drop-casted on
top of the OECT (gate and channel), as a sol−gel electrolyte.
The redox mediator enabled low operating voltages and
improved charge transfer kinetics, and the sensing took place
at the positively polarized gate electrode.
The enzyme and redox mediator can also be encapsulated

inside room-temperature ionic liquids (RTILs).312 This strategy
has the advantage of improving the general stability of the
OECT sensor by limiting electrolyte evaporation and ionic
strength variations. A further iteration consists of mixing RTILs
and cross-linkable polymers to achieve a solid-state electrolyte,
successfully demonstrated by Khodagholy et al. for the detection
of lactate in sweat.313 Another work developed a glucose-
sensitive conducting gel that can be used as an amperometric
electrode or integrated on the gate electrode of an OECT.314

The one-pot fabrication of this conductive gel contained PBA

for binding to glucose, porous poly(acrylamide) (PAAm) gel as
the scaffold, and PEDOT:PSS as the electronic transducer.
Upon glucose binding to PBA, the gel became more permeable
to ions which changed PEDOT’s doping state. The change in the
conductivity of the gate electrode modulated the transistor
characteristics, correlated with the glucose amount in the
electrolyte.
While PEDOT:PSS-based OECTs have often been used for

metabolite sensing applications, n-type accumulation mode
OECTs have recently been shown to have superior sensor
performance. Our group reported the first n-type OECT
biosensor for the detection of lactate301 and glucose.311 We
used an NDI-T2-based electron transporting material, P-90,
bearing EG side-chains. This copolymer provides a suitable
surface for the enzyme to adsorb. The copolymer was deposited
on the channel and at the gate of the transistor on which the
enzyme was physically adsorbed. With its simple design, this
sensor displayed high sensitivity for metabolites with a detection
range of 10 μM to 10 mM for lactate301 and 10 nM to 20mM for
glucose311 (Figure 9C). The device did not contain redox
mediators and had no sensitivity toward H2O2. The elimination
of mediators simplified the design while bypassing H2O2
detection helped achieve low operating voltages. Preliminary
experiments showed that the sensors required O2 to operate, but

Figure 10. OECTs for metabolite sensing. (A) Normalized, real-time change in ID and IG (top), along with corresponding SNR of the microfluidic-
integrated glucose OECT sensor as a function of glucose concentrations (bottom). Reprinted with permission from ref 315. Copyright 2021, Elsevier.
(B) Chemically enabled potentiometric operation of anOECT transducer. (i) The redox active analyte is added to an electrochemical cell (RC) where
the electrode is redox active (i.e., RC anode). The change in VRC is used to operate the OECT potentiometrically by connecting the RC anode to the
Ag/AgCl gate electrode of the OECT. (ii) The ratio of the drain current modulation (ΔID) and gate current modulation (ΔIG) of the RC-OECT
(black trace) versus the amperometric OECT (A-OECT). Triangle indicates the addition of 33 mM H2O2 (redox active analyte) to the electrolyte.
The green dotted line indicates the ratio of unity. Reprinted with permission from ref 316. Copyright 2021 Wiley-VCH.
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their response was not entirely correlated with the consumption
of O2 by the enzymatic reaction. Finally, as mentioned above,
the sensitivity of OECT sensors could be modulated by the
operating conditions.301,311 An elaborated version of this sensor
containsmicrofluidics which improved the steady-state perform-
ances of the OECT by confining the electric field. The
microfluidics-integrated n-type OECT sensor had an enhanced
signal-to-noise ratio, an improved overall sensitivity, and a lower
LOD (1 nM) compared to the microfluidic-free design.315

These accumulation mode metabolite sensors have the
advantage of signal ON response upon metabolite binding and
low power consumption compared to PEDOT:PSS-based
depletion-mode OECTs.
Notably, when the enzymatic sensing event occurs at the gate

electrode of the OECT, we typically measure the same relative
amount of change in the gate and drain currents (Figure 10A).
Second, the maximum response to metabolite variations does
not occur at the VG which maximizes gm.

315 Although the sensor
sensitivity is the same when calculated from the gate or channel
currents, SNR is enhanced when deduced from the channel
(Figure 10A). Therefore, the only advantage of the use of
OECTs for enzymatic metabolite sensing is the improved SNR.
A recent report by Tan et al. focused on this issue and
investigated the correct use of the OECT as an amplifying
transducer for metabolite sensing.316 The authors demonstrated
that when the sensing mechanism relies on redox reactions and
charge transfer, having these reactions directly in the electrolyte
(or at the transistor interfaces) does not lead to signal
amplification. Instead, localizing the redox event on an external
electrode whose potential changes with the recognition event
and connecting that electrode to the gate of the OECT allowed
to achieve the amplification expected from the high gain
transistor (Figure 10B).

5. APPLICATIONS

Organic electronic metabolite sensors have been applied in
various forms: in point-of-care (POC) devices, attached to the
skin or textiles, inside living organisms, or at the interface with in
vitro tissues. Metabolite sensors should afford a wide linear
range, a low detection limit, fast response time, and high
selectivity toward the target. While most of the reports have
focused on building sensors that fulfill these requirements for in
vitro detection, additional properties are in demand for the
development of body-interfaced technologies. With their soft
mechanical properties, biocompatibility, and processability,
organic electronic materials are particularly promising for
wearable, implantable sensors and for applications at the
interface with in vitro tissues. Thus, a great deal of attention
has been put on materials design, interface optimization, and
device engineering, which we aim to review below.

5.1. In Vitro Metabolite Sensors

In vitro sensors detect analytes from bodily fluids such as blood,
saliva, and urine, from breath, or from the environment, such as
in wastewater. According to the World Health Organization
regulations, such sensors should be ASSURED: affordable,
sensitive, specific, user-friendly, rapid and robust, equipment-
free, and deliverable to end-users.317 The analytical performance
for in vitro tests is evaluated in terms of (1) analytical reliability
(sensitivity and selectivity), (2) analytical capacity (detection
limit and response time), (3) analytical variability (repeatability
and reproducibility), (4) analytical procedure (operational
easiness), and (5) analytical equipment (portability and

affordability).317 The performance requirements of each sensor
depend on the application area. For example, the in vitro analysis
of glucose from the blood ideally requires a wide linear range
covering the concentrations of hypoglycemia and hyper-
glycemia. At the same time, a low detection limit would be
necessary to detect trace glucose from urine. Below, we will show
some examples of organic in vitro metabolite sensors,
categorized by the fluid type they are based on.
Blood carries vital substances such as nutrients and oxygen to

cells and moves cells’ metabolic waste products away. Blood
tests have been the gold standard for clinical diagnostics,318 with
devices developed to monitor blood biomarkers.319 The target
metabolite level is commonly measured with capillary blood
drawn from fingertips via lancet approach, enabling measure-
ments from a small amount of blood. A vital metabolite present
in blood is galactose. When galactose builds up, especially in a
baby’s blood, it can cause liver damage and intellectual
disabilities. Manowitz et al. developed an amperometric sensor
to detect galactose in blood, based on galactose oxidase (GalOx)
and an electropolymerized 1,3-diaminobenzene/resorcinol
(poly(DAB/res)) film on a platinized carbon electrode.320 A
Nafion layer over the film eliminated interferences from AA,
urate, and paracetamol by electrostatic repulsion. The sensor
was used in conjunction with a flow injection analysis system and
detected galactose levels indirectly through amperometric
measurements of enzymatically formed H2O2. The linear
range in human plasma was up to 6.0 mM with a LOD of 50.0
μM, and the storage stability of the sensor was about 30 days at
room temperature. Amperometric galactose sensors comprising
GalOx were also built using MWCNTs and graphene.321 For
example, Tkac et al. made a film from a chitosan/CNT
dispersion via chemical cross-linking with glutaraldehyde. The
free aldehyde groups of glutaraldehyde were used for the
covalent immobilization of GalOx.322 The functionalization
process included stacked layers of Nafion/GalOx/Nafion to
block negatively charged interferents. This amperometric
biosensor detected preset concentrations of galactose spiked
in blood plasma, using a flow injection analysis system with a
high sample throughput while preserving a low LOD (2.0 μM).
While blood/plasma is the medium of choice for monitoring

biomarkers, its extraction is not always pain-free for the patient,
and the possible amount extracted is necessarily limited.
Repeated finger pricks hinder patient compliance because of
pain and result in skin irritation and possible bacterial infections.
The intrusiveness and inconvenience of such blood-sampling
methods emphasize the importance of noninvasive biosensing
technologies that use alternative biofluids.323 Human saliva has
been considered as an attractive biofluid for noninvasive
diagnostics due to both availability and reliability regarding
the evaluation of various biomarkers. Metabolitessuch as
glucose, lactate, phosphate, enzymes (e.g., alpha-amylase, sAA),
hormones (e.g., cortisol, steroids), and antibodies (e.g., IgA,
IgG)in the blood can diffuse through para-cellular or trans-
cellular pathways in the oral cavity.324,325 The correlation
between the blood and saliva concentration of different
biomarkers and metabolites such as lactate, ethanol, cholesterol,
or glucose has been partially established.326−328 Pappa et al.
reported a microfluidic integrated PEDOT:PSS-based OECT
microarray for the quantitative screening of glucose, lactate, and
cholesterol.329 The sensor incorporated the corresponding
enzymes with an electron mediator (ferrocene), thus lowering
the gate electrode’s working potential while ensuring selectivity
in the presence of interferences (LOD = 10 μM for glucose and
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cholesterol, 50 μM for lactate). In addition, the authors
developed a simple method to facilitate multianalyte sensing
while avoiding electrical crosstalk between the different
transistors using distinct sources of each transistor pair. The
sensor provided a short detection time of around 1min in a small
volume of saliva (30 μL) (Figure 11A). An alternative design
was suggested by Ji et al., who carried out similar metabolite
measurements in saliva by integrating a PDMS-based dual
microfluidic channel structure with OECT-based glucose and
lactate sensors (Figure 11B).306 The gold gate electrode was
modified with GOx/LOx and poly(n-vinyl-2-pyrrolidone)-
capped Pt NPs. The modified microfluidic sensor measured
the concentration of metabolites at μM concentrations. A
portable potentiometric wireless (Bluetooth) prototype of the
glucose sensor was then demonstrated with an accuracy on par
with its bench-type analog. Du et al. developed a screen-printed,
amperometric enzymatic glucose sensor for diabetes manage-
ment from saliva.330 They utilized a layer-by-layer assembly
process to functionalize the working electrode surface. The
multilayer films were composed of SWCNTs functionalized
with carboxylic acid groups and three repeated layers of
chitosan/GNPs/GOx to achieve the highest sensitivity while
preserving the selectivity of the sensor. The sensor detected

glucose in the range of 0.06−2.5 mM in saliva samples taken
from 10 healthy subjects during fasting, before, and 2 h after
having the meal with excellent accuracy and monitored glycemic
levels. Zhang et al. developed a disposable amperometric sensor,
where a SWCNT/platinum working electrode was function-
alized with multilayers of chitosan, GNPs, and GOx.331 They
conducted salivary glucose monitoring measurements on two
healthy individuals after a standard glucose beverage intake. The
results were validated with parallel blood glucose measurements,
allowing for diagnosis of diabetes through saliva instead of
blood. The sensor had a dynamic range of 0.005−1.1 mM,
sufficient to be clinically applicable for diabetes diagnosis.
Another physiological fluid of clinical interest is urine. Urine

ensures high compliance with the patient as it can easily be
extracted without any pain while providing a large sample
volume. Urine is often used as a diagnostic tool for many disease
conditions since it contains various metabolites such as glucose,
lactate, urate, ascorbate, cholesterol, and oxalate. For instance,
glucose found in urine is associated with diabetes,332 whereas
lactate is a prognostic marker for various disorders; in addition,
urinary lactate has been shown to correlate with blood lactate.333

There are also reports showing correlations between other
biomarker levels in blood/plasma and urine, such as ascorbate

Figure 11.Metabolite sensing from bodily fluids. (A) (i) Schematic illustration of a PEDOT:PSS-based OECT array integrated with “finger-powered”
PDMS microfluidic used for multianalyte detection in saliva. The gate electrodes were functionalized with corresponding enzymes. (ii) Saliva
metabolite levels of five healthy volunteers as read from the ID of the device. Reprinted with permission from ref 329. Copyright 2016Wiley-VCH. (B)
(i) Schematic diagram of smartphone-controlled OECT-based glucose sensor. (ii) The device is operated to detect glucose in human saliva by
monitoring a change in sensing response into a readable voltage signal. Reprinted with permission from ref 306. Copyright 2016 Wiley-VCH. (C) (i)
Design of a core−shell conductive nylon fiber with multilayers of Cr/Au/PEDOT:PSS/Parylene and (ii) a flexible fabric OECT sensor made by
weaving fiber-based devices with cotton yarns. (iii) Current response of the fabric glucose sensor integrated into a diaper upon sequential additions of
artificial urine, 3 mM glucose solution (second arrow), and 1 mM uric acid solution (third arrow). Reprinted with permission from ref 335. Copyright
2018 Wiley-VCH.
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and oxalate.334 Yang et al. developed OECT-based metabolite
sensors comprising Cr/Au and PEDOT:PSS layers deposited
onto nylon fibers.335 The modified fibers, together with woven
cotton yarns, became flexible and stretchable fabric biosensors
(Figure 11C). Upon exposure to artificial urine, the woven
OECT sensors showed selectivity and a low LOD for glucose
(30 nM), dopamine (10 nM), and UA (30 nM). The fabric
devices were integrated into a diaper and remotely operated
using a mobile phone, offering a convenient, wearable platform
for healthcare monitoring.
Urine analysis can also be used for monitoring neuro-

degenerative disorders such as Parkinson’s disease (PD). In PD,
the loss of dopaminergic neurons causes limited DA release in
the striatum, resulting in impaired motor functions. To evaluate
the progression of PD, DA is generally considered as one of the
key neurotransmitters to look for. The typical concentration of
DA in blood is within the micromolar range, while in urine, this
corresponds to the nanomolar range.336 Manbohi and Ahmedi

developed an amperometric, microfluidic paper-based sensor for
sensitive, selective, fast, and low-cost detection of DA in
urine.337 A mixture of graphite−chitosan−polyethylene glycol
(PEG) was used as the basis of a working electrode, while silver
ink was employed for the counter and reference electrodes. To
improve the sensitivity and selectivity of the sensor toward DA,
the authors examined different nanomaterial combinations,
including MWCNTs, graphene, and Fe3O4 nanoparticles, where
all combinations were shown to have excellent features. The
device performance was evaluated in blood and urine samples by
using differential pulse voltammetry. The LOD was reported as
0.01 μM, which is 2 orders of magnitude less than the critical
concentration.

5.2. Body-Interfaced Sensing Platforms

While significant progress has been made toward the develop-
ment of in vitro POC technologies, the developed devices do not
provide a continuous profile of metabolite levels. Therefore,
they are prone to miss abrupt concentration changes in

Figure 12. Integrated and wearable multifunctional sweat-sensing. (A) (i−ii) Photographs of the graphene-based wearable sensor connected to a
portable electrochemical analyzer for diabetes monitoring. The electrochemical analyzer wirelessly communicates with external devices via Bluetooth.
(iii) One-day monitoring of glucose concentrations in the sweat and blood of a volunteer. Optical images of the (iv) humidity, (v) glucose and pH, and
(vi) temperature sensors. (vii) Comparison of the average glucose concentrations with the commercial glucose assay data, before and after correction
using the measured pH. Reprinted with permission from ref 348. Copyright 2016, Nature Publishing Group. (B) (i) Photograph of a wearable smart
wristband-based sensor and the wireless FPCB. (ii) Schematic of sensor arrays including glucose, lactate, and ion sensors for multiplexed perspiration
analysis. (iii) Comparison of ex situ and on-body recordings acquired from the sodium and glucose sensors. The ex situ data are measured from the
collected sweat samples, and the on-body readings are from the volunteers who wore the device during the stationary cycling exercise. Reprinted with
permission from ref 350. Copyright 2016, Nature Publishing Group.
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physiological fluids. Continuous tracking of circulating metab-
olites plays a significant role in depicting a complete view of the
body’s dynamic chemistry while providing better monitoring
and control of health conditions and possibly preventing
complications. The continuous flow of data can provide
actionable feedback to the user to adopt lifestyle routines and
daily activities such as nutrition and physical exercise. Thus,
body-interfaced electrical metabolite sensors offer tremendous
potential for transforming the current laboratory-based
examinations into personalized healthcare and precision
medicine, with none or minimally invasive sampling methods.
Such sensors should be simple, low-cost, and compatible with
simple readout electronics and allow for a fast sample-to-result
process and frequent and convenient harvesting of relevant
physiological data from noninvasively accessible biofluids such
as sweat.
Organic electronic materials serve as an ideal electronic

component for body-interfaced sensing platforms because of
their additional properties such as softness, lightweight, low cost,
flexibility, and conformability.338 Here, we review the designs
and detection strategies of such devices relying on organic
electronicmaterials. These devices are either attached to the skin
(cutaneous) or in an implantable format, and they enable real-
time monitoring of metabolites in sweat, interstitial fluid (ISF),
tears, and saliva. We note that most of the devices comprise
carbon-based nanomaterials while the use of conjugated
polymers is relatively new and mostly limited to PEDOT
derivatives and sometimes PANI.
5.2.1. Cutaneous Metabolite Sensors. 5.2.1.1. Sensing

from Sweat. Sweat is one of the essential body fluids that
comprise diverse information about the human physiological
state. Sweat glands are distributed throughout the body, and
hence, the sweat response is generally considered rapid enough
to reflect the changes in the physiological conditions of the
body.339 Sweat is accumulated on the skin surface after isotonic
secretion from the secretory coil of the sweat gland and salt (e.g.,
NaCl) reabsorption through the reabsorptive duct. Metabolites
such as glucose and lactate are present in sweat and have proven
to be correlated to their blood levels.340,341 Abnormal health
conditions can change the sweat composition by affecting the
concentration of its components or by the occurrence of new
ones. Although the segregating mechanisms at play are still
poorly understood, it has been hypothesized that analytes
contained in sweat passively or actively diffuse from the
neighboring blood or ISF at levels ranging from traces (e.g.,
proteins, pM− nM), to intermediate (e.g., glucose, μM), and to
high concentrations (e.g., urea and lactate, mM).342,343 Several
studies presented that sweat glucose is correlated to blood
glucose, as such it can be used for diabetes screening and
management, while abnormally high sweat urea concentration
can suggest kidney failure.341 Similarly, sweat lactate is
speculated to be informative of the physiological status (e.g.,
physical stress and aerobic/anaerobic transitions).344,345 These
observations havemade sweat an accessible and ideal biofluid for
noninvasive biosensing compared to the more conventional
blood.346

To date, the majority of the reported sweat sensors rely on
oxidase enzymes to quantitatively detect the enzymatically
formed H2O2.

347 For example, Lee et al. developed a graphene-
based amperometric and enzymatic sensor for sweat glucose.348

The device was integrated on a stretchable patch as well as on a
disposable strip. The stretchable platform was based on the
bilayer of gold serpentine mesh and gold-doped graphene that

formed an efficient electrochemical interface with a high active
surface area to detect low amounts of H2O2 in sweat in a stable
and real-time manner (Figure 12A). The graphene hybrid
electrode contained PB to lower the potential (close to ≈0 V vs
Ag/AgCl) required for H2O2 reduction. Sweat can be as acidic as
pH 4−5 depending on the amount of secreted lactic acid, and its
temperature is directly affected by the ambient conditions.323 An
increase in temperature leads to higher enzymatic activity,
causing glucose levels to be overestimated. A similar effect is
observed due to the pH-dependent enzyme activity. To correct
for the potential distortions of the sensor’s response triggered by
pH and temperature changes, a pH sensor made of PANI/
graphene and a temperature sensor made of graphene were
integrated on the patch along with the glucose sensor. The patch
also included a humidity sensor based on an interdigitated
PEDOT electrode which ensured that a critical amount of sweat
is present on the skin before glucose sensing. The combination
of glucose, temperature, and pH sensors enhanced the accuracy
of glucose monitoring by providing real-time corrections of the
measured glucose levels (Figure 12A, vii). The authors
successfully monitored glucose fluctuations in diabetic mice
(with accuracy comparable to a commercial glucose assay kit).
They also effectively delivered the Metformin drug (through
polymeric microneedles that are thermally activated) to reduce
blood glucose levels. The same group later presented another
version of their wearable/disposable sweat-based glucose
monitoring and drug delivery platform, this time integrated
with a feedback transdermal drug delivery module.349 The
diligent engineering of the patch design into multiple sweat-
uptake waterproof layers increased the sweat collection
efficiency. Furthermore, miniaturization of the sensor improved
the sensing performance while enabling low operation volume
(down to ∼1 μL of sweat). The system was successfully tested
on diabetic mice, with results indicating decreased blood glucose
levels after the delivery of the drug (Metformin).
In another example, Gao and Emaminejad et al. developed a

wearable and flexible device based on an integrated SWCNT
electrode array for multianalyte monitoring and on-site
perspiration analysis.350 The device transmits the data to the
user’s phone via a flexible printed circuit board. The platform
presents an unprecedented level of integration by simulta-
neously and selectively measuring sweat metabolites (such as
glucose and lactate) and electrolytes (such as sodium and
potassium ions), as well as skin temperature to calibrate the
response of the sensors (Figure 12B).350 Glucose and lactate
were amperometrically detected using mediated electron
transfer between PB and the corresponding enzymes (GOx
and LOx, respectively), immobilized on a chitosan/SWCNT/
gold electrode. The authors demonstrated in situ sweat analysis
using exercise sweat perspiration with a high correlation among
the results obtained from ex situ analysis. The work also reported
varying glucose concentrations at different body locations
(wrist, forehead, and arm) attributed to glucose dilution in sweat
and temperature-dependent GOx activity. With this design, it
was possible to obtain an accurate assessment of the metabolite
levels of human subjects by maintaining the selective operation
of individual sensors during multiplexed measurements.
However, as widely reported in the context of conventional
electrochemical sensors, PB-based sensors have a significant
shortcoming.351−353 PB-based sensor responses are sensitive to
the ionic strength of the solution as they rely on ionic species
(such as potassiumK+) for charge compensation for the
intended PB-based redox reactions.354,355 Furthermore, varia-
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tions in the biofluid pH (especially around neutral pH) can lead
to the loss of the PB electrocatalytic activity by degrading the PB
framework.356,357

To address these inherent limitations of PB-based sensor
operation, Cheng et al. designed a mediator-free metabolite
sensor.358 Pt NPs electrodeposited on MWCNTs served as the
sensing electrode for the detection of H2O2. The developed
platform detected glucose, lactate, and choline, through
immobilization of their corresponding oxidase enzymes. To
achieve high sensor selectivity, sensitivity, and stability, they
used a permselective membrane (poly m-phenylenediamine
PPD) to repel interfering electroactive species. The perform-
ances of the sensors were optimized through the individual
engineering of the permselective membrane, acting as a diffusion
limiting layer. As shown in Figure 13A, the sensors were
integrated within a custom-developed smartwatch consisting of

a sweat stimulating iontophoresis module with a wireless data
transmission unit. The interface displayed high sensitivity and
selectivity with relatively good stability (<6.5% signal drift over
20 h of operation) in sweat samples.
Various substrates based on silicone (e.g., PDMS, Ecoflex,

Solaris) or polymeric (e.g., PVA, PET, PEN) materials have
been used for wearable sensor applications as the skinlike elastic
properties of these materials provide conformability and
permeability. An alternative substrate consists of a paper-based
tattoo.359−364 The temporary-transfer tattoo sweat biosensor is
compact and flexible and has enabled continuous and in situ
measurements of various analytes and health indicators,
including glucose, lactate, pH, and alcohol. These works printed
layers of electrode materials (such as carbon, Ag/AgCl) and
insulators on a tattoo paper sheet with the designed patterns.
The electrodes were then modified with appropriate enzymes,

Figure 13. Metabolite sensing in sweat. (A) Schematic diagram of a mediator-free electroenzymatic wearable sensing system. The sensor interface
includes an enzymatic layer, a permselective membrane, and a MWCNTs/Pt NPs-based H2O2 electroanalysis layer. A complete wearable sensing
system in the form of a smartwatch, consisting of the metabolite sensor interfacing a readout circuit board (with an optional iontophoresis module for
on-demand sweat induction). Reprinted with permission from ref 358. Copyright 2020 Wiley-VCH. (B) (i) Schematic of a three-electrode
configuration of a MWCNT-based tattoo biosensor and (ii) the enzymatic reaction of lactate sensing. (iii) The device is mounted on a volunteer’s
deltoid for real-time detection of lactate during exercise. Reprinted with permission from ref 359. Copyright 2013 American Chemical Society (C) (i)
Photograph of an iontophoretic alcohol sensing tattoo with an integrated flexible electronic board on a human subject. (ii) Schematic diagram of the
working principle and (iii) the wireless operation. The active material of the sensor is PBmixed with conductive carbon ink. Reprinted with permission
from ref 363. Copyright 2016 American Chemical Society. (D) (i) Image of the autonomous sweat extraction and sensing platform which uses
SWCNT electrodes for glucose monitoring. (ii) Zoomed in image of the platform with iontophoresis electrodes. Reprinted with permission from ref
343. Copyright 2017 National Academy of Sciences of the United States of America. (E)Microfluidic device design, operation, and integration on skin
with wireless conformal electronics. PB conductive carbon ink was chosen as an electrode material. Reprinted with permission from ref 368. Copyright
2017 American Chemical Society. (F) (i) Photograph of interchangeable sticker printed sensors along with eyeglasses biosensor system. (ii) Schematic
of electrochemical potassium sensor and lactate sensor. The conductive carbon ink was used as the WE and functionalized with ion-selective
membranes. Reprinted with permission from ref 369. Copyright 2017 Royal Society of Chemistry.
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mediators, and sensing/diffusionmembranes. In Figure 13B, the
electrode was modified with CNTs bearing a mediator

(tetrathiafulvaleneTTF) and LOx for continuous monitoring
of lactate in sweat during exercise.359

Figure 14.Metabolite sensing in sweat. (A) (i) Field emission SEM image of the cotton wire functionalized with PEDOT:PSS. (ii) Schematic of the
cotton-OECT channel with a Pt gate and an adrenaline molecule. (iii) Reaction for the adrenaline oxidation and adrenochrome formation. Reprinted
with permission from ref 372. Copyright 2014 Royal Society of Chemistry. (B) (i) Schematic drawings of the patch-type wearable cortisol sensor. The
sensor consists of an OECT on a flexible substrate with the PEDOT:PSS channel and the molecularly selective membrane. (ii) The device is employed
to male volunteer’s forearm and was tested by spraying artificial sweat with increasing concentrations of cortisol on the volunteer’s forearm and
measuring the corresponding output current. Reprinted with permission from ref 374. Copyright 2018, Parlak et al., AAAS. (C) (i−ii) Schematic
illustration of the synthesis of the MIP attached carbon-based sensor and its working mechanism. (iii) Touch-based fingertip cortisol sensor, with
photos depicting the sweat uptake process and insertion into the reader unit. (iv) Stretchable epidermal cortisol patch with (a) the structure of the
stretchable sensor, (b) a photo demonstrating the patch on the skin, and (c) the sensing mechanism of the epidermal cortisol patch. Reprinted with
permission from ref 375. Copyright 2021 Wiley-VCH.
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The in situ sweat sensors described above were mostly
designed for individuals performing vigorous exercise such as
running or cycling to generate sweat. Although sweat production
by exercise is viable for evaluating the performance of these
sensors, it is not the ultimate solution for sweat induction and
continuous sweat monitoring. Sensing from sweat comes with
other challenges rather than just its extraction. A reliable sweat
analysis sensor requires actuation systems for collecting minimal
volumes in a way that prevents sweat contaminations from dirt,
debris, oils, and skin biomarkers, as well as its evaporation. One
well-developed sweat induction method is iontophoresis. In
iontophoresis, an electrical potential is applied between the two
ends of the test site (e.g., wrist), and a positively charged
substance, usually pilocarpine, is dropped on the skin at one end.
The potential difference between these points drives a mild
electric current that carries the pilocarpine into the skin,
stimulating sweat glands.365 Kim et al. combined pilocarpine
iontophoresis with in situ sweat alcohol sensing using the
wearable tattoo technology described above (Figure 13C).363 By
applying a constant current through the screen-printed carbon-
based tattoo electrodes, sweat was inducted and immediately
used for detecting ethanol. The detection relied on PBmediated
detection of H2O2 which was produced from ethanol oxidation
by the enzyme ethanol oxidase. Emaminejad et al. demonstrated
a fully integrated and autonomous platform that enabled
continuous and noninvasive amperometric monitoring of
glucose, Na+, and Cl−) from sweat (Figure 13D).343 The
glucose sensor was made of a GOx/chitosan/CNT layer formed
on top of the PB/gold electrode. Through optimization of the
sweat-stimulating drug concentration (acetylcholine, methacho-
line, and pilocarpine) in the custom-developed iontophoresis
hydrogels, the authors were able to temporally control sweat
secretory rates over 100 nL/min/cm2. The hydrogels allowed
sufficient amounts of sweat to be extracted for reliable analysis
without causing skin damage or discomfort to the patients.
Analyzing sweat metabolites’ levels in situ reduced the risks
associated with sweat degradation, evaporation, and/or
contamination. The estimated sweat glucose levels showed a
good correlation to blood glucose levels determined using a
commercially available glucometer (GE100, BionimeCoro). An
interesting alternative to decrease the sweat sampling volume
was suggested by Peng et al., who used an oil/membrane
approach based on carbachol iontophoresis for sweat
stimulation. The approach reduced the sweat sample volume
from the microliter to the nanoliter regime.366 The cosmetic-
grade oil used, combined with a microporous membrane,
reduced the possible hydrophilic contaminants from the skin,
and the low sample volume achieved sampling intervals every
few minutes.
While still widely applied, sweat extraction via iontophoresis

has been shown to induce skin irritation and patient
discomfort.367 Other techniques for efficient yet noninvasive
sweat extraction are needed. Martin et al. developed a flexible
microfluidic integrated epidermal platform with enhanced sweat
sampling capability.368 Unlike in the previous examples, sweat
secretion here does not rely on electrical stimulation or
hydrodynamic systems through the skin pores, but on intrinsic
sweat secretion. The platform was composed of two soft PDMS
layers; the first layer contained a three-electrode system (screen-
printed carbon-PB acting as WE and CE and an Ag/AgCl RE),
while the second one comprised the microfluidic channels and
the sweat detection reservoir. The carbon-PB electrodes were
functionalized with LOx or GOx (Figure 13E). The device was

tested on human subjects, and on-body sensing of lactate and
glucose was successfully demonstrated during ∼20 min of
indoor fitness cycling. The platform showed no discomfort to
the wearer while retaining performance against continuous
mechanical deformations.
As discussed above, wristbands, headbands, watches, and

tattoo-based accessories are often used as a platform for
wearable sensors. Google initiated an attractive alternative under
Google Glass, a project to develop eyeglasses with the
functionality of metabolite detection.370,371 Eyeglasses are
extremely common, particularly among the elderly, who would
largely benefit from a more frequent metabolite monitoring.
Sempionatto et al. demonstrated the first example of eyeglasses
monitoring lactate and potassium ions from sweat without any
cross-talk issues.369 The active carbon-based electrochemical
sensor units were integrated into the nose-bridge pads of the
glasses, and the electronic circuit board located along the glasses’
temples enabled Bluetooth wireless data transmission to the host
device (Figure 13F). Such “lab-on-a-glass”-based biosensor
platforms could allow for the simultaneous monitoring of other
sweat metabolites. Furthermore, sunglasses can be an attractive
alternative accessory for metabolite monitoring from sweat,
which will be excessively produced under sun exposure.
Most of the previous examples, along with the majority of the

published literature on wearable sensors for sweat analysis, are
based on amperometric electrodes, and they carry a set of
limitations.164,289 First, the obtained signals have usually low
amplitude and, therefore, need to be amplified to be detectable.
Additional circuit components should be used for amplification,
which renders the whole platform bulkier and increases its
complexity. Miniaturization of the sensors could be a solution to
allow more space for these components. However, electrodes
lose performance when miniaturized due to the propagation of
impedance, hindering the adaptation of the devices into different
form factors and restricting their use to large-scale geometries.
Finally, electrochemical sensors require an external RE, adding
complexity to the design. With the inherent amplification
property, transistor technology has been proposed as an
alternative for wearable metabolite sensors. For instance,
Coppede et al. fabricated a simple, low-cost e-textile
PEDOT:PSS-based OECT, incorporated in cotton yarn for
the real-time detection of adrenaline in sweat (Figure 14A).372

The device has two different gate electrodes, an Ag and a Pt wire,
allowing two independent and simultaneous measurements.
The Pt gate electrode was used to oxidize the adrenaline, and the
corresponding drain current was monitored for detection, while
the Ag electrode monitored the saline (NaCl) content. Gualandi
et al. also developed a textile-based wearable OECT where both
the channel and the gate electrodes were fabricated by screen-
printing of PEDOT:PSS directly onto the fabric.373 The sensor
detected various metabolites such as adrenaline, dopamine, and
ascorbic acid in real-time operating conditions. The response of
the OECT toward the metabolites was examined in artificial
sweat. The transistor architecture allowed for low voltage
operation, thus lowering the required power to operate the
sensors down to microwatts.
Although sensing from sweat has been primarily used to

monitor health conditions (diabetes, (de)hydration, etc.) and/
or athletic performances (lactic acid, electrolyte levels), it can
also provide a minimally invasive opportunity to monitor more
distant health indicators, such as stress. A prime example is the
monitoring of cortisol. Adrenal glands secrete cortisol into the
bloodstream, and increased cortisol levels can have harmful
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effects on the regulation of various physiological processes, such
as blood pressure and glycolysis. The sustained levels of stress
can also lead to chronic diseases by interrupting the body’s
homeostasis. Parlak et al. have developed an OECT platform
integrated with a biomimetic, polymeric porous membrane
(Figure 14B).374 This wearable device was based on a
PEDOT:PSS channel functionalized with the cortisol-selective
MIP type membrane, all integrated on a flexible and stretchable
elastomeric substrate. The sensor presented a wide dynamic
range from 0.01 to 10.0 μMwith a sensitivity of 2.68 μA/dec and
an outstanding selectivity against interferents. The sensor was
stable at body temperature and under physical deformations.
For the on-body efficient sweat sampling, the authors devised a
passive fluid control system by using a laser-patterned
microcapillary channel array, which sufficiently delivered the
sweat sample to the sensor through capillary forces after a 20
min-intensive outdoor running exercise. However, producing

sweat via rigorous exercise can potentially cause physiological
stress, resulting in alteration in cortisol level and imprecise stress
evaluation. Thus, the sweat collection step represents a
limitation of this device, which could benefit from the alternative
collection strategies presented above.
Natural perspiration offers a suitable approach to collect sweat

with minimal effort compared to active sweat secretion methods
such as exercise and iontophoresis.376 Tang et al. developed a
fingertip touch-based electrochemical sensing platform, en-
abling reliable detection of stress-free (endogenous) cortisol
level in sweat via a natural sweat sampling method (Figure
14C).375 The fingers were chosen as the active sensing zone due
to the higher density of eccrine sweat glands present in this body
part, thus generating a high volume of sweat.376 The screen-
printed PPy electrode surface was covered with a selective MIP
porous membrane that was synthesized with PB as the
embedded redox probe. In the presence of cortisol molecules,

Figure 15.Metabolite sensing in ISF. (A) (i) Tattoo-based platform for noninvasive glucose sensing using carbon electrodes. (ii) Photograph of the
iontophoretic glucose-sensing tattoo device on a human subject. (iii) Schematic of the time frame of a typical on-body study and the different processes
involved in each phase. Reprinted with permission from ref 378. Copyright 2015 American Chemical Society. (B) (i) Schematic of Pt NPs-decorated
graphene electrode detecting glucose electrochemically through a miniaturized enzyme-encasing gel reservoir, into which glucose is extracted. (ii)
Principle of a pixel-based array targeting transdermal individual preferential glucose pathways. With a sufficiently dense pixel array and the correct pixel
size, a number of such pathways are sampled randomly and individually by the pixel devices. In this way, the concentration of glucose extracted via the
hair follicles is in a fixed relationship with that in the ISF. (iii) Photograph of screen-printed array fixed onto a volunteer’s forearm. Reprinted with
permission from ref 385. Copyright 2018, Nature Publishing Group.
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the PB electron transfer pathways were blocked and induced a
decrease of the PB oxidation current, monitored by ampero-
metric measurements. The stretchable epidermal patch was able
to determine the cortisol level in 3.5 min, enabling the capture of
sudden fluctuations of cortisol levels.
5.2.1.2. Sensing from ISF. ISF is another epidermal fluid that

can inform about the metabolite levels within the body. The ISF
composition is similar to blood, containing molecules such as
salts, ethanol, glucose, and proteins.377−379 Much like sweat
sensing platforms, noninvasive ISF monitoring systems rely
mainly on reverse iontophoresis by applying a potential
difference between two electrodes on the skin.380 For instance,
GlucoWatch employed reverse iontophoresis to bring the ISF

through the skin to the attached sensor. Despite its promise, the
GlucoWatch required a certain time for sufficient ISF extraction
and still suffered from inaccuracy,381 arising from the interferent
species in sweat. Ultimately, the product was removed from the
market due to iontophoresis-related skin irritation and blisters
occurring during continuous usage.382 A possible solution to
extract the sweat without causing any skin irritation is to deploy
the iontophoresis at low voltage or current density. Bandodkar et
al. introduced an all-printed flexible temporary tattoo for
noninvasive glucose monitoring through the ISF.378 Compared
to GlucoWatch, the sensor operated at a lower potential for the
amperometric detection of H2O2 using a conductive carbon
modified electrode bearing GOx and PB. The reverse-

Figure 16. Real-time and noninvasive monitoring of ISF and sweat with a wearable device. (i) Illustration of a wearable sensor fabricated with a PB
conductive carbon electrode on a printed tattoo platform for glucohol (glucose + alcohol) sensing on a human subject. A wireless connection managed
the data transmission. (ii) Photograph of the sensor along with the circuitry board. (iii) Schematic illustration of the sensor operation principle. Sweat
is withdrawn to the sensor by iontophoretic delivery of pilocarpine at the anode. Alcohol inside the sweat is then oxidized to acetaldehyde, while H2O2
reacts with the PB side of the carbon electrode. Similarly, simultaneous reverse iontophoretic sampling of ISF occurs at the cathode. Glucose in ISF is
oxidized to gluconic acid via GOx while H2O2 reacts with the PB side of the carbon electrode. (iv) Schematic representation of the glucose sensor,
showing the electrode layout with iontophoretic gels and the cross-sectional view of the working electrodes. (v) Schematic representation of biosensing
operation. Amperometric detection of alcohol through sweat and of glucose in the extracted ISF using Alcohol oxidase (AOx) and GOx, respectively,
along with catalysis of the H2O2, as the product of these enzymatic reactions. Reprinted with permission from ref 387. Copyright 2018 Wiley-VCH.
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iontophoresis electrodes (Ag/AgCl with an agarose hydrogel
coating) employed minimal current density to extract and
deliver the ISF glucose to the sensing electrode (Figure 15A).
The device was tested on healthy individuals for pre- and
postmeal glucose monitoring, showing high accuracy without
the adverse effects generally displayed by iontophoresis. Another
general drawback with reverse iontophoresis is that metabolites,
e.g., glucose, are indiscriminately extracted through a large area
of the skin, leading to their dilution before quantification.

Therefore, devices that rely on reverse iontophoresis, such as the
GlucoWatch, ideally require a precalibration step using blood
pricking. Lipani et al. proposed an interesting solution by
exploiting the fact that most of the electroosmotic flow during
iontophoresis should follow the path of least resistance, that is
primarily through hair follicles.383,384 The authors reported an
amperometric glucose-sensing platform that extracted ISF
glucose via electroosmosis through individual follicular path-
ways in the skin. The platform consisted of a miniaturized pixel

Figure 17.Wearable multimodal sensors. (A) (i) Illustrations of the placement of the multifunctional screen-printed carbon electrodes on the skin and
the enzymatic sensors for analytes in ISF and sweat. (ii) Schematics of the acoustic and electrochemical sensing components of the sensor and the
hydrogels for sweat stimulation and ISF extraction. (iii) Acoustic sensing and iontophoresis mechanism of the integrated sensor. Reprinted with
permission from ref 388. Copyright 2021, Nature Publishing Group. (B) (i) Schematic illustrations of a disposable sweat-analysis strip for glucose
detection and a wearable smart band for monitoring heart rate, blood oxygen saturation level (SpO2), and physical activity. (ii) Schematic illustration
showing combined use of electrochemical and physiological data. (iii) Diagram of the measurement procedures starting from the sweat sample
collection to the sensing measurement. Reprinted with permission from ref 390. Copyright 2018 Wiley-VCH.
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array of GOx/PT NPs decorated graphene electrodes (Figure
15B).385 The array architecture of the pixel sensors ensured
access to a single follicular pathway, from which glucose was
extracted through reverse iontophoresis and provided a constant
dilution factor. Based on the hair densities on conveniently
accessible sites on the human body, a properly selected array
allowed access to a single preferred follicle pathway. The tests on
healthy human subjects demonstrated the ability to continu-
ously track glucose for 6 h through the hypo- to the hyper-
glycemic range. The results were validated by blood glucose
measurements using a commercial glucose meter. It should be
noted that there is, however, a time lag before the changes in
blood levels are reflected in the ISF fluid (e.g., typically 15 min
for glucose).386

Monitoring metabolites simultaneously from both ISF and
sweat can enhance the accuracy and reliability of the
measurements and extend the number of biomarkers present
in epidermal biofluids. Kim et al. developed a wearable device,
enabling parallel and independent sampling and monitoring of
glucose and alcohol from ISF and sweat.387 The sensor was
fabricated on a temporary, single-use tattoo by screen printing a
PB conductive carbon ink. The dual-sensor employed reverse
iontophoresis for ISF extraction at the cathode and iontopho-
resis-induced drug delivery agent (positively charged pilocar-
pine) at the anode for localized sweat generation (Figure 16).
Different types of hydrogels were used to cover each
compartment to prevent skin burning during the iontophoretic
stimulation. During iontophoretic stimulation, electrorepulsion
and electro-osmotic forces induced flow on both charged
(ascorbate, urate) and neutral molecules (glucose, urea),
collected in the vicinity of an electrochemical sensor. The
iontophoretic modules were incorporated with amperometric
enzyme-based biosensors on a wearable tattoo, allowing real-
time detection of glucose from ISF at the cathode and alcohol
from sweat at the anode side. The sensor was integrated on
healthy human subjects following food and drink consumption,
and the accuracy of the results was validated with a commercial
blood glucometer and breath-analyzer devices.

The wearable systems presented so far cannot measure
biochemical information and physiological signals simultane-
ously. The ability of wearable devices to monitor biomarkers
while gauging physiologically relevant parameters can aid in
elucidating the additive effects of multiple stimuli on the user’s
health. Sempionatto and Lin et al. developed a skin-worn device
capable of parallel monitoring of multiple metabolites (glucose
from ISF, lactate, caffeine, and alcohol in sweat) as well as
cardiovascular parameters such as blood pressure (BP) and
heart rate (HR).388 The authors integrated a piezoelectric
(acoustic) transducer used for BP and HR monitoring on a
flexible substrate which also houses the screen-printed carbon-
based electrochemical sensors for the metabolite measurements
(Figure 17A). Electrochemical sensing was achieved by
iontophoresis sweat stimulation via transdermal pilocarpine
delivery at the anode, along with ISF extraction at the cathode.
Their multimodal wearable technology presented a promising
platform for correlating common daily activities such as exercise,
drinking, and eating with changes in BP, HR, and biomarker
levels. The same group designed another wearable hybrid
sensing system to simultaneously monitor lactate levels and
HR.389 A fully integrated sensor (comprising a sensory
component, a microcontroller, a wireless communication
system, and an acquisition system) was later introduced as an
epidermal patch. The sensory component was composed of a
screen-printed three-electrode-based amperometric sensor and
two carbon-based electrocardiogram electrodes for the simulta-
neous measurement of lactate and electrophysiological param-
eters.
In another study, Hong et al. developed a multifunctional

wearable system, consisting of a disposable glucose-sensing strip
and a wearable smart band, to analyze sweat glucose levels while
continuously monitoring vital physiological signals such as HR
and blood oxygen saturation level (Figure 17B).390 The
disposable glucose sensor is composed of three carbon WEs
operated sequentially to maximize the sensing accuracy. After
the sweat generation and collection, the glucose strip was
inserted into the connecting port of the smart band, wirelessly

Figure 18.Wireless smart bandage sensor for UA. (i) Fabrication of the smart bandage device by screen-printing. (ii) The wearable sensor determines
the UA concentration from a skin wound and wirelessly communicates with a Smartphone. (iii) The reaction mechanism of amperometric detection
for UA using carbon working electrodes and PB mediator. Reprinted with permission from ref 391. Copyright 2015, Elsevier.
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transferring the data to the connected mobile phone. They
tested the sensor over a month using four subjects and reliably
monitored the pre-/postexercise glucose levels, HR, and blood
oxygen saturation levels, important to prevent hypoglycemic
shock during intense exercise.
While wearable electrochemical sensors allow for continuous

or on-demandmonitoring of one’s health “levels”, they also have
attractive applications to indicate how well one is recovering.
Wound healing typically undergoes three stages, including
vascularization, granulation, and re-epithelialization. The
chemical composition of wound exudates changes significantly
over the three stages and is crucial for proper healing. Relevant
parameters such as the UA concentration of the wound exudates
could indicate the stage of healing and the presence of a possible
infection. Kassal et al. constructed a UA-sensing bandage with a
wireless connection feature (Figure 18).391 PB modified carbon
electrodes were screen-printed onto a commercial bandage, and

uricase was then immobilized on the working electrode as a
sensing unit. UA oxidation by the enzyme produced H2O2,
which was then reduced catalytically by the PB-carbon
electrode. The bandage was connected to a potentiostat that
measured the biosensor current output and transferred the data
wirelessly. Wound UA levels can also be detected with fiber-
shaped sensors. Liu et al. developed a conductive polyester
thread coated with Ag/AgCl or carbon ink.392 The sensors were
embroidered, and uricase was immobilized onto the working
electrode. The embroidered structure had a stable and
consistent response in simulated wound fluid between flat and
bending conditions. Galliani et al. developed a printed OECT
biosensor for monitoring UA as a bacterial infection marker in
wounds.393 The sensor relied on the enzymatic conversion of
UA by uricase entrapped in a dual-ionic-layer hydrogel
membrane, coated onto the gate electrode of a transistor. The
sensor operation is again based on the oxidation of the H2O2 by

Figure 19. Integrated electrodes for metabolite sensing in tears and saliva. (A) (i) Schematic illustration of graphene sensors functionalized with
enzyme for glucose detection and its sensing mechanism. (ii) Schematic of the wearable contact lens sensor, integrating the glucose sensor and
intraocular pressure sensor. (iii) Photograph of the contact lens sensor. Scale bar, 1 cm. (Inset: a close-up image of the antenna on the contact lens.
Scale bar, 1 cm.). (iv) Photograph of the wireless sensor integrated onto the eyes of a live rabbit. Black and white scale bars, 1 and 5 cm, respectively.
Reprinted with permission from ref 402. Copyright 2017, Nature PublishingGroup. (B) (i) Photograph of the mouthguard biosensor integrated with a
wireless amperometric circuit board. (ii) Illustration of the chemically modified printed PB carbon working electrode containing uricase and PB for UA
detection. (iii) Photograph of the wireless amperometric circuit board. Reprinted with permission from ref 404. Copyright 2015, Elsevier.
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the Pt modified gate electrode. The dual-ionic-layer hydrogel
membrane avoided the occurrence of nonspecific faradic
reactions (e.g., the direct oxidation of UA or other electroactive
species) that would interfere with the sensor response. The
biosensor displayed a robust and reproducible response to UA in
solutions mimicking the wound exudate. The sensor had high
sensitivity in the range encompassing the pathological levels of

UA in wounds (<200 μM), with a LOD of 4.5 μM in the artificial
wound exudate. Although it was applied neither as a wearable
sensor nor in a wearable simulated condition, this proof-of-
concept OECT-based biosensor represents an attractive
solution for wound monitoring.

5.2.1.3. Sensing from Tears. The human tear is a
physiological fluid accumulated in the eyes and contains salts,

Figure 20. Implantable metabolite sensors. (A) Implantable OECT-array developed for DA detection in the rodents’ brain. (i) Illustration of the
electro-oxidation reaction on the surface of the Pt-gate electrode. Cvolumetric and CG‑E denote the volumetric capacitance across the PEDOT:PSS
channel and the capacitance between the gate electrode and the electrolyte, respectively. Vvolumetric and VG‑E denote voltage across the active
PEDOT:PSS channel and between the gate electrode and the electrolyte, respectively. (ii) Schematic of sensor implementation (top) and surgical
photograph (bottom) of the experimental setup. The 1st unit (orange) of an OECT-array was implanted to the ventral tegmental area to monitor
dopamine release evoked by electrical stimulation in the medial forebrain bundle. (iii) Front (top) and side (bottom) view of the device bundle
containing an OECT-array and a recording tungsten electrode. Scale bar, 1 mm. Reproduced from ref 406. Copyrights 2020, Xie et al, eLife under the
terms of the Creative Commons Attribution-Non-Commercial 4.0 International License. (B) (i) Schematic of the GOx enzyme-modified carbon-fiber
microelectrodes. (ii) Voltammetric response of carbon-fiber microsensors to glucose, dopamine, and H2O2. Representative color plots demonstrate
the detection of glucose (triangle, via the oxidation of enzymatically generated H2O2). Reprinted with permission from ref 413. Copyright 2017
American Chemical Society. (C) (i) SEM image of the carbon fiber microelectrodes. (ii) Schematic representation of the electrodes inside a brain. A
unit consisting of one null and one active lactate microbiosensor was implanted in the dorsal striatum of an anesthetized rat. (iii) Voltammetric data
recorded by the implanted sensor. Representative color plots and concentration vs time traces demonstrate a subsequent increase in lactate availability
in the extracellular space following electrical stimulation (arrow and lightning bolt). Reprinted with permission from ref 417. Copyright 2018 American
Chemical Society.
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proteins, enzymes, lipids, and metabolites.394 Several metabo-
lites, e.g., glucose, lactate, ascorbate, and neurotransmitters, e.g.,
dopamine and norepinephrine, have been shown to be
detectable in tears.395 The examination of tear fluid’s chemical
composition may reveal valuable information on ocular
conditions and the general health of a patient.395,396 For
example, tear glucose concentration is correlated with blood
glucose concentration. Therefore, tear glucose monitoring
devices have been engineered for continuous diabetes manage-
ment.397−399 However, out of several blood glucose strips
evaluated, only one commercial brand (ACCU-CHEK Aviva
Plus glucometer, Roche) exhibits the low detection limit
required for quantitative measurement of glucose in tears but
unfortunately does not allow for continuous monitoring.400

Several research teams leveraged the processability and
functionalization of organic electronic materials to build contact
lens-based biosensors. Contact lenses continuously interface
with tear fluids and thus provide a unique platform for real-time
diagnostic.401 Kim et al. developed soft contact lenses for
wireless detection of glucose and intraocular pressure.402 The
authors integrated a FET bearing a transparent graphene hybrid
with Ag nanowires (AgNWs) with a contact lens (Figure 19A).
GOx was immobilized on the graphene channel with a pyrene
linker and the oxidation of glucose, and reduction of O2 to H2O2
changed the concentration of charge carriers in the channel and
thus modulated the drain current of the transistor (Figure 19A).
SU8 was used as an additional diffusive barrier to protect
AgNWs from the molecules in tear fluid, as well as to prevent
AgCl formation that could be harmful to the human eye. An
external antenna coupled with the sensor read the change in the
reflection coefficient of the antenna at a resonant frequency of
4.1 GHz for wireless data transmission. The FET glucose sensor
achieved 10 times higher sensitivity compared to previously
evaporated metal electrodes. This wireless sensor was integrated
onto the eyes of a live rabbit and demonstrated wireless and real-
timemonitoring of the glucose level in the tear fluid, highlighting
this technology as a potential replacement to finger pricking
sensors.
5.2.1.4. Sensing from Saliva. While we introduced saliva as

an alternative biofluid to blood for in vitro testing, several groups
have implemented saliva metabolite sensors in a wearable form.
Most examples include the integration of these sensors into a
mouthguard. For instance, Kim et al. integrated printed
enzymatic organic electrodes onto a mouthguard for salivary
lactate monitoring.403 LOx was entrapped inside a poly(o-
phenylenediamine) film during its electropolymerization on a
flexible PET substrate, and the 3-electrode system was then
screen printed onto the mouthguard. PB was used as the
mediator, providing a selective detection of H2O2. The lactate
concentration was measured amperometrically, and the ex vivo
experiments showed promising results for continuous on-body
saliva monitoring. The sensor presented relatively good stability
in human saliva spiked with 0.5 mM lactate over 2 h while
replacing the saliva for each measurement to mimic the dynamic
oral environment. The device had a sensitivity of 0.202 μA/mM
within the lactate expected range in human saliva. The same
sensor design was adapted for UA measurements by cross-
linking uricase enzyme within the electropolymerized o-
phenylenediamine on the PB conductive carbon electrode
(Figure 19B).404 The sensor was fabricated on a flexible PET
substrate and integrated with a wireless circuit board before
being mounted onto the mouthguard. The performance of this
mouthguard UA sensor was evaluated with saliva samples from

hyperuricemia patients and healthy subjects. The salivary UA
levels were much higher in hyperuricemia patients (822.6 ±
26.25 μM) than in healthy subjects (178.5 ± 20.25 μM). The
results obtained by wireless transmission using the Bluetooth-
enabled amperometric circuit board agreed with those attained
using a lab scale-potentiostat. The sensor also showed an
excellent stability response to 300 μMUA in artificial saliva over
4 h of operation at 10 min intervals.

5.2.2. In Vivo/Implantable Applications. For wearable
sensors, accessing biofluids other than blood is associated with
physical and physiological challenges (e.g., fluid extraction,
sampling method, metabolite dilution, etc.) and suffers from a
time lag (the time that passes after the fluctuations in the blood
are reflected in the fluid of interest). Consequently, even though
on-skin technologies can offer continuous monitoring of
metabolites, to mitigate these pitfalls, it is paramount that in
vivo/implantable devices are also deployed. Devices that would
be implanted should be sensitive and fast but also biocompat-
ible, flexible, and soft so that they do not damage cells once
implanted. The application of organic electronic materials for in
vivo applications mostly focuses on electrophysiological record-
ings and interfacing with the brain, and metabolite sensing
interfaces are still in their infancy. Nonetheless, we present here
an overview of the work done so far on in vivometabolite sensors
based on organic electronic materials.
Neurotransmitters (NTs) are an important class of

metabolites that play vital roles in neuronal signal transmission
and, hence, countless physiological events.405 Among the large
family of NTs, monitoring the levels of DA, noradrenaline, and
adrenaline, which all share a common chemical structure (a
catechol with two hydroxyl groups and a side-chain amine), has
gained a great deal of attention. However, in vivo analysis
methods for these metabolites are still limited. Xie and Wang et
al. presented a PEDOT:PSS-based OECT-array for detecting
dopamine in real-time in rodent brains (Figure 20A).406 The
OECT-array was fabricated on a 200 μm thick PET-based slim
blade (∼1 mm wide, ∼15 mm long, and ∼200 mm thick). They
implanted the device in an anesthetized rat’s brain and
monitored DA levels while stimulating nearby neurons with an
electrode. The device detected the DA released with high
sensitivity and selectivity (LOD = 30 nM) despite the complex
environment and surrounding interferents (e.g., 1.28 mM of
AA). The OECT array was also able to distinguish bursts of DA
with a 50 ms sampling rate. The authors also demonstrated
effective implantation of their array across two connected brain
areas for simultaneous monitoring. The system benefitted from
the amplification property of the OECT, as it minimized the
background-related noise and thus improved the SNR. In
addition, the required voltage to operate the sensor was reduced
down to 300 mV, corresponding to an 80% reduction of the
voltage that would otherwise be required for amperometric
measurements. The low power operation resulted in less tissue
damage due to possible electrolysis. Mariani et al. modified
carbon nanoelectrodes (CNEs) with PEDOT:PSS to fabricate a
nanometer-scale OECT in the form of a needle. The SEM
images showed that a hollow quasi-disk structure of the tip was
formed with a radius of 139 ± 3 nm.407 This proof-of-concept
implantable sensor detectedDA over a wide concentration range
(pM to μM) in PBS, outperforming most metal-based
electrochemical sensors.408−411 Although the device was not
implemented for in vivo metabolite monitoring, it holds great
potential due to the miniaturized form of the transistor. The
needle-type format bypasses the limitations of the conventional
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Figure 21. Implantable fiber-shaped microelectrodes for metabolite sensing. (A) Schematic diagrams and photos of the cylindrical, flexible enzyme-
electrode glucose sensor. Left to right: Implantable application of the flexible sensor in the subcutaneous tissue; structure of the cylindrical enzyme-
electrode glucose sensor; structure of the WE. Reprinted with permission from ref 418. Copyright 2018 Royal Society of Chemistry. The structure of
fiber-shaped all-in-oneOECTs. (B) (i) Schematic illustration of a fiber-shaped all-in-oneOECT and representative SEM image of a fiber-shaped all-in-
one OECT. (ii) The circuit diagram of the OECTs (S for source, D for drain, and G for gate). Schematic illustration for the gate electrodes of fiber-
shaped OECTs for the detection of (iii) dopamine, (iv) glutamate, and (v) glucose. Drain current responses of the OECTs to the target metabolite
alone (middle column) and in the presence of different metabolites to assess the effect of interference (last column). Reprinted with permission from
ref 419. Copyright 2020, Nature Publishing Group.
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“chip-architecture” of OECTs, allowing the sensors to be
precisely positioned for single-cell analysis.412

Most of the neurochemical analysis studies have focused on
monitoring a single metabolite at a time. However, the human
brain is surrounded by a dynamic environment with many
neurochemicals coexisting. Concomitant changes may occur in
the metabolite concentrations in response to external stimuli or
while generating complex physiological reactions. For example,
understanding the effects of striatal DA release on the local
glucose availability and the physiological effects of this
modulation require implantable multimetabolite sensors. The
Sombers’s group developed a carbon microelectrode array for in
vivomonitoring of DA, glucose, lactate, and acetylcholine in real-
time.413 The electrodes were implanted in rat brains to monitor
the dynamics of both pharmacologically evoked and naturally
occurring molecular fluctuations of metabolites. They detected
fluctuations in the levels of these metabolites by quantifying
H2O2 production with the enzyme oxidase-modified carbon-
fiber microelectrodes, using background-subtracted fast-scan
cyclic voltammetry. Smith et al. demonstrated the application of
their carbon-fiber microelectrodes (7 μm diameter, 100 μm

length) to measure real-time glucose and DA fluctuations with
subsecond temporal resolution in the rat striatum. Bare carbon
and GOx-modified carbon electrodes were implanted in the
striatum of adult male anesthetized rats to simultaneously record
endogenous DA and glucose variations at discrete recording
sites (Figure 20B). The changes in metabolite levels in response
to the electrical stimulation were investigated with a subsecond
temporal resolution. It was shown that DA release was followed
by an increase in glucose concentration, which corroborates the
direct coupling of glucose availability with increased metabolic
demand.
Brain energy metabolism has long been attributed mainly to

glucose metabolism, as glucose is regarded as the principal fuel
for brain function due to its role in the formation of adenosine
triphosphate (ATP). Recently, lactate has been suspected to also
play an important role in brain energy metabolism and energy
conversion, but its actual implication and mechanisms of action
remain poorly understood, thus necessitating a robust analytical
tool that can selectively monitor the lactate level in situ.414−416

Smith et al. utilized the same carbon fiber microelectrode (7 μm
diameter, 100 μm length) technology in combination with LOx

Figure 22. Implantable metabolite sensors in plants. (A) (i) Schematic diagram of the chloroplast and starch biosynthesis procedure. Chloroplast in
starch biosynthesis mode during daytime and starch degradation mode during nighttime. (ii) OECT setup for detecting glucose in isolated chloroplast
solution. (iii) Structure of PEDOT:PSS-based channel and gate, where the gate was functionalized with GOx and Pt NPs. Reprinted with permission
from ref 421. Copyright 2020, Wiley-VCH (B) (i) Schematic of the PEDOT:PSS-based OECT. The gate electrode was functionalized with three
enzymes involved in the conversion of sucrose to H2O2, which then, in turn, was oxidized at the Pt NPs on the gate electrode. (ii) Photograph of the
OECT inserted in a hybrid aspen tree stem. (iii) Sucrose sensor (orange) and glucose sensor (cyan) calibration curve in PBS. Dashed lines represent
the fit to the sigmoidal function. Reprinted with permission from ref 422. Copyright 2021, Elsevier.
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to investigate lactate’s role in brain metabolism.417 They used
the fiber-based sensor for both in vivo and in vitromonitoring of
lactate at discrete recording sites in rat striatum.417 Figure 20C
illustrates the experimental setup developed for in vivo
voltammetric data collection in anesthetized rats. A bipolar
stimulating electrode was placed in the brain to stimulate DA
release from striatal neuron terminals in a controlled manner,
and the null electrode recorded electrically evoked DA release
(black), simultaneously. As DA secretion was stimulated, the
lactate microsensor recorded a near-simultaneous increase in
extracellular lactate (red). The lactate response was biphasic,
with an initial and rapid rise of the lactate response, followed by a
transient dip and a subsequent surge in lactate availability over
the 60 s measurement duration. The sensor has shown an
excellent sensitivity toward lactate (22 ± 1 nA/mM) and was
able to detect rapid fluctuations in its levels in a highly complex
environment.
Since implantation in the brain or other body parts comes

with obvious challenges, an alternative in vivo sensing method
concerns the ISF sampling.418 This technique has attracted a
great deal of attention, especially for continuous glucose
monitoring. However, the rigid pinlike structure (needle-type
and coil-type) of traditional enzyme-electrodes prevents the
sensors from making a stable contact with the subcutaneous
tissue. The unstable contact leads to signal drift over time and
potentially affects the patient’s comfort. Therefore, implantable
devices addressing ISF are generally designed with a circular
electrode manufactured on the cylindrical end face to minimize

the uncomfortable feeling after embedding on the skin.
However, as stated before, the miniaturization of electrodes
encompasses the platform with high impedance, limiting the
sensitivity of the sensors. A solution was proposed by Pu et al.,
who fabricated a cylindrical, flexible enzyme-electrode sensor
based on 3D nanostructured graphene and Pt NPs.418 The
cylindrical shape produces a larger working electrode surface at
equal volume compared to the traditional pinlike architecture
(Figure 21A). The innovation of the sensor lies in the use of
rotated inkjet printing to fabricate the cylindrical sensor. This
approach enables direct patterning of microstructures on a
curved surface, a typical shortcoming of traditional planar
micromachining by photolithography. The cylindrical substrate
(polyetheretherketone, PEEK) was modified with (3-amino-
propyl) trimethoxysilane and (3-mercaptopropyl) trimethox-
ysilane to enhance the surface wettability by preventing the
coalescence of adjacent droplets and facilitate the adhesion of
metals on the PEEK substrate. In vivo experiments were
conducted with rats, and the results showed a correlation to
blood levels recorded using a commercial glucometer. The
sensor-enabled glucose detection in the range of 0−570 mg/dL
meets clinical requirements.
Wu and Feng et al. reported a versatile implantable platform

based on fiber-shaped OECTs for biochemical detection of
H2O2, glucose, DA, and glutamate (Figure 21B).419 A voltage
was applied at the CNTs/enzyme/Pt NPs bearing gate electrode
to oxidize metabolites (DA) or their enzymatic byproducts
(glucose and glutamate). The platform was miniaturized to a

Figure 23.Organic transistors formetabolite sensing from living cells. (A) (i) Schematic illustration of cells cultured in a filter configuration withmedia
on the apical side and PBS on the basal side. (ii) Normalized response for glucose and lactate levels in samples collected from the apical side of the cells.
Reprinted with permission from ref 423. Copyright 2017Wiley-VCH. (B) (i) Depiction of a planar OECT (blue, PEDOT:PSS; pink, electrolyte). The
voltage supplies for the gate and the source-drain bias are illustrated as white spheroids connected to the gold contact leads. (ii) Calibration and (iii)
titration curves of lactate sensors after successive additions of aliquots collected from the cell media. Reprinted with permission from ref 424. Copyright
2017Wiley-VCH. (C) (i) Schematics of the tissue grown on theOECT integrated with microfluidics. Top right, zoom-in illustration of the OECT and
the cell layer lining the bottom surface of the microfluidic channel. Bottom right, top and cross-sectional views of the microfluidic device. (ii)
Normalized response corresponding to the uptake of glucose by theMDCK II cells before and after fluid shear stress. A sample was collected every 1 h
from the microfluidic outlet, and glucose content was determined using an OECT-based glucose sensor. Reprinted with permission from ref 427.
Copyright 2017, Nature Publishing Group.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00395
Chem. Rev. XXXX, XXX, XXX−XXX

AN

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00395?fig=fig23&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00395?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hairlike size of 150 μm. The sensors displayed high sensitivity
and selectivity within the physiological ranges of their respective
metabolite targets.420 The sensors were also stable in a mice’s
brain, with minimal invasiveness resulting in a negligible
inflammatory response. The DA sensing OECT was also
evaluated for long-term in vivo monitoring. Although only the
glutamate and DA-sensing OECTs were evaluated in vivo, and
only theDA sensor was investigated for its long-termmonitoring
ability, we anticipate that implantable applications of OECTs
selective for other metabolites will be soon demonstrated.
While most in vivo metabolite sensing research focuses on

animals (mice, rats, pigs) to establish and validate technological
concepts, plants, as living organisms, have various phenomena
where metabolites play a significant role. Photosynthesis is at the
core of the plant living mechanism. Briefly, during the daytime,
plants use light to synthesize and store starch in their
chloroplasts to be later converted into energy (sugars) during
the night for the plant’s growth. Thus, sugars are relevant
metabolites to understand plant metabolism and overall health.
Utilizing an OECT configuration, Diacci et al. monitored, in
real-time, glucose export from isolated chloroplasts in complex
media.421 The device had PEDOT:PSS coating on the channel
and the gate electrodes (Figure 22A). The gate electrode
comprised Pt NPs electrodeposited on top of PEDOT:PSS and
GOx which was physically stabilized within a CS matrix. As the
sensor was immersed in chloroplast solution, the drain current
changed within a minute and it showed a linear response to
glucose at concentrations between 10 μM and 300 μM. Using
this platform and controlling the two metabolic phases (day and
night), the authors observed the export of glucose by
chloroplasts in the nighttime, which corroborates with the
current understanding of plant metabolism. In another study,
the same group developed an implantable metabolite sensor
based on anOECT. The authors monitored sucrose and glucose
using this sensor implanted in the xylem sap (Figure 22B).422

The detectionmechanism is similar to the previous study, except
for the detection of sucrose which employed three different
enzymes (invertase transformed sucrose into fructose, where
mutarotase converted fructose into glucose which was finally
oxidized by GOx), realizing a cascade of enzymatic reaction
ending by the formation of H2O2. The OECT measured these
metabolites during 2 consecutive days in vivo. The authors also
developed an Arduino-based source-measure unit to operate the
device directly on site. Thanks to its dynamic monitoring
capability and compatibility with the plant, this study is a
promising alternative to the currently available tools for studying
the biological processes of plants.

5.3. Metabolite Sensors at the Cellular Interface

Studying metabolite levels of a living organism can go beyond
simple monitoring or early diagnostics, as it can reveal
fundamental and complex relationships between cells. Detecting
cellular metabolites can give valuable insights for drug discovery
and toxicology. Biosensors have thus been developed tomonitor
the changes in cell metabolite levels in response to a drug, an
external source of stress, or the presence of other biological
species (e.g., exosomes in cancer research). Strakosas et al.
presented a method that combines impedance measurements
with an enzyme-based OECT sensor to study how cells respond
to the presence of a toxic compound. They simultaneously
monitored the transepithelial resistance of live kidney epithelial
cells (MDCK-II cells) and their metabolite production in the
presence of toxic compounds (Figure 23A).423 To improve the

electrocatalytic activity of the enzyme functionalized PE-
DOT:PSS gate electrode, Pt NPs were electrodeposited.
Owing to the high surface area of the NPs and the high
specificity of the enzymes, changes in glucose and lactate levels
of live cells treated with cisplatin, a neurotoxicant, could be
detected in real-time. Building upon this work, Braendlein et al.
presented an in vitro OECT-based lactate sensor.424 To
circumvent the issue of interferences in the cell media, the
authors proposed a reference-based sensor circuit design
(Wheatstone bridge layout) that allowed inherent background
subtraction (Figure 23B). The high sensitivity of the device
enabled ex vivo continuous monitoring of a broad range of
lactate concentrations (30−300 μM) produced by non-
malignant cells in “resting” conditions while they were
consuming glucose. The authors also demonstrated enhanced
glycolic activities of cancer cells which showed a higher lactate
production than normal cells. With its in-built reference
background subtraction, this micron-scale platform is partic-
ularly interesting for cancer diagnostics and tumor evolution
monitoring, where cell metabolism and more particularly lactate
production are strongly affected by cancer cells. While only
lactate was monitored, the general principle can be extended to
other metabolites to reach a deeper understanding of cancer
evolution. Hussain et al. developed an amperometric sensor for
lactate and conducted measurements in the extracellular media
of cancer and noncancerous cells (MCF-7 and HeLa, Vero cells,
respectively).425 The porous carbon electrode surface was
functionalized by sequentially conjugating nicotinamide adenine
dinucleotide (NAD+) onto the carboxylic acid group and lactate
dehydrogenase (LDH) onto the amine group of a bifunction-
alized conducting polymer (poly-3-((2,2′:50,200-terthiophen)-
30-yl)-5-aminobenzoic acid, pTTABA). The sensors detected a
higher concentration of lactate in the media of the cancer cells
(HeLa andMCF-7) compared to the noncancerous one (Vero).
In the human body, lactate transport occurs across the cell
plasma membrane by the activation of monocarboxylate
transporters (MCTs).426 Blocking the activation of the MCTs
can inhibit lactate transport across the cell membrane, inducing
intracellular acidosis that ultimately leads to cell apoptosis. The
authors also examined the blocking effect of the αCHC inhibitor
onMCTs using their amperometric sensors. They observed that
the concentration of lactate secreted in the cell media was
reduced for all the cell lines upon αCHC admission and more
prominently for the MCF-7 cell line. This work added clinical
evidence of αCHC as a potential inhibitor for breast cancer
therapy, evaluated with an organic electronic sensor.
In another study, Curto et al. demonstrated a multiparametric

on-chip platform integrated with microfluidics. The authors
used an OECT-based glucose sensor to evaluate the glucose
metabolism as a measure to validate improved cell differ-
entiation under stimuli conditions (Figure 23C).427 The media
were collected at the outlet of the perfused system andmeasured
with the sensor. This multiparameter system allowed for the
monitoring of the kidney cell metabolic state, as well as changes
in resistance and capacitance in real-time, while the kidney cell
epithelium recovered from an electrical wound.We envision that
in the future such platforms will combine the metabolite sensor
within the microfluidic channel for real-time, in situ monitoring
of cell cultures for toxicology studies and wound healing
assessments. Additionally, integration of microfluidic with
OECT metabolite sensors has been shown to enhance the
SNR of the devices, an important feature when working in a
complex environment requiring higher sensitivities.315
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H2O2, while being ubiquitously represented as the byproduct
of many enzymatic reactions, is also naturally secreted by cells. It
is involved in important cellular processes, such as immune
response, oxidative stress, and pathogen invasion and acts as a
secondary messenger. Guo et al. developed an OECT for in situ
detection of H2O2 produced by cells cultured on a Transwell
microporous membrane (Figure 24A).428 A screen-printed
carbon paste electrode was modified with CNTs and Pt NPs,
serving as the gate of the device. Upon stimulation with a
synthetic peptide that induced O2 consumption and promoted
H2O2 production by activating a hexose monophosphate shunt,
H2O2 produced by the adherent cells diffused into the bottom
chamber of the Transwell and was detected by the OECT.
Under optimal conditions, this device exhibited good sensitivity,
with a range of detection from 0.5 μM to 100 μM H2O2 and a
LOD of 0.2 μM.
Detection of cell surface glycans has been another application

where organic electronic sensors were proven to be advanta-
geous. Glycosylation of cell proteins is involved in a myriad of
biological processes, from cell growth and cell−cell communi-
cation to immune response and intracellular signaling events.
Chen et al. designed a PEDOT:PSS-based OECT where the
target cells were attached on a mercaptopropionic acid-modified
gate electrode (Figure 24B).429 Horseradish peroxidase-lectin
(HRP-lectin) was used as a recognition unit for the glycans on
the cell’s surface. As a result of the binding of the HRP-lectin to
the target glycan, H2O2 was produced and then reduced at the
gate electrode, generating a current signal proportional to the
glycan concentration. As a proof of concept, mannose and
galactose released from HeLa cells were used as the glycan
models.

6. REMAINING CHALLENGES AND FUTURE
PERSPECTIVES/DIRECTIONS

Despite the significant progress made in the past few years in
bioelectrochemical sensor development, key challenges remain
for the practical use of these sensors. The first issue concerns the
stability of the organic electronic materials. The operating
stability and repeatability of the sensors are very critical before
their assessment for routine use. Unfortunately, the number of
organic electronic sensors that can accurately and continuously
monitor a broad range of metabolites and their concentrations
without facing any material degradation is limited. While
stability in complex aqueous media, often under an electrical

field, is a concern, it is also an opportunity considering the
synthetic tunability of conjugated polymers. Backbone or side-
chain engineering offers routes to adjust the energetics and
water/air stability of films during biasing. Another important
aspect is the stability of the recognition unit. Proteins, for
example, may lose or have a reduction in their functionality
under different pH, ionic strength, and/or temperatures,
restricting their application to certain areas and making their
storage conditions more challenging. For enzymes, the
instabilities can be mitigated using engineering-modified
enzymes, by applying enzyme stabilizers or using immobilization
methods to protect them (e.g., encapsulationmatrices). Another
approach could be the use of different synthetic recognition
units such as aptamers or riboswitches, which are more robust
biomolecules.
Other challenges arise regarding the analysis of biofluids

alternative to blood for wearable devices. For example, while
sweat sampling is minimally invasive compared to blood-
pricking methods, sweat contamination, evaporation, and
subsequent target dilution are issues that have yet to be fully
addressed. Second, the correlation between the level of
metabolites in blood and sweat is not clear and requires clinical
studies covering a large number of subjects. Such correlations
can also depend on the individual, requiring personalized
calibrations for an accurate estimation. Moreover, sweat
sampling should be done without limiting patient’s comfort,
representing one of the most critical shortcomings of current
wearable technologies. The need to shed sweat at each
measurement time may be inconvenient or not feasible for
several users, restricting the use of these technologies. In
addition, it is often necessary to clean the region of the skin on
which the sweat is collected, as the residual metabolites and
exogenous contaminants may affect the subsequent measure-
ment.430 Despite these challenges, organic electronic materials
offer advantages for cutaneous devices, in general. For example,
the sensor must be in close contact with the skin for efficient
sweat sample collection. Thanks to their easy processability,
organic electronic materials can be fabricated on various
substrates that conform well to the skin. Some also show
softness and flexibility, matching with the mechanical properties
of the skin.
There is also great potential for ISF-based biomarker

monitoring, but several limitations should be first addressed.
First, the delay of glucose and ethanol detection due to diffusion

Figure 24.Monitoring of hydrogen peroxide in a cell culture. (A) Schematic illustration of theOECT device for in situ detection of H2O2 released from
living cells. A screen-printed carbon paste electrode was modified with carbon nanotubes and PtNPs and served as the gate electrode. AOECT bearing
PEDOT:PSS channel was fabricated on a flexible PET substrate and placed under the Transwell support on which cells were cultured. Reprinted with
permission from ref 428. Copyright 2019 American Chemical Society. (B) (i) The cells were cultured on top of the gate electrode of anOECT, and the
enzymatic reaction released H2O2. (ii) The Faradaic current on the gate electrode upon H2O2 catalysis causes a change in the gate capacitance, which
increases the effective gate voltage. Reprinted with permission from ref 429. Copyright 2020, Elsevier.
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from the blood to the ISF or ISF extraction and collection may
cause dangerous conditions (i.e., hyperglycemia or hypoglyce-
mia) to occur before the sensor signals them. Skin irritation due
to continuous ISF extraction is another problem. Sporadic
sampling with an on−off switch or the use of a smaller reverse
iontophoresis current with conformal design for ISF extraction
may be applied to reduce such adverse effects. In addition,
interferences from external glucose sources (i.e., sweat glucose
and glucose residues on the skin) could impose inaccurate
readings, resulting in inconsistent results. The low O2
concentration in the ISF can be a further problem when
oxidase-based sensors are intended for chronic use.
We showed a few examples of a contact lens platform that uses

tears for metabolite sensing. The transparency of the contact
lens is usually reduced by the embedded sensor and can obstruct
users’ vision. Here, transparent conducting polymers, such as
PEDOT:PSS, may prove themselves useful. Heating in the
contact lens due to near field powering for the wireless operation
could also cause discomfort and even irritation in users’ eyes, so
further research on selecting the antenna material or energy
harvestingmethods (e.g., biofuel cell) could resolve this issue.431

Google and Novartis foreshadowed that commercially available
glucose-monitoring contact lenses could be expected in 2015.
One possible reason for the failure was attributed to the partial
discharge of reflex tears in response to damage to the ocular
surface. Reflex tears have a different composition than the basal
lachrymal liquid, and even for one individual, bioanalyte
concentrations could vary from 1 day to another. To bypass
the problems related to contact lens-based biosensors, soft,
highly flexible, air-breathing materials are in demand. Another
major issue with the lens-type glucose sensor is the power
supply. Inductive links or radiofrequency power transmission
have been suggested to empower the sensor wirelessly.
However, these solutions are not considered attractive because
they require bulky equipment.
One other biofluid compatible with organic electronic devices

is saliva. The first restriction in terms of materials used for an in-
mouth wearable saliva sensor is that the whole sensor platform
should be biocompatible. The next challenge comes from
contaminations and sensor damage. In the continuous
monitoring scheme, secreted proteins and chemicals generated
from food residues can result in significant interference with
target analyte sensing, so the saliva sensor should be very specific
in this complex and dynamic chemical environment. Changes in
saliva composition due to food, bacterial growth, and/or dry
mouth can lead to sensing artifacts.365 Bacteria accumulate
quickly on surfaces inside the oral cavity due to the favorable
humidity and temperature conditions inside the mouth. If the
sensor is unprotected, a biofilm will form on the sensor surface
and affect the sensitivity of the device. An antimicrobial or
protective coating on the sensor surface might resolve this issue,
but enhanced sensor sensitivity might be necessary after the
introduction of such protective coatings. Voluntary and
involuntary mouth muscle movements in daily life (e.g., talking)
may also impose mechanical stress on sensors, so the sensors
should be mounted in the mouth securely while remaining
durable. Considering all these challenges, future efforts on
wearable saliva sensors should focus on careful design of the
form factors that house the sensors, ensuring materials’
biocompatibility and sensor function and accommodating
user’s comfort and convenience, all at the same time. On the
other hand, for saliva sampling for in vitro analysis, stand-
ardization is a significant problem since saliva viscosity can vary

substantially, which makes it more challenging to provide a
reliable testing platform. While these problems exist for also
inorganic sensors, some of them may be easier to mitigate with
organic electronic sensors. For instance, conjugated polymers
can be tuned for biocompatibility and flexibility via synthesis or
post processing, making them suitable for use in a mouthguard-
type sensor. Since biorecognition units can be integrated in
various ways to the polymers, it is possible to protect them from
the harsh environments that they are exposed to, an advantage
over inorganic materials.
A fully integrated sensing platform is yet to be constructed,

which requires sensor powering, signal processing, and wireless
communication. Data processing and communication is an
important systems-level challenge in metabolite sensing. The
electrical signals from sensors need to be properly processed and
then transmitted for analysis and display to be interpreted by the
end-users. Most of the time, raw data can be susceptible to
inherent or ambient noises, and signal processing is required to
reduce the noise to extract the signals arising from the
recognition event only. In many cases, mathematical manipu-
lation (i.e., the difference between electrical potentials, rate time
profile) that requires specific analytics or even an algorithm
should be used. For applications that require large data storage
and complex computation, processed data need to be trans-
mitted to a computing device (i.e., mobile phone, computer).
Currently, Bluetooth low energy (BLE) and near-field
communication (NFC) are widely used in wearable sensor
platforms and allow for real-time data streaming and analysis.
However, BLE can be a massive drain for power supply, and
NFC requires proximity with receiver electronics. In addition to
these constraints, both technologies are not suitable for high-
density data transmission, where several users have multiple
sensors interacting with receivers at a high sampling rate.
Moreover, the remote storage and processing of these personal
data introduce concerns about data security and user privacy,
and intensive research efforts are now made on cryptologic
algorithms.
Finally, one of the milestones that put organic bioelectronic

sensors forward is their ultra low-power requirement. The
remarkable progress and the increasing need for multitasking
(sensing, processing, and communication) of the sensor
platforms have urged the development of efficient and
sustainable power sources. So far, solar cells, piezoelectric
devices, thermoelectric devices, and wearable batteries were
constructed as abiotic energy sources. In addition, electro-
chemical biofuel cells harvest energy from biotic sources. The
construction of biosensors with power conversion devices on the
same substrate represents another cutting-edge direction. With
their processability and compatibility with catalytic enzymes,
conjugated polymers will be at the core of these devices
developed in various forms. A combination of organic and
inorganic electronic can bring the best of both worlds. For
example, when stability is required, we expect composites to
present a solution. Overall, we anticipate seeing breakthroughs
in organic electronic metabolite sensors thanks to their unique
set of features, especially in wearable and implantable forms and
at the interface with in vitro tissues. The exploration of
multifunctional semiconductors, unconventional device archi-
tectures, and systematic study of intrinsic mechanisms will
further develop this exciting field.
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