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Abstract

In this review we focus on demonstrating how organic electronic materials can solve key problems
in biosensing thanks to their unique material properties and implementation in innovative device
configurations. We highlight specific examples where these materials solve multiple issues related to
complex sensing environments, and we benchmark these examples by comparing to state-of-the-art
commercially available sensing using alternative technologies. We have categorized our examples by
sample type, focusing on sensing from bodily fluids in vitro and on wearable sensors, which have

attracted significant interest due to their integration with everyday life activities. We finish by describing



a future trend for in vivo, implantable sensors, which hopes to build on current progress from sensing in

biological fluids ex vivo.

Glossary

Amperometry measures the current of the working electrode set out of equilibrium ata fixed potential.
Thus, when the substrate reaches the active site of the immobilized enzyme, electrons are rapidly
exchanged.

Analyte is a compound (e.g. glucose, lactate, drug, pesticide) whose concentration is to be measured.

Biorecognition elements include biological components or derivatives that specifically interact with
the analyte of interest (e.g. enzymes, organelles, cells, tissues, antibodies and nucleic acids)

Biosensor is an analytical device that consists of a biorecognition element which can specifically
interact with an analyte and produce physical, chemical or electrical signals.

Conducting polymers (CPs) or, more precisely, intrinsically conducting polymers are organic
polymers that conduct electricity, having either metallic conductivity or semiconductor properties. CPs
can exhibit mixed conduction which is the ability to conduct both ionic and electronic current.

Conjugated polymers contain alternating single and double bonds on the polymer backbone allowing
stabilization of the structure of the molecule upon addition or subtraction of a charge, through redox
activation, conferring on it electronically conducting behavior. These polymers when subjected to
redox activation generate polyionic structures in which charge compensation takes place, in a similar
manner to the doping in inorganic semiconductors.

Direct electron transfer (DET) involves direct electron transfer between the redox active center of
the catalytic biorecognition element (e.g. enzyme) and the electrode in the absence of an electron
transfer mediator. A Transducer is a device that converts the biological signal that is generated to a
readable signal: electrical, optical or mechanical.

Electrochemical enzyme-based sensing relies on coupling a redox reaction catalyzed by an enzyme
with an electrochemical transducer using techniques such as amperometry, potentiometry, and
voltammetry. Mediated electron transfer (MET) occurs with the help of small molecules that shuttle
electrons between the biorecognition element and the electrode.

Metabolites are the intermediates and products of metabolism.
Multiplexing involves the incorporation of multiple sensing capabilities in terms of analyte diversity

Organic electrochemical transistors (OECTs) are electrolyte-gated organic thin film transistors
(EGTSs) where, unlike the conventional EGTSs, the doping level modulation occurs in the bulk of the
CP film resulting in especially high currents for very small gate fluctuations (sub Volts), a property
also known as transconductance. When coupled with biorecognition elements, this inherent
amplification results in highly sensitive transduction of a biological event i.e., the enzymatic detection
of metabolites.

Permselective membranes are ion-exchange materials that allow ions of one polarity to enter and
pass through.

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is an intrinsically doped
p-type semiconductor and is the champion material used to date in OECTSs; transistors shown to exhibit
the highest transconductance values among their electrolyte-gated counterparts.




1. Biosensors as Analytical Tools in Point-of-care Diagnostics

Healthcare spending represents today 18% of the GDP in the US (https://www.cms.gov), underlying the
need for new, more reliable low-cost and easy-to-use diagnostic tools. Parallel developments in

biomarker research and diagnostic technologies, are anticipated to shift the existing “one-size-fits-all

Box 1. Biosensors and enzymatic electrochemical detection

Metabolites Metabollzte Product

™
° ° Amperometric

enzyme-based detection
_ “‘ / i \

\ . ) e J e A\ e
oo pecrem clecrode N Electrode
7 Piezoelectric ectrode ectrode ectrode
e g5t > 2
Magnetic... y

Caption: General outline of a biosensor and the evolution of the different generation of amperometric
enzyme biosensors based on the electron transfer between the enzyme and the electrode surface.What is
a biosensor? The biosensor, first introduced by Leland C. Clark Jr. and co-workers in 1962 [1], is defined
as an analytical device incorporating a biorecognition element within or associated with physiochemical
transducers (classified as optical, electrochemical or mechanical [2-4]).

What does a biosensor do? It generates a digital electronic signal based on the concentration of specific
chemicals or end products of a given biochemical reaction in an analytical standard [5].

What is a biosensor used for? Applications ranging from medical diagnostics to drug discovery, food
safety, process control and environmental monitoring, to defense and security applications [6].

Electrochemical techniques allow for fabrication of portable, miniaturized, low-cost, often label-free
and simple-to-operate analytical devices that interface with biological components [7-9]. The working
mechanism relies on selective recognition of a target analyte by a biomolecule or bio-macromolecular
complex, which in turn produces a measurable electrochemical signal. Although a variety of
biorecognition elements can be employed, electrochemical detection techniques rely predominantly on
enzymes. Enzyme-based electrochemical biosensors are typically preferred for metabolite monitoring
due to the highly selective catalytic activity and fast acting properties of the enzymes at the electrode
interface [10-12].

approach” in the global healthcare system to a more proactive and personalized model that also
facilitates data-processing and portability (“connected body”) [13]. Modern biosensors, (see Glossary)
with a market size of a US$ 13 billion annual turnover, have rapidly become an invaluable tool in the
healthcare industry [14]. Indeed, glucose biosensors (accounting for 85% of the total biosensor market)

have significantly improved the quality of everyday life of diabetic patients, with considerable socio-



economic impact beyond the single patient outcome [15]. As with most state-of-the-art healthcare
devices, biosensors rely heavily on in vitro measurements from bodily fluids (i.e., blood, saliva, tears
etc). The increasing adoption of wearable technologies in healthcare as well as the concept of closed-
loop continuous real-time monitoring systems that can provide real time information and therapeutic
strategies on demand at the point-of-care, is nonetheless anticipated to shift this trend towards on body
or/and in vivo technologies. However, technical hurdles and limitations still impede the practical
applicability and commercialization of those futuristic concepts, including continuous and multiplexed
monitoring, non-invasiveness, portability, long-term stability, ease in device integration and
compatibility with flexible substrates [14- 17]. Novel technologies to overcome those limitations are
urgently needed and as most technologies are limited by the materials used, materials research and
development is anticipated to be the key driver in next generation biosensors.

In this review, recent advances in enzyme-based electrochemical detection of human
metabolites in real samples using organic electronic materials are described. Electrochemical methods
offer a number of advantages over optical methods, mostly due to the rapid and label-free detection
schemes. Moreover, when coupled with enzymes, their high selectivity and excellent catalytic activity
renders electrochemical enzyme- based sensing one of the most promising methods for the detection of
a wide repertoire of metabolites [Box 1]. In such approaches, the selectivity and sensitivity of the
biosensors can be sought by establishing an exclusive and intimate interface between the transducer and
the enzyme thus reducing interference as well as improving the efficiency of the electron transfer (ET)
involved in the redox reactions [18]. Hence, the concept of “functional” electronic materials that can
simultaneously provide an ideal immobilization matrix and an efficient signal transducer has
fundamentally changed the understanding of how to develop efficient biosensors [19]. We thus place
herein a particular emphasis on the promising class of polymer-based electronics and more specifically
electrically conducting polymers (CPs). In the cases where such examples are still scarce, we showcase
alternatives with carbon-based nanostructures, particularly where their operation in real world
applications pushes the state of the art thanks to their materials properties. We highlight the key

properties that render organic electronic materials ideal transducers both for metabolite monitoring,



including better electrochemical communication at the bio-electronic interface, faster electron transfer,
lower signal-to-noise ratios, etc., and for integrating these systems in real-world applications. Finally,
we discuss the niche for organic electronic metabolite sensors for state-of-the-art point-of-care

diagnostics (POC), as categorized into three groups; in vitro, wearable, and implantable biosensors.

2. Organic Electronics at the Interface with Biology: state of the art in metabolite sensing

Box 2. Organic Electronic Materials

Organic electronic materials, including conjugated polymers, small molecules and carbon based
nanomaterials, exhibit multiple advantages over their inorganic equivalents, such as ease in
processing, compatibility with flexible substrates, and low-cost and environmentally-friendly
manufacturing [20-23]. Organic electronics are not only ideal substrates for chemical modification
and bioreceptor immobilization but also excellent electronic signal transducers because of their literal
flexibility and tunability to adapt to challenging performance requirements in biological milieus [24-
27], as well as their intrinsic unique properties including high surface-to-volume ratio (owing to their
nanometer scale molecular structures), high electrical conductivity, chemical stability, and excellent
mechanical properties [28, 29].

Conducting polymers constitute an especially promising class of electronic materials. The doping
or de-doping of such conjugated polymers can be reversible and triggered by chemical, electrical or
biological events [30, 31] showing great potential for applications such as biosensing [32, 33].
Polypyrrole (PPy), polyaniline (PANI), and poly (3,4-ethylenedioxythiophene) (PEDOQOT), are the
predominantly studied CPs in biological applications due to their biocompatibility and ease of
processing.
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Caption: Chemical structures of the most commonly studied conducting polymers

The ability to operate in harsh biological environments, enhanced sensitivity and selectivity,
and demonstrated potential for low cost production, are just some of the reasons why organic electronic

materials are poised to revolutionize the biosensing arena (see Box 2).

2.1 Conducting polymers as efficient electron relays



Efficient electrical communication between the biorecognition element (e.g. an enzyme) and the
electrode is rather challenging when designing enzymatic biosensors. In most cases, the distance
between the active site of the enzyme and the electrode surface is too long for direct electron transfer
(DET), due to the enzyme’s protective shield. Since electron transfer (ET) via a tunneling mechanism
is rarely encountered in traditional electrodes, establishing electron relays that allow for fast ET,
avoiding free-diffusing redox species between the electrode and the enzyme, is crucial [34]. In this
context, organic electronic materials represent very promising candidates for molecular wiring due to
their polymeric nature and conducting behavior [35]. Their ability to be electrochemically polymerized
in the presence of biologically active molecules, also allows for an intimate and spatially controlled

enzyme localization inside their matrix, substantially improving enzyme-electrode coupling [35, 36].

Doped PPy was the first conducting polymer shown to provide an electron relay between the
surface of the electrode and the active site of an enzyme, significantly enhancing the biosensor’s
analytical characteristics [37, 38]. However, due to poor electrochemical stability (potentially affecting
long-term functionality) [39], efforts shifted to other materials, such as PEDOT, a polythiophene
derivative which emerged as a more stable candidate due to its low bandgap and high electrochemical
stability in the oxidized state [40]. The first example of a PEDOT-based glucose sensor with potential
for long-term measurements was presented by Kros and colleagues [41]. They physically incorporated
a positively charged polymer in the conducting matrix of the biosensor, allowing for more efficient ET
due to the increased electrostatic interaction of the positively charged entrapped polymer with the
negatively charged enzyme (Figure 1a). In a more direct approach, Thompson and colleagues compared
chemical vs electrochemical incorporation of the enzyme glucose oxidase (GOX) directly into PEDOT
during polymerization, concluding that the chemical polymerization resulted in more efficient enzyme

entrapment and thus DET [42].

An alternative strategy to improve the electron relay in CPs post-synthesis involves intermixing
with redox hydrogels, which have been shown to exhibit fast substrate and counter-ion diffusion
properties with high flexibility and fast electron transfer rates. The non-conducting nature of such

hydrogels impedes their efficient and spatially localized immobilization on the active electrode surface,
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so combining them with CPs can overcome this issue resulting in an ideal electron-transfer pathway.
PEDOT:PSS was used to enhance the poor performance of a mediator based biosensor by its
incorporation in nanocomposite enzyme electrodes, resulting in improved electron hopping in terms of
the electron diffusion coefficient and charge transfer resistance (Figure 1b) [43]. Going one step further,
the Bao group developed intrinsically conducting nanostructured PANI-redox hydrogels. The high
surface area and interconnected hydrogels not only resulted in excellent electronic conductivity and
electrochemical properties but also served as an efficient catalytic substrate for the enzymatic
determination of glucose, yielding excellent analytical biosensor properties [44]. In another approach, a
CP-based glucose-permeable redox hydrogel was formed by cross-linking polymer acid-templated
PANI along with GO, leading to the electrical wiring of the enzyme and allowing the electrocatalytic
oxidation of glucose at low oxidation potentials (Figure 1c). [45] More recently, CP hydrogels with
high permeability to enzymes were used to fabricate metabolite biosensors with excellent sensing

performance without the need for a mediator (Figure 1d). [46]

2.2 Conducting polymers as permselective membranes for improved selectivity

Another striking feature of organic electronic materials is their potential to be used as
permselective membranes to eliminate interference induced by electroactive compounds, which is
particularly important for real-world applications due to the increased complexity of the biological
milieu. As such, overoxidized polypyrrole (OPPy) has been employed to develop interference-free
biosensors as a cation exchange film that can repel common interferents found in complex media and
also limit protein binding due to the oxygen-containing groups introduced onto its surface. Additionally,
controlled deposition of OPPy via electropolymerisation is a versatile approach for creating
permselective membranes [47]. PANI-polyisoprene films have been also used as immobilization
matrices for GOX, and the resulting composite film was found to exhibit high permselectivity, allowing

selective H202 detection over common electroactive interferents [48].

2.3 Nanostructured organic electronic materials for improved sensitivity



Arguably, nanostructured sensing elements provide higher sensitivity due to increased surface-
to-volume ratios. Due to the versatility in processing organic electronic materials, nanoscale structures
can be easily produced to improve both the enzyme immobilization efficiency and the sensitivity and
stability of the sensor. Yang and coworkers recently developed PEDOT nanofibers carrying GOx on top
of a Ptelectrode, resulting in increased entrapment of the enzyme owing to its nanoscale matrix and a
reduction in the electrode impedance, achieving glucose detection at relatively low polarization

potentials [49].

2.4 Conducting Polymer-based devices

Organic electronics have been used for enhancing biosensors thanks to their distinct materials
properties, but they can themselves constitute the active material of the transducer, resulting in highly
integrated devices. Forzani and colleagues developed a glucose sensing device comprised of
interdigitated nanoelectrodes, bridged by PANI/GOx nanojunctions. The transduction mechanism relied
on glucose oxidation inducing changes in the polymer redox state. Due to the small size of the
nanojunction sensor, the enzyme was naturally regenerated without the need for redox mediators,
allowing for very fast responses and minimal oxygen consumption, which is a prerequisite for future in
vivo applications [50]. Mixed conduction in CPs is a key property that has enabled several new modes
of operation and devices [51], including the organic electrochemical transistor (OECT), a rising star in
terms of biosensing applications [52, 53]. After the first work on glucose sensing with OECTs in 1998,
based on the CP PANI, using tetrathiafulvalenium as an electron transfer mediator [54], many have
followed, mainly aiming at detecting H20: catalyzed oxidation at a Pt gate. [55] Integrating an ionic
liquid as an electrolyte [56] or incorporating carbon-based nanomaterials (such as graphene oxide) at
the gate and channel electrode [57] represent interesting attempts to improve the stability and sensitivity
of such devices (Figure 2 a,b). OECT-based sensors have also been screen-printed and functionalised
using a chitosan hydrogel matrix, incorporating a ferrocene electron transfer mediator along with the
corresponding oxidase enzyme for the detection of glucose and lactate on artificial sweat samples

(Figure 2c). [58] Epinephrine, a key neurotransmitter, has been also detected using solution-processed



OECTs with remarkable sensitivities (sub-nM) owing to a Nafion anti-interference layer and carbon-

based nanomaterials co-immobilized on the gate electrodes (Figure 2d) [59].

3. Highly integrated Organic Electronic Devices for Point of Care Metabolite Sensing

3.1 In vitro metabolite biosensors

Metabolite sensing from bodily fluids/ gases

Blood is the most commonly used bodily fluid for metabolite level monitoring. However, due to the
abundance of electroactive species, electrochemical detection methods become somewhat challenging,
and the commonly observed biofouling of the sensing electrodes poses further restrictions. [60] CPs
bearing appropriate surface modifications (i.e., incorporation of electron mediators, permselective
membranes, etc.) can offer valuable tools towards novel, more accurate diagnostic devices. An antibody-
mediated amperometric system was designed by Wei and colleagues to avoid the interfering signals
often encountered in complex matrices such as whole blood when using enzymatic-mediated
amperometric detection. PPy matrix served for the immobilization of the capture antibody, on top of a
16-array gold electrochemical sensor, which could therefore detect creatinine rapidly and accurately in

whole blood, resulting in a POC assay for allograft dysfunction (Figure 3a). [61]

Liao and coworkers recently developed a flexible OECT platform based on PEDOT:PSS to
selectively detect urea and glucose in saliva samples. [62] To eliminate electrochemical interference in
saliva, thus enhancing sensitivity and selectivity, the gate electrodes were modified with oppositely
charged bilayer polymeric films for both anionic and cationic charge exclusion of interferents. Moving
towards multiplexing, a PEDOT:PSS based OECT biosensing platform integrated with microfluidics
was developed for simultaneously screening glucose, lactate and cholesterol in human saliva samples.
The interference issues were resolved by operating the device at a bias far below the oxidation potential
of the electroactive species present in biofluids, by using ferrocene derivatives as a mediator. The final
device was tested with human volunteers before and after exercise to show relative variations in their
metabolite profiles under stimuli (Figure 3b). [63] In asimilar approach, simultaneous sensing of lactate

and glucose was demonstrated by integrating two OECT-based devices, each with a separate



microfluidic channel. They generated a prototype portable glucose sensor by linking a smartphone with
the device through Bluetooth connection, highlighting the ease of integration of such devices for POC

systems. [64]

Electronic devices (e-noses) have emerged as excellent candidates for detecting breath volatile
biomarkers compared with conventional methods (i.e., breathalyzers) used to date. Pavlou and
colleagues were the first to detect the pathogen Mycobacterium tuberculosis both in vitro and in situ
using a 14 gas-sensor array. This array consisted of a set of specifically tailored CPs that physically
interact with volatile compounds produced by the in vitro cultures or the sputum samples, resulting in a
change in electrical resistance. [65] In another study, chemically polymerized PPy films on chips were
used to capture absorbing and desorbing breath volatiles for subsequent chemical analysis both from
environmental air samples and directly from exhaled human breath, paving the way for lab-on-a-chip-
based environmental and health monitoring systems. [66] Bihar and colleagues recently developed a
printed disposable breath analyser based on an all-PEDOT:PSS printed OECT for detecting blood
alcohol levels from breath. The sensing platform, tested on human volunteers, showed remarkable

sensitivity in detecting the consumption of even one glass of wine. (Figure 3c). [67]

Metabolite sensing from whole cells

Detecting cellular metabolites under different stimuli or environmental conditions can give useful
insights for drug discovery and toxicology, particularly with the advent of organ-on-chip technologies.
Larsen and coworkers used PEDOT :tosylate microelectrodes as an all polymer electrochemical chip for
simple detection of potassium-induced transmitter release from neuron-like cells, demonstrating the
potential of the method for drug screening applications. [68] To improve the electrocatalytic activity of
the sensing electrode, the PEDOT:PSS gate may also be decorated with electrodeposited Pt
nanoparticles (NPs). [69] Due to the high surface area of the NPs and the enzymes’ specificity, the
authors achieved very sensitive determination of the critical metabolites glucose and lactate from live
cells. Lactate production in tumor cell cultures derived from real patients was also measured using an

OECT circuit. To circumvent the issue of interference in such samples, the proposed reference based
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sensor circuit design allowed for inherent background subtraction. Lactate production could be
measured from a few cells underlying the sensitivity of the device over a highly complex milieu, thus
illustrating its potential for its use in in vivo applications for cancer diagnostics (Figure 3d). [70] In a
more recent study, Curto and colleagues demonstrated a multiparametric on-chip platform integrated
with microfluidics for cell cultures, using among other in-line methods the OECT -based detection of
glucose produced by the cells as a measure to validate their improved differentiation under stimuli

conditions. [71]

2.1 Wearable Metabolite Biosensors

Box 3. Wearable metabolite sensors
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Caption: Overview of the rapidly growing field of wearable biosensors: increasing invasiveness from
top to bottom. Saliva-based sensor image reproduced with permission from [87], breath-based sensor
image reproduced with permission from [67], implantable sensors image reproduced with permission
from [15], tear-based sensor image reproduced with permission from [91] sweat-based sensor image
reproduced with permission from [90] ISF-blood based sensor image reproduced with permission
from [95]

An undeniable trend in biosensor technology is on-body continuous monitoring of metabolites using
wearable devices.[13] In parallel with the emergence of wearable electronics, wearable sensor-based
systems for healthcare applications have attracted significant interest both in industrial and academic
research.[72] Wearable biosensor applications aim to transform centralized hospital-based care
systems to home-based personal medicine, reducing healthcare cost and time for diagnosis.
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Electrochemical transducers offer many advantages for wearable sensors for physiological
monitoring, and can be easily integrated onto textile materials or directly on the skin.

The move towards biosensor technology for on-body continuous metabolite monitoring and the
advancements in wearable electronics [13] has inevitably led to wearable sensors for healthcare
applications (see Box 3) [6, 72]. Although organic electronic materials have been successfully
implemented into wearable sensors for electrophysiological measurements [73, 74], there are currently
few examples of metabolite sensors using this technology [75]. As we expect this area to advance
rapidly, we present here some examples of current technologies used for metabolite sensing in wearable
formats and illustrate progress towards this goal using organic electronic materials. Sweat-based
wearable sensor systems, although mostly focused on a small number of physical or electrophysiological
parameters, can yield significant information about a patient’s health status based on levels of some
critical metabolites [76]. Wearable biosensors can be either textile/plastic based or epidermal (tattoo)-
based systems [77]. Epidermal biosensors provide better contact with skin but usually exhibit shorter
lifetimes compared to textile-based systems. Such biosensors were first developed in 2009 by Kim and
colleagues for continuous monitoring of physical parameters [78] and shortly after, Jia and colleagues
combined this approach with biorecognition elements towards the first printed tattoo-based biosensor
[79]. A screen-printed electrode on temporary tattoo paper was developed with carbon and Ag/AgCl
serving as the working and reference electrodes, respectively. The working electrode was also modified
with CNTs carrying a mediator together with lactate oxidase (LOX) for continuously monitoring lactate
in sweat during exercise [79]. The same group later introduced a fully integrated sensor (comprising a
sensory part, a microcontroller, a wireless communication system and an acquisition system) in an
epidermal patch. The sensory part was composed of a screen-printed three-electrode-based
amperometric sensor and two carbon-based electrocardiogram electrodes for the simultaneous

measurement of lactate and electrophysiological parameters (Figure 4a). [80]

CPs are especially advantageous for wearable sensor technology due to their compatibility with

fabrication on flexible substrates. [56] In a very interesting approach, Pal and colleagues developed
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PEDOT PSS electrodes on flexible fully biodegradable silk protein fibroin supports using a simple
photolithographic process and an aqueous ink composed of the CP and carrier proteins. (Figure 4b).
[81] The silk provided excellent mechanical and optical properties along with biocompatibility and
controllable degradation. In a similar approach by the same group, silk proteins including fibroin and
sericin were modified with photoreactive methacrylate groups to be used as substrate inks for the water-
dispersable PEDOT PSS that was micropatterned to develop biodegradable bioelectrode, for glucose
sensing in vitro [82]. This approach opens up a new direction for fabricating an entirely organic, free-
standing device with controllable biodegradability including scalability and processability, leading to
applications in wearable or implantable bioelectronics with “wear/implant and forget” functionality
[83].

Complementing recent progress on in vitro salivary diagnostics, wearable salivary sensing has
also been reported, dating back to the 1960s, where pH and other important electrolytes were measured
on a partial denture. [84, 85] However, the focus now is on the development of wearable sensors for the
early diagnosis of important metabolic diseases. [13, 86] An early example is a hon-invasive mouthguard
biosensor for continuously monitoring uric acid, the end product of purine metabolism in the human
body, developed by Wang and coworkers [87]. This study developed a screen-printed amperometric
enzyme-based biosensor together with an integrated wireless transmitter. Carbon electrode-containing
mediators were printed as transducing elements on a plastic substrate, and crosslinked uricase enzyme
was electropolymerized to serve as the biorecognition element, for sweat sensors. A wireless
amperometric circuit coupled with a Bluetooth low-energy communication system was integrated on
the mouthguard biosensor as shown in Figure 4c. The advantages of this mouthguard sensor over in-
dwelling types of devices are wearability, ease of operation and renewability.

The very first successful prototype of electronic contact lenses was developed by Parviz and
colleagues in 2009, showing the first in vivo test of a wirelessly powered contact lens display placed on
a live, anesthetized rabbit’s eye. [88] Later, they developed the first metabolite sensor in human tear
fluid using the same contact lens approach by integrating a three-electrode amperometric sensor system

consisting of a Pt working electrode with immobilized GOx, and an external Ag/AgCl reference
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electrode on plastic films in an electrochemical cell, again detecting H20: catalysis. [89, 90] A lactate
biosensor was developed in the same manner, replacing GOx with LOx [91]. Mitsubayashi and
colleagues developed an interesting strategy to produce enzyme-based glucose biosensors by integrating
a polydimethyl siloxane (PDMS) membrane onto a contact lens. The counter/reference electrodes were
fabricated by successively sputtering Ag and Pt metal onto a 70 um thick PDMS substrate (Figure 5a-
b). [92] Flexible electrodes were then bonded onto the surface of the contact lens using PDMS, and GOx
was immobilized on the sensing region of the electrode. This integrated biosensor was successfully
tested using a rabbit model. [92] Progress is moving towards integrating organic electronic materials
into metabolite sensors from tears; a recent study by Lee and coworkers illustrated the potential for
integrating graphene into contact lenses [93], while Tehrani and coworkers are working towards rapid

detection of glucose on CuNP decorated graphene electrodes. [94]

Even though there has been no commercial success so far in non-invasive wearable metabolite
sensing using saliva, tears or sweat, limited commercial success has been achieved with interstitial fluid
(ISF) based biosensors. One of the best-known examples is the GlucoWatch Biographer™ (Cygnus,
Inc.). Having initially attracted considerable attention in the early 2000s, it was quickly withdrawn due
to significant inaccuracies, sampling errors, skin irritation problems and frequent calibration needs [15].
Recently, Abbott launched the FreeStyelLibre (www.freestylelibre.com) as a new wearable continuous
glucose monitoring device, showing more promise in terms of comfort and user interface; the sensor
can be used for 14 days and does not require any finger-stick calibration, while its small sensory part
(0.2 inches long) directly connects to a plastic patch that can be easily placed on the upper arm. The
glucose concentration is transferred in real-time to an external reader wirelessly via a near-infrared
identification tag. This recent progress on ISF based biosensors further expands the wearable biosensor
market and is anticipated in the near future to extend to other metabolites beyond glucose, offering

multiplexing capabilities toward personalized diagnostics.

2.2 Implantable Biosensors

14



The concept of implantable metabolite sensors was first proposed by Leyland C. Clark in his
seminal paper in 1962 [1] but was put into practice by Shichiri and colleagues in the early 1980s [95].
There have been many different research efforts since then, mostly focusing on developing continuous
glucose monitoring systems [96]. One prominent study described an implantable 100 mm flexible
biochip for intravenous glucose sensing in rat blood. The fabricated microelectrode was modified with
a carbon-based composite consisting of flexible carbon fibres, neutral red as a mediator and GOx as an
enzyme layer. The device was inserted in the thoracic region of a living rat for glucose measurements,
simulating diabetic conditions by injecting glucose intravenously (Figure 5c) [97].

Despite limited progress in academic studies, considerable success has been achieved in
industrial research, and the implantable biosensor market has begun to expand in the last decade. In
2005, Medtronic (USA) launched the first implantable continuous glucose monitoring device for
personal use [6, 15]. The self-implanted sensor was based on the amperometric determination of H202
produced by the oxidation of glucose in the presence of glucose oxidase. Despite the commercial and
medical success, there are still restrictions that to some extent limit the use of such devices. For instance,
the FDA still stipulates that the finger-stick blood test must be performed in parallel when using these
self-implantable biosensors [15]. However, this limitation was very recently overcome by the same
company, with the world’s first FDA approved hybrid closed loop (HCL) insulin delivery system, the
MiniMed 679G. This new device provides automatic adjustment of basal insulin delivery without
requiring a finger-stick test, opening up new avenues in the area of implantable biosensors for
continuous monitoring of glucose (www.medtronicdiabetes.com). While it is impossible to include all
successful devices in this review, other reviews describe more about the historical evolution and
development of commercialised implantable biosensors [6, 15-19, 98].

Conclusions

Despite the significant progress in biosensor development, successfully commercialized devices are still
scarce, with glucose sensors a notable exception. The dual market demands of high analytical
performance and cheap, easy-to-use, long-lasting devices often render their clinical implementation

beyond the reach of current technologies. Organic electronics is a field of research that has rapidly come
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to the fore for biological applications, despite its beginnings in large-area, flexible applications
embodied by devices such as the organic light emitting diode or organic photovoltaics. One of the factors
credited for the success of organic electronics in biosensing applications is the literal flexibility and
tunability of these materials to adapt to challenging performance requirements in biological milieus.
Organic electronics may therefore represent the ideal technology to meet the demands of the biosensor
market (see Outstanding Questions). Indeed, in cases of bioelectrocatalytic detection methods—such
as those described in this review—we show examples where organic, often polymeric structure can
allow for molecular wiring with the enzyme’s active site and thus achieve high sensitivities without the
need for artificial electron mediators. Bearing in mind commonly raised issues in terms of stability and
lifetime of the enzymes, future trends in this dynamic, fast-moving field of organic electronic
biocatalytic sensors are anticipated to include the development of biomimetic architectures (i.e.,
molecular imprinted structures), harnessing the versatility in synthesis of such electronic materials.
Transducer and biorecognition elements can be envisioned as a single active component, combining
electronic functionalities and the best features of the biological reagent in a more stable matrix and

opening up new exciting directions in biosensor technology in both fundamental and practical aspects.
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Figure 1: Organic electronic materials as efficient enzyme immobilization matrices and
transducers for metabolite detection. (a) Weak and strong electrostatic binding of glucose oxidase
onto PEDOT matrix due to the positive charged PMVP inside the matrix and current response of the
corresponding biosensor at 0.3 V vs Ag/AgCI reference electrode as a function of glucose concentration
for PEDOT only (A), as well as different PEDOT/PMVP molar ratio: 6(B), 3(C) and 2(D). Reproduced
with permission from [41] (b) Schematic diagram of the working electrode coated with ferrocene-
branched polyethylenimine, PEDOT:PSS and glucose oxidase for glucose detection with increased
sensitivity Reproduced with permission from [43] (c) Chemical structure of phytic acid gelated and
doped PANI hydrogel. Reproduced with permission from [45]. (d) Schematic of the PANI hydrogel
matrix integrating platinum nanoparticles and the corresponding enzymes for the detection of uric acid,

cholesterol and triglyceride. Reproduced with permission from [46]
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Figure 2. Highly integrated electronic devices bearing organic materials as the transducing
elements for metabolite detection. (a) Schematic representation of the lactate OECT with an ionic gel
solid state electrolyte, photograph of the actual flexible device and current modulation upon addition of
lactate. Reproduced with permission from [56] (b) Ilustration of the whole graphene solution gated
transistor, showing the sensing electrode (gate) functionalization. Reproduced with permission from
[57] (c) Schematic diagram of the screen printed OECT and illustration showing the gate electrode
functionalization, comprised of a mediator as well as current response for the enzymatic determination
of lactate. Reproduced with permission from [58] (d) Schematic representation of the epinephrine
OECT based sensor bearing functionalized gate electrodes and potential drop at the gate electrode upon
different concentrations of epinephrine dependent on the different functionalization schemes.

Reproduced with permission from [59]
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Figure 3. Fully integrated point-of-care platforms based on organic electronics for in vitro
detection of metabolites and used in real world applications. (a) Illustration of the CP
electrochemical sensor array for the direct measurement of creatinine from serum Reproduced with
permission from [61] (b) Schematic showing the OECT-based multianalyte platform, simultaneous
measurement of the three metabolites and the metabolites’ levels of two healthy volunteers before and
after exercise as measured by the proposed device. Reproduced with permission from [63] (c)
Photograph of the paper OECT - breathalyzer and curve showing the detection sensitivity. Reproduced
with permission from [67] (d) Schematic of the sensitive reference-based OECT lactate sensing

platform and lactate titration curve in different amounts of cells. Reproduced with permission from [70]
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Figure 4. Non-invasive on body metabolite sensors based on organic materials. (a) Schematics of

screen printed electrode, enzymatic sensing mechanism and amperometric response of wearable
sweat-based lactate biosensor. Reproduced with permission from [80] (b) Schematic of fabrication
steps on conductive micropattern on a flexible substrate, and large area micro patterns of flexible
PEDOT:PSS on silk fibroin sheets with optical micrograph (Scalebars: 100 pum). Reproduced with
permission from [81]. (c) Saliva-based mouthguard uric acid biosensor and its various components

with sensing principles. Reproduced with permission from [87]
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Figure 5. Minimally invasive and implantable metabolite sensors (a) The fabrication method
of the contact lens biosensor on a flexible electrode and (b) integration of this electrode to the contact
lens. Reproduced with permission from [92] (c) Images showing the device fabrication steps and
implantation in a rat vein, and in vivo chronoamperometry measurements with Glucose injection after

20 min (zoomed region). Reproduced with permission from [97]
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