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Abstract

Flexible biosensors form part of a rapidly growing research field that take advantage of a
multidisciplinary approach involving materials, fabrication and design strategies to be able to
function at biological interfaces that may be soft, intrinsically curvy, irregular, or elastic.
Numerous exciting advancements are being proposed and developed each year towards
applications in healthcare, fundamental biomedical research, food safety and environmental
monitoring. In order to place these developments in perspective, this review is intended to present
an overview on field of flexible biosensor development. We endeavor to show how this subset of
the broader field of flexible and wearable devices presents unique characteristics inherent in their
design. Initially, a discussion on the structure of flexible biosensors is presented to address the
critical issues specific to their design. We then summarize the different materials as substrates that
can resist mechanical deformation while retaining their function of the bioreceptors and active
elements. Several examples of flexible biosensors are presented based on the different
environments in which they may be deployed or on the basis of targeted biological analytes.
Challenges and future perspectives pertinent to the current and future stages of development are
presented. Through these summaries and discussion, this review is expected to provide insights
towards a systematic and fundamental understanding for the fabrication and utilization of flexible
biosensors, as well as inspire and improve designs for smart and effective devices in the future.
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1. Introduction

Flexible, stretchable, and wearable sensors and biosensors for point-of-care (POC) testing
form part of a broad, rapidly expanding multi-billion dollar market and research focus in the
area of portable devices (IDTechEx 20173, b, ¢). They represent powerful tools towards the
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monitoring and diagnosis of personal healthcare parameters (Karnaushenko et al. 2015;
Schwartz et al. 2013; Yu et al. 2018), with additional applications in food safety (Shu et al.
2018b; Tao et al. 2012), environmental monitoring (Van Dorst et al. 2010), and veterinary
settings (Sun et al. 2015; Yamakawa et al. 2014). The driving force for the advancement of
such devices stems from their appeal as being able to operate by being directly attached to a
system — either externally (e.g. to human skin, or even surfaces of fruits and vegetables) or
internally (e.g. on soft tissue) to deliver accurate, reliable and real-time measurement of
physiological parameters or biomarkers (Fernandez et al. 2015; Liu et al. 2016; Ochoa et al.
2014). In various embodiments, they can form intimate interfaces with intrinsically curved
and soft surfaces, resulting in enhanced sample capture efficiency and signal transduction.
Such sensors therefore possess properties including, but not limited to, mobility (implantable
or wearable), light weight, biocompatibility, and ability to be noninvasive. Because flexible
biosensors can locally track indicators of health vitals, infections, or disease, they are of
critical value in the design of continuous and multiplexed sensing tools, as well as form
components of larger customized personal health monitoring systems (Karnaushenko et al.
2015; Khan et al. 2016; Viventi et al. 2011). In comparison to traditional laboratory-based or
rigid testing techniques, flexible biosensors are typically designed with the goals of not
requiring complex infrastructure, while satisfying the demands of end-users for self or
ambulatory testing.

In recent years, a number of excellent reviews have been published on this extensive and
growing area of fundamental and applied research. From a broad perspective, these have
discussed aspects of the flexible market space such as wearable devices, functional textiles,
electronic skins, and flexible bio and optoelectronics (Bandodkar and Wang 2014; Benight
et al. 2013; Feiner and Dvir 2018; Kim et al. 2012a; Wang et al. 2017a; Wang et al. 2017c).
In the area of sensors, currently, many portable and/or wearable devices (which may not be
flexible) are focused on the measurement and sensing of biophysical parameters (Heikenfeld
et al. 2018).

These include temperature, pH, heart rate, blood/intraocular pressure, neural signals, and air
quality (Bonato 2010; Schwartz et al. 2013). Areas of flexible electronics which include
consumer products, handhelds, wearable computing, and monitoring of health vitals are also
discussed (Khan et al. 2016; Rajan et al. 2018). A smaller, albeit growing subset of flexible
devices lies is in the area of biochemical sensing wherein the system either comprises of a
biological element for detection (e.g. an antibody, aptamer, enzyme etc.), or is used to detect
specific biological or chemical analytes of interest (Ray and Joseph 2013). These can
include targets such as small chemical molecules (e.g. glucose (Li et al. 2007), ascorbic acid
(Cai et al. 2014), lactate (Qianwei et al. 2017), dopamine (K.P.O et al. 2018)),
biomacromolecules (e.g. protein biomarkers (Kamakoti et al. 2016), DNA/RNA (Jung et al.
2014)), and even whole cells. In contrast to the measurement of physical parameters in
flexible bio and optoelectronic settings, the fabrication of such biochemical devices is
accompanied by unique challenges. These stem primarily from the incorporation of
biorecognition elements, as well as their operational environments. Both biorecognition
elements and their supports need to be optimized within specific frameworks in order to
maintain transport of the target, and provide consistent signal transduction. To detect precise
targets of interest at a physico-biological interface which can be soft and delicate, or have
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curvilinear surfaces and complex geometry, new materials and modalities of detection need
to be developed or harnessed to perform a monitoring function without interrupting the
normal activity of the sampling site (e.g. tissues, organs, plants) (Lee et al. 2016b; Salvatore
et al. 2014; Tan et al. 2008).

Here, we present a comprehensive review that illustrate the development and function of
flexible biosensors. This review intends to summarize general design principles, and recent,
noteworthy systems targeting biological parameters and biomarkers. It is important to note
that we will not discuss the detection/measurement of (bio) physical parameters, or the
broader field of flexible electronic devices, for which the reader is referred to the excellent
reviews discussed above. Our focus is on the use of diverse materials and fabrication
techniques to fabricate the core components (substrates or active areas) for the detection of
biological or chemical analytes. The common classes of materials that have been used to
fabricate flexible biosensors are discussed regarding their advantages and selection. We
discuss the environments where flexible biosensors are deployed, as well as potential targets
of interest. Important details and issues in the design and fabrication of flexible biosensors
are addressed to illuminate the critical features that can greatly affect their performance.
Finally, the perspectives and challenges in this field are discussed. It should be clear that as a
subset of the larger thematic area, such systems may share several design principles and
ideas in common, or where broadly designed wearables may provide inspiration for
biosensor development. Through this review, trends in the development of flexible and
stretchable biosensors are expected to be illustrated, leading to new and innovative ideas.

2. The structure of flexible biosensors

As with their counterparts in “rigid” configurations, “flexible” biosensors generally have
three components: (A) a substrate which forms the primary mechanical support for the entire
system; (B) bioreceptor(s) specific to the analyte(s) of interest, and (C) an active material(s)
to transduce the signal from the bioreceptor(s), depending on the mechanism of detection.
The signals reflecting the parameter of interest are then converted, typically by software,
into a readable interface by the human operator. The essential elements of the biosensors,
particularly in a flexible configuration are shown in Figure 1. A brief summary of
components and representative studies on mechanical flexibility are shown in Table 1.
Typically, biointerfaces where flexible biosensors are designed to operate tend to be non-
planar, soft, rough, or even non-stationary. Some areas of intended use are shown in Figure
2. They represent sites that are either already, or are being, targeted for the detection of
specific biochemical targets. The critical design aspect is therefore that the substrate (A)
needs to possess one or more of the following qualities — mechanical flexibility, bendability,
stretchability, thermal/chemical stability, transparency, biocompatibility, and
biodegradability (Han et al. 2017; Wang et al. 2016; Yang et al. 2017a). Note that a single
system may possess one or more of these properties, and often all of them. The substrate (A)
provides the fundamental exo-skeleton of the device - offering solid support, contact with
the surface, holding the components together, and maintaining stable performance.
Concurrently, the recognition element (B) and transduction (C) need to be integrated on the
substrate, as well as be stable and amenable to the same mechanical conformations without
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being delaminated or removed as a result of deformation. The next section discusses some of
the materials and design strategies used in flexible sensors.

3. Materials and configurations

3.1.

Substrate selection forms one of the key steps of device fabrication as it provides the
foundation on which to construct the biosensor. The resulting properties and functionalities
are in turn, dependent on what the substrate can support (Khan et al. 2015; Windmiller and
Wang 2013). By definition, mechanical flexibility is a primary characteristic, as it provides a
mechanism to fit the physical dynamics of inherently non-linear, and often, non-rigid
environments, thereby increasing the interaction between analytes and sensing/transducing
elements. For instance, a substrate that conforms more the contours of the surface is more
likely to provide a large contact area for sample collection such as body fluids. While
primarily designed to broaden the scope of biomolecular detection, such devices can often
also be used in combination with added functionalities (e.g. drug delivery) (Wang et al.
2016). Material selection may be initially based on the location of intended use (e.g. internal
or external to the biological system). Figure 3 shows a few examples of the demands placed
on the flexible devices based on their location. These can range from mechanical
deformations to surface conformability. To impart characteristics of bendability,
stretchability, conformability, fracture resistance, and wear resistance, two approaches are
generally used: (1) select and synthesize /ntrinsically flexible and stretchable materials with
good inherent or supplemented electronic characteristics, or (2) use rigid conductive or
semi-conductive materials, and impart flexible attributes via specific geometrical or
structural designs (e.g. serpentine or wave patterns) (Rogers et al. 2010; Wang et al. 2015),
or pre-stressing (Zhu and Moran-Mirabal 2016)). It should be noted that while some of the
materials and strategies below have been primarily reported for broader flexible devices,
they constitute general design concepts that may be, or have already been adapted to flexible
biosensors. Initially, we present a brief discussion on some of the characteristics of
inherently flexible substrate materials.

Flexible Substrate Materials

3.1.1. Synthetic Polymers—Synthetic polymers are currently among the most
commonly used substrates owing to their versatility and processability, which enable the
formation of flexible architectures at low cost and high efficiency. Polyethylene
terephthalate (PET), Polyethylene naphthalate (PEN), polyimide (PI), and
polydimethylsiloxane (PDMS) are some of the well-studied polymers used to fabricate
flexible substrates used in biosensing platforms (Lau et al. 2013; Liao et al. 2015b; Segev-
Bar and Haick 2013). PET is a synthetic polyester fiber typically used in clothing, plastic
containers, and as an electric insulator (Reddish 1950). Favorable characteristics including
mechanical properties, inertness, thermal stability and low cost have made it a candidate to
replace silicon substrates (Ahani et al. 2011). The polymer is often pressed into ultra-thin
films to create optically transparent, high-contact surfaces which imparts versatility and
functionality in conforming to different shapes and structures (MacDonald 2004). PEN
(commercially available as Teonex®) is a synthetic polyester that has slightly better intrinsic
properties (chemical and hydrolytic resistance, thermal and thermo-oxidative resistance, and
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ultraviolet (UV) resistance) that make it suitable as a plastic substrate (Murakami et al.
1995). PEN also provides better optical transparency and oxygen barrier giving it an edge
for superior performance in optical devices. Although more rigid than PET, PEN can confer
flexibility due to its intrinsic bendability (Barlow et al. 2002; Lechat et al. 2006). Both PET
and PEN are often used to layer functional components such as metal coatings, metal oxides,
conducting polymers, and nanoparticles to form thin structures that can easily conform to
biological surfaces (Vidor et al. 2015; Zhao et al. 2007). The advancement of technologies
such as screen printing has also increased their use by making it easier to incorporate
fabricated ultrathin microelectrodes and other microcontact devices (Moscicki et al. 2017).

Polyimides (PI) are well known in industrial applications (one commercially available form
is Kapton®) as flexible polymer fibers that can bend, fold, and be molded with relative ease.
They exhibit good thermal stability, dynamic tensile strength, and excellent dielectric and
structural stability. These materials are flexible and easy to manipulate, and modified to
exhibit different yet unique functionalities. Pls have been modified to become photosensitive
(Liaw et al. 2012) or can be metal deposited to enhance conductivity. They have also been
applied in bio-electronics as substrates for neural implants, as fuel cells, and other devices
by making thin film and double layer films (Xiao et al. 2008). As low cost flexible materials
with high biocompatibility and efficiency, Pls are attractive substrates to form biosensors.
(Lee et al. 2004).

Polydimethylsiloxane (PDMS) is a silicone-based elastomer that is well known for its use in
soft lithography and microfluidics (Qin et al. 2010). PDMS is widely used in biomedical
devices, incorporated into catheters, membrane oxygenators, and cartilage implants. The
rapid expansion in the use of PDMS devices can be attributed to low cost, chemical
inertness, thermal stability, and oxygen permeability (Mata et al. 2005). As a flexible
substrate, PDMS is highly preferred due to these properties, coupled with high elasticity, low
modulus, and optical transparency giving it an edge over most other polymer-based flexible
substrates. As an oxygen permeable, biocompatible, and nontoxic material, it is suitable for
in vitro and in vivo applications (Patrito et al. 2007). Other materials and particles can also
be incorporated with PDMS to form complex systems such as lab-on-a-chip (Klemic et al.
2002) and implantable electrodes (SadAbadi et al. 2013).

3.1.2. Paper—~Paper is an attractive and inexpensive semi-natural/semi-synthetic
substrate to develop rapid POC diagnostics, particularly in resource constrained areas. Paper
is intrinsically flexible, ubiquitous and readily available (Chinnasamy et al. 2014; Martinez
et al. 2010). It is often used as a substrate for devices either by itself, or as paper-based
structures. Paper substrates can support a variety of sensing modalities from optical,
electrical, and electrochemical when detecting biotargets (Parolo and Merkoci 2013; Qiu et
al. 2017). For example, optical transparency in paper can be obtained by decreasing the
diameter of cellulose fibers from um to nm (Bin et al. 2017). Combined with light weight
and a relatively thin and porous architecture, paper can be easily formed into composites.
Processing techniques including screen-printing, inkjet printing, nanopatterning, and others,
have made it easier to fabricate paper-based electrodes with multilayer structures (Siegel et
al. 2010). Since they absorb via capillary action, paper substrates can be used to form lateral
flow assay technologies, similar to pregnancy test strips for the detection of human chorionic
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gonadotrophin (Choi et al. 2016a). For instance, there has been interest in developing rapid
paper-assays for nucleic acid testing (Ngom et al. 2010).

While the mechanical properties of paper are easily tunable by manipulating individual
cellulose fibers, it can also be fragile and easily susceptible to tearing, with a low stability in
wet environments. Composites of paper with other biomaterials have been suggested to form
bioactive paper. For example, cellulose fibers and nanofibers (CNFs) can be functionalized
with strengthening polymers such as glyoxalated polyacrylamides (GPAM) and/or
polyamideepichlorohydrin (PAE) to give a stronger and long-lasting effect of wet-strength
(Pelton 2009). Since cellulose is intrinsically not degraded, strategies have been proposed to
make cellulose fibers more biodegradable (Jung et al. 2015). As a synthetic material and
relatively nonconductive platform, there is often a need for labeling for biomolecules, as
well as doping with conducting polymers or metal oxides to provide electrochemical
capabilities (Pelton 2009). Due to its poor conductivity, paper may be modified (often
chemically) by pretreating to remove additives and coating with a conductive layer or other
electroactive materials, and/or integrating with soft metal foils to support its application (Bin
et al. 2017). Various forms of nanocellulose such as cellulose nanocrystals (CNCs),
nanofibrillated cellulose (NFCs) and bacterial nanocellulose (BNCs) have also been
proposed as substrates for biosensors as biological and environmentally benign materials.
(Golmohammadi et al. 2017)

3.1.3. Textiles and fibers—Textiles form a broad spectrum of novel materials for
flexible biosensing and can be fabricated as fibers (1D), woven, knitted, or fashioned into
other non-woven (2D) structures to provide a solid support for the active sensing area (Li et
al. 2014a; Stoppa and Chiolerio 2014; Windmiller and Wang 2013). These materials,
including wool, cotton, or synthetics (nylon, polyester, etc.), are good candidates due to
intrinsic flexibility, durability, and stability. Additionally, textile substrates can be integrated
with conductive materials using various fabrication techniques. For example, fabrics have
been drop coated or soaked with conductive polymers to produce conductive filaments (Ding
et al. 2010). Conductive yarns can also be prepared by incorporating textiles during the
process of polymerization (Aksit et al. 2009). The migrated electrical/electrochemical
systems on textile substrates can fill the gap between powerful and possibly multiplexed
electroanalytical devices, while satisfying demands of daily even heavy usage, with traits
like light weight, convenience, integrated functions, simple operation, low-cost, and real-
time display.

For use with wearable garments, stability in extended wash cycles is an added challenge.
Thick-film amperometric biosensors on the elastic waistband of garments were shown using
screen-printing carbon-based ink, followed by thermal curing to form textile-based carbon
electrodes (TCESs) (Yang et al. 2010). These electrodes endure severe mechanical
deformation without visible cracking or peeling. The electrochemical performance of the
TCEs showed excellent consistency after repetitive bending or stretching, and were able to
detect 0-25 mM of H,O, and 0-100 puM of NADH towards glucose sensing and sweat
monitoring. Besides conventional electrochemical biosensors, conductive textiles have been
incorporated into the fabrication of transistors. A flexible OECT was fabricated by screen-
printing PEDOT:PSS on the textile substrate (Gualandi et al. 2016). The OECT showed a
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sheet resistance ~40 Q cm~2, lower than that of other reported PEDOT-coated yarn-based
OECTs or the pristine textile (Coppede et al. 2014; Hamedi et al. 2007). An OECT based on
two parallel rectangular strips working as the channel and the gate electrodes, was used to
detect adrenaline, ascorbic acid, and dopamine in artificial sweat. The fabricated textile
OECTs exhibited no obvious degradation of electrical performance after repetitive
deformation or hand-washing cycles, demonstrating its utility as a promising platform to
construct wearable biosensors for daily use.

3.1.4. Metals—Thin metallic foils have also been used as flexible substrates. While they
can be useful in biosensors, their use has been more widespread in traditional electronics
(Huang et al. 2011). Metal foils (from materials such as stainless steel, titanium,
molybdenum, and copper) can meet the needs of high thermal stability for roll-to-roll
processing down to ~0.05 mm thickness or below (Liao et al. 2012). At this level, the foils
can easily bend, while still providing the superior conductivity that metal substrates are
known for (Wenmin et al. 2001). In addition, flexible foil substrates are advantageous as
they can be formed as large or as small as desired, while allowing for tunability in their
functionality through layering or deposition of other metals (Mathew et al. 2003). Although
not common in the fabrication of flexible biosensors, metallic foils have shown their
potential as substrates to make solar cells and thin-film transistors (Howell et al. 2000; Park
et al. 2003). Mechanically, metallic foil substrates are more durable to external bending and
compression than stretching (Gleskova et al. 2002). The problems of using metallic foils as
substrates in flexible biosensors are obvious. First, the production of metallic foils is still
more expensive in comparison to plastic foil substrates such as PEN or PIl. Moreover, the
deposition of functional electronic patterns on metallic foil substrates is commonly a high
temperature process. In addition to being energy and time intensive, such processes are
typically not compatible with fragile bioreceptor molecules (Howell et al. 2000; Park et al.
2003). Finally, metallic foil substrates are not bio-degradable, in comparison to other
alternatives for biosensing applications.

3.1.5. Bioderived materials—Bio-derived materials have received recent consideration
for green and sustainable bioelectronics, owing to their characteristics of being
biocompatible and biodegradable (Aizenberg and Fratzl 2009; Irimia-Vladu 2014;
Muskovich and Bettinger 2012). Natural “inspiration” to design or fabricate flexible devices
has also been discussed in excellent reviews (Fratzl and Barth 2009; Liu et al. 2017). Various
naturally derived biomaterials have been proposed as substrates for flexible devices such as
silk proteins, polysaccharides and gelatin. Silk is a naturally occurring biopolymer that is a
viable supporting substrate as a film or a scaffold, or as an organic component of
synthetically fabricated electronics (Jin et al. 2005; Meinel et al. 2004). It is mechanically
strong as a textile, while offering excellent surface area and optical transparency as thin and
ultrathin films (Jiang et al. 2007; Lawrence et al. 2008). Silk proteins can be fabricated into
fibers, gels, films and sheets to meet the need of multiple biomedical applications (Altman et
al. 2003). These films are mechanically flexible and tunable, as well as easily functionalized
with bioreceptors (Kim et al. 2009; Lawrence et al. 2008; Li et al. 2011a). They can be
combined with synthetic polymers (Liu et al. 2014), or mixed with conducting polymer inks
to be used as flexible biosensors (Pal et al. 2016b). Other bio-derived materials such as
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chitin and chitosan have been reported for electrochemical biosensing as components,
substrates, or surface modifiers for thin film electrodes (Suginta et al. 2013). The natural
plant dye indigo was used to form an ambipolar organic field-effect transistor (OFET) on
thin spin-coated shellac sheets. Shellac itself is a natural bio adhesive polymer composed of
aliphatic and alicyclic hydroxy acids, and can be considered a natural, degradable plastic.
(Irimia-Vladu et al. 2012)

3.2. Configurations

An interesting strategy to impart flexibility in devices is through the use of rational design,
whereby even materials with a high moduli and low flexibility in bulk can be used.(Rogers
et al. 2010) This can be in the form of using shape changes (e.g. wavy, buckled or wrinkled
architectures (Benight et al. 2013; Bowden et al. 1998)) to relieve strain, or by the use of
specific nanoscale architectures or designs (e.g. serpentine, helix or fractal (Fan et al. 2014;
Wang et al. 2015)) to facilitate bending and/or stretchability. With the advancement of
nanofabrication techniques, rigid or stiff organic or inorganic materials like silicon, metals,
and quartz, can be engineered to form ultra-thin films and circuits by using extremely thin
(nanoscale) structures. Techniques such as origami and kirigami for making paper art, also
provide inspiration for routes to structural platforms in engineering applications.
Conceptually related schemes in cutting, folding, and buckling can be used in the
construction of devices such as stretchable/conformable electronics and micro/nanoscale
biosensors (Ning et al. 2018). In all, these approaches permit the use of highly conductive
materials such as Ag, Cu and Au which can retain their intrinsic characteristics, while being
able to sustain mechanical deformation (e.g. bending, rolling, twisting) (Kim et al. 2012a;
Rogers et al. 2010). While many of these configurations have been primarily used for
flexible bioelectronics and biophysical sensors, to date there have been few reports in which
such systems have been adapted specifically for the purposes of biosensing of chemical and
biological analytes. In particular, the immobilization of biorecognition molecules in such
systems has to be demonstrated. The reader is referred to a number of excellent recent
reviews that discuss these designs and shapes.(Liu et al. 2017; Wang et al. 2017c)

3.3. Bioreceptors

Just like their rigid/nonflexible counterparts, most flexible biosensors may incorporate
biological receptors to facilitate specific analyte detection. While label-free detection is
often sought in some cases, most biosensors utilize biologically derived recognition entities
coupled to transducers to allow the quantitative measurement of biochemical parameters.
Enzymes, aptamers, antibodies, polysaccharides, etc. are among the various
biomacromolecules used in such sensors (Figure 1, Table 1) (Luo et al. 2018; Lv et al.
2018; Mohanty and Kougianos 2006; Shu et al. 2018a). An important consideration is that
the biomolecule does not delaminate or leach out from the substrate during mechanical
challenge. Often, this is difficult because the ability of the bioreceptor to directly interact
with the analyte of interest must be balanced by consideration of stability. The flexible
substrate must therefore be modified and functionalized for the appropriate attachment to
ensure functionality and longevity. These can include direct immobilization via covalent or
non-covalent bonding, using different linkage chemistries (e.g. biotin-streptavidin), or
dispersal within a matrix that is in turn, attached to the substrate (e.g. conductive ink)
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(Kergoat et al. 2012). A few representative strategies to achieve such immaobilization are
shown in Figure 4. Besides the inherent benefits of the material itself, compatibility with the
bioreceptor is a very important factor as this dictates the sensitivity and specificity of the
device as well as the magnitude of the sensor response. Typically ultrathin layers allow for
simple integration of small biomolecules through chemical adsorption (Chaki and
Vijayamohanan 2002). As such, enzymes are currently the most favorable bioreceptor for
flexible biosensing owing to their use in electrochemical detection, strong affinity, high
specificity, and low-cost (Staiano et al. 2017). In order to be well integrated with flexible
substrates, bioreceptors must also have strong stability (Wang et al. 2014b). In subsequent
sections, we discuss more specific bioreceptor and attachment methods used in different
flexible sensors.

elements (C)

In order to convert the biological event into processable or readable electronic signals, an
active element is typically needed to transduce the information. In the case of a flexible
biosensor, the challenge lies in connecting (large) detection devices to the sensor itself,
which typically has a small footprint. Some of the common ways to generate processable
electronic signals include electrochemical and to a lesser extent for flexible sensors, optical
methods. Electrochemical methods have been preferred largely owing to their high
sensitivity, reliability, portability, and ease of incorporation into flexible sensing schemes
(for instance, fabrication of bioelectrodes). Since a discussion on the fundamental operation
of such sensors is beyond the scope of this work, the reader is referred to excellent reviews
on the topics.(Bandodkar and Wang 2014; Yoo and Lee 2016; Zhu et al. 2014) In this section
we discuss a few emerging nanomaterials that can be integrated as part of the flexible
biosensor devices to connect the substrate and the bioreceptors and offer ways to translate
the biological recognition event into an electrical or optical signal.

3.4.1. Conducting Polymers—Conducting polymers (CPs) are a large family of
organic materials with molecular backbones containing orbital r-conjugated systems
(Heeger et al. 1987; Terje A. Skotheim 2007). The unique structure of CPs offer
characteristics such as a wide range of conductivity based on doping, redox activity, and
capability of mixed ionic and electronic transportation. Undoped CPs commonly show very
low conductivity. However, by regulating with either p-type (oxidation) or r-type (reduction)
dopants, the conductivity of CPs can be engineered across several orders of magnitude
(Gerard et al. 2002; Morita et al. 1992). Moreover, the physical and chemical properties of
CPs can be manipulated by doping to improve their processability. A well-known example is
the conjugation of poly (3,4-ethylenedioxythiophene) (PEDOT) with poly (styrene
sulfonate) (PSS) (Greco et al. 2011; Groenendaal et al. 2000) - PEDOT was initially
recognized as insoluble, but after doping using the negatively charged water-soluble PSS, the
resultant PEDOT:PSS can be uniformly dispersed in water. This makes the PEDOT:PSS very
attractive in organic bioelectronics (Greco et al. 2011). Most CPs can physically entrap or
absorb biological functional molecules or via chemical modification of functional groups
such as carboxyl or amino groups, provide sites for their attachment. These approaches have
allowed the coupling of biorecognition elements (enzymes, antibodies, DNA/RNA) to
achieve applications in biosensing. Following development over four decades,
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polythiophenes, polyaniline (PANI), polypyrrole (PPy), poly (p-phenylene vinylene (PPV)
as well as their derivatives are now widely used.

The polythiophene derivative-PEDOT is one of the most studied conductive polymers.
Chemically or electrochemically synthesized from the 3,4-ethylenedioxythiophene (EDOT)
monomer, PEDOT exhibits excellent conductivity and electronic stability in physiological
environments (Groenendaal et al. 2000). PEDOT:PSS is a water-dispersible and processable
polyelectrolyte system that is film-ready, highly conductive, visible light transmissive, and
stable in the oxidized state. Due to its tunable conductivity, intrinsic flexibility, good
biocompatibility, and low cost, PEDOT:PSS has been used as flexible polymer electrodes
and organic transistors for the sensing of bacteria (He et al. 2012), biomarkers (Saurabh et
al. 2016), glucose (Liao et al. 2015a; Pal et al. 2016a), and DNA/RNA (Lin et al. 2011).
Recent studies focusing on PEDOT:PSS based flexible organic electrochemical transistors
(OECTSs) have showed impressive performance towards POC monitoring. For instance, a
flexible OECT using Pt electrodes and an active layer of PEDOT:PSS on PET substrate (50
um thick) was shown to detect glucose and uric acid in saliva samples (Liao et al. 2015a). A
PEDOT:PSS based OECT sensor with an ionogel was used for the detection of lactate
(Khodagholy et al. 2012).

Polyaniline (PANI) nanostructures have also been used in the development of biochemical
sensors due to their electrochemical properties. PANI is a p-type semiconducting polymer
with repeating units of benzenoid diamine (reduced) and quinoid diamine (oxidized), which
indicates the charge carriers are primarily holes (Bhadra et al. 2008) Among the three
oxidized states of PANI (leucoemeraldine, emeraldine, and pernigraniline), the emeraldine is
the most conductive and stable at room temperature, and hence widely studied for
biosensing applications. The sensing properties of PANI can be related to its high surface to
volume ratio, and well-defined redox couples in a suitable potential range, which effectively
mediate the electron transfer bridging enzymes, conductive polymer and electrodes. 2D
PANI nanostructures have been reported to be more favorable in the development of flexible
biosensors than 1D PANI nanostructures due to the increase in flexibility. One drawback of
using PANI in biosensors is that its electronic conductivity tends to degrade significantly
under physiological conditions. It is hypothesized that this is because PANI (especially
emeraldine form) is normally prepared in highly protonated acidic media. Thus the
conductivity of PANI can be sustained in the protonated state. Under /in vivo conditions, it
can become deprotonated and lose its electronic conductivity (Focke et al. 1987).

Polypyrrole (PPy) is a conductive polymer which was first been reported for the purpose of
biosensing. PPy has been widely integrated into biosensors due to facile functionalization,
tunable properties by different dopants during electrochemical polymerization (Schuhmann
etal. 1991), simple electrochemical deposition of enzymes under mild conditions, stability,
water processability, and biocompatibility. The synthesis of PPy is performed through the
oxidation of pyrrole monomer which leads to the easy entrapment of various enzymes in the
polymer matrix, as shown for a glucose biosensor (Wang and Musameh 2005; Weng et al.
2014). PPy has also been synthesized into different structures (nanoparticles, nanotubes,
nanospheres, and core-shell nanomaterials) to improve functionalization and environmental
stability. For instance, an amperometric biosensor using electrochemically deposited PPy on
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pyrographite or platinum electrodes followed by the adsorption of horseradish peroxidase,
was used for the detection of H,O, (Wollenberger et al. 1990).

3.4.2. Metals—Ductile metals, especially gold and silver, have long been considered as
primary candidates to fabricate flexible electrodes (Gao et al. 2016; Liao et al. 2015b;
Someya et al. 2005). These metals show great conductivity, strong durability to stretching
and bending, and have well-established protocols to be functionalized with various
bioreceptors by physiochemical modification. Thin-film metallic electrodes have also been
widely used to form flexible interconnects. With special structural configurations, such as
serpentine, mesh, or wavy, metallic electrodes can retain excellent electrical performance
under mechanical deformation (Rogers et al. 2010; Wang et al. 2015). Commonly, metallic
thin films are adhered onto the flexible substrates after the deposition of a conductive
adhesive material such as chromium. The microcracks formed in the metallic thin films
elongate under mechanical deformation by twisting and deflecting out of the plane, so that
only small and elastic strains are distributed in the entire film network and the electrical
conductivity is preserved (Lacour et al. 2006; Lacour et al. 2003).

Besides being fabricated as traditional electrodes, metallic nano- or micro structures such as
gold and silver nanowires or microarrays are widely exploited as active sensing platforms.
They generally have lower sheet resistance (<50 Q1) compared to graphene-based
nanowires (several hundred Q1) but with similar transmittance (Luo et al. 2017). The
percolating network of nanowires can be highly compliant, and can ensure the continuity of
electrical conductivity under deformation. The complex metallic nanowire network provides
rough surfaces with high surface-to-volume ratio, which allows it to be functionalized
effectively by bio-recognition materials. A series of non-graphene 2D materials with
monolayer or few-layer structures have been successfully fabricated (Ferrari et al. 2015),
including transition metal oxides (TMOs), transition metal dichalcogenides (TMDCs), and
transition metal chalcogenides (TMCs). The 2D form of metal oxides are particularly
favored in biosensors due to their excellent electrical and mechanical properties as
semiconductors. rt-conjugated conductive polymers like polyaniline (PANI) and polypyrrole
(PPy) have also been employed to construct the active sensing area (Gerard et al. 2002), in
conjunction with non-transition metal oxides like ZnO, SnO,, and Ga,O3, which exhibit
desirable conductivity and flexibility when arranged in thin layers and nanostructures (Choi
et al. 2016b).

3.4.3. Carbon-based nanomaterials—Graphene and carbon nanotubes (CNTSs) are
among the most promising carbon-based nanomaterials for the development of flexible
biosensors. Graphene, which was first introduced as a one carbon atom thick 2D nanosheet,
has served as a model system with significant impact in electronics, material science, and
sensing (Shavanova et al. 2016). Sensors have focused on medical applications because
graphene can be fabricated into films, inks, gels, and nanoscale structures to interface with
biomolecules directly or indirectly, while maintaining biocompatibility (Reina et al. 2017).
The appealing versatile morphology of other forms of carbon nanomaterials (e.g. carbon
nanofibers (CNFs) and Cgp) with proper functionalization have also offered some interesting
attributes for biosensing, including high surface-to-volume ratio, mechanical flexibility,
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stability under different conditions, biocompatibility, and low-cost (Erol et al.; Zhang and
Lieber 2016).

Graphene is a strong candidate to form flexible electrodes owing to exceptional electrical
and mechanical properties, high flexibility as the supportive structural reinforcement, high
transparency in the visible range, and excellent electrical conductivity with high electron
carrier mobility and density (Kang et al. 2016; Reina et al. 2017). Graphene oxide (GO) and
reduced graphene oxide (rGO), among various forms of graphene have also been materials
of interest (Liu et al. 2012). Graphene and its derivatives can be formed by dry processes
such as CVD, transfer printing (Nanda et al. 2015), or wet processes like polymerization of
polyaromatic monomers (Yagmurcukardes et al. 2016), electrochemical deposition (Shu et
al. 2015; Wang et al. 2017b), and physical or chemical exfoliation of graphite (Dan et al.
2009; Zhang et al. 2010). Graphene-based nanomaterials are not only affected by the
preparation procedure, but also controlled by doping, dimension, layer configuration, and
atomic edge termination (Dacheng and Yungi 2010; Liu et al. 2011). For instance, bilayer
graphene sheets have a tunable electronic bandgap up to 0.25 eV, whereas the bandgap of
single-layer graphene is zero (Zhang et al. 2009). This small intrinsic band gap tends to
restrict some of their applications (Sarkar et al. 2014).

Reduced graphene oxide (rGO) was used to fabricate a microelectrode array (MEA) on
plastic substrates using nanoimprint lithography (Ng et al. 2015). The rGO/ITO MEA
consisting of circular disk arrays showed great sensitivity for dopamine even without the use
of mediators or functionalization of rGO. Device readouts were generally consistent
regardless of mechanical deformation, long-time storage, or the presence of interferents.
Graphene-based materials have been applied to fabricate transistors such as thin-film
transistors (TFTs) and field-effect transistors (FETS). For instance, a transparent flexible
TFTs with all-rGO micropatterns on a PET substrate were shown (He et al. 2011). The drain
and source electrodes were constructed by spin-coating GO on APTES-modified PET
substrate, and the channel was fabricated using microfluidic techniques with a GO thin film.
After the transistors were formed, GO thin films were reduced to rGO by hydrazine vapor.
The flexible all-rGO TFTs showed no obvious shift of transconductance after 5000 bending
cycles or at different bending radii. The rGO channels were functionalized by 1-
pyrenebutanoic acid succinimidyl ester as the linker molecules to capture fibronectin, and
then successfully demonstrated to sense fibronectin.

CNTs, which can be perceived as rolled-up graphene sheets (Odom et al. 2002), include
both single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTS). Both possess similar morphology of six-carbon-ring based nanowires, which
offers a highly porous complex structure when integrated into 3D networks. This porous
nanostructure of CNTSs brings beneficial properties including semi or metallic conductivity,
high elasticity, and a large number of binding sites for active bioreceptors to anchor, which
can enhance biorecognition events and lead to improved sensitivity (Le Goff et al. 2011).
CNTs can be fabricated as flexible electrodes either by dry processes (direct growth of
CNTs by chemical vapor deposition (CVD) (Juntae et al. 2008), dry filtration (Dong-ming et
al. 2011), and transfer printing (Feng et al. 2010)), or wet processes (drop casting (Britto et
al. 1996), co-deposition in a polymers-CNTs mixture (Cheung et al. 2009)) resulting in
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random or aligned distribution of CNTs. Their characteristics and performance are
significantly affected by the fabrication techniques and distribution. A biosensor was
fabricated by growing CNTs directly on a flexible polyimide substrate at low temperatures
and used to quantitatively detect human serum albumin (HSA) via impedance spectroscopy
(Chang et al. 2013).

3.4.3. Optical elements—Optical biosensing systems are based on the conversion of
biological interactions to signals such as luminescence, fluorescence, reflectance, and
absorption. While a significant number of flexible devices are based on electrochemical
transduction as discussed above, optical systems offer signal delivery via light (e.g.
amplitude, intensity, polarization, frequency, wavelength, and phase of the light), resulting
either in visible cues of analyte discovery, and/or the ability to collect and analyze the
biorecognition event non-invasively, direct, in real-time and label-free formats. Advantages
include reduced interference from buffer pH or electromagnetic signals, multiplexed
detection, and no requirements for electrical insulation. Optical biosensors can be of two
types: direct and indirect. The former rely on the variation of optical properties of the
transducers solely caused by the binding of the analyte (e.g. surface plasmon resonance
(SPR), reflectometry, interferometry, and photoluminescence), whereas the latter rely on
labeling agents such as fluorescent or photoluminescent quantum dots, gold or silver
nanoparticles, and dyes.

The earliest flexible sensing systems involved optical fibers and waveguides, comprised of
dielectric materials such as plastic or glass. Fiber based biosensors provide excellent
flexibility, chemical stability, multiplexed detection, light-weight, and small size for point-
of-care applications (Leung et al. 2007; Wolfbeis 2008). The sensing probe can be carefully
designed at the tip of the optical fibers to evaluate the external variations in wavelength,
frequency, phase, intensity, or polarization. A low-power optical transducer on plastic (PET
or PEN) foil for colorimetric gas sensors was proposed. A planar optical waveguide covered
with an inkjet printed ammonia sensitive film was used for gas detection (Courbat et al.
2011). An optical-fiber based flexible biosensor with replaceable SPR sensor chip was
shown for the detection of water salinity (Michel et al. 2017). The design integrated
components of optic-fiber polarization maintaining collimator, a micro-prism, a high-
reflection mirror, and a replaceable silver nano-thin-film SPR sensor chip. This biosensor
was demonstrated for sensing the salt concentration in agqueous environment with a
sensitivity of 4.8 pW/ppt.

Combined with flexible substrates such as PDMS and paper, optical biosensors using labels,
including organic dyes, fluorescent quantum dots (QDs), luminescent nanoparticles, and
carbon dots, have emerged for disease diagnostics and POC applications (Feng et al. 2006).
Using paper and other flexible substrates, fluorescein was immobilized in microfluidic
channels for the capture and evaluation of CD4* T lymphocytes in whole blood samples
(Shafiee et al. 2015). Fluorescent proteins, such as green fluorescent protein (GFP), can also
serve as optical labels, particularly for monitoring activity in living cells (Lippincott-
Schwartz and Patterson 2003). However, organic dyes can display poor photochemical
stability, susceptibility to photobleaching, and sensitivity to the environment pH.
Semiconductor QDs provide a viable alternative with optical and electronic properties which
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are controllable based on the size and geometry (Bruchez et al. 1998; Geiller et al. 2010).
Recently, fluorescent graphene QDs and carbon dots (C-dots) with high photostability and
biocompatibility have been proposed. These have tunable photoluminescence properties
based on size difference and are easy to functionalize (Cao et al. 2007; Kim et al. 2012c; Li
et al. 2011b). Such materials have only recently begun to be integrated into transparent and
flexible substrates to fabricate photonic devices for biosensing applications (Vassilakopoulou
et al. 2017). The recent developments of low-power organic lightemitting diodes (OLEDS)
and organic photodiodes (OPDs) are also indicative of the potential for adapting such
systems for flexible biosensing (Bansal et al. 2015).

4. Fabrication strategies

Various fabrication protocols for flexible devices and biosensors are discussed throughout
this review in the specific examples presented. Here, we briefly discuss a few umbrella
strategies and techniques that can be used. Techniques such as inkjet printing, screen
printing, and lift-off lithography have been reported for the fabrication of such biosensors.
Gravure printing, and its compatibility with roll-to-roll processing, are attractive fabrication
methods because of fast and large area printing characteristics. For instance, a combination
of inkjet and gravure printing techniques was employed to fabricate large-area thin films
over plastic surfaces as flexible biosensors for antioxidants using high-resolution
interdigitated electrodes (IDEs) (Pavinatto et al. 2015).

Through various processing techniques such as chemical vapor deposition (Bhattacharyya et
al. 2011), suspension coating (Xu and Wang 2009), stamping (Wang et al. 2010), drop
casting (Segev-Bar et al. 2013), self-assembly (Choi et al. 2010), electrodeposition (Sun et
al. 2014), inkjet printing (Xiang et al. 2016; Zahra et al. 2014), screen printing (Chou et al.
2014; Du et al. 2016), nanoparticles (Wang et al. 2010; Xu and Wang 2009; Zan et al. 2013)
or one-dimensional nanostructures like nanotubes (Chang et al. 2013; Juntae et al. 2008),
nanowires (Convertino et al. 2016), and nanorods (Chen et al. 2015) can be formed into thin
films or sensing arrays which are used to decorate surfaces, or integrate in substrates to
achieve improved performance. A pen-on-paper approach could also be used to deposit
different types of hanomaterials (Au nanospheres, Au nanorods, and Ag nanospheres)
(Polavarapu et al. 2014). The plasmonic nanoparticle ink was distributed by a 125 pm
fountain pen nib directly onto a paper substrate. The SERS activity of three plasmonic
nanoparticles and the adhesive strength between the ink and the paper substrate were tested
and indicated the nanoparticles were densely packed and strongly bond to the surface of
cellulose fibers. This substrate fabrication technique was used for the detection of
thiabendazole, a fungicide and parasiticide, as low as 20 ppb in a 10 uL sample.

5. Application environments for flexible biosensors

In terms of their applications, flexible biosensors can be grouped according to their location
of use. Figure 2 shows a few environments where such biosensors may be, or are already
being used. The challenges of such interfaces are immediately in terms of being non-planar,
soft and delicate, topographically rough, or even non-stationary. Devices may be created for
use internally as implantable devices, or external to the body as “wearable sensors”. Flexible
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biosensors are also being considered for non-physiological environments such as in
agriculture, or as stand-alone devices as portable diagnostic devices. Owing to the specific
conditions and needs at these locations, surface characteristics, and signal to be detected,
devices in these categories have characteristically different properties.

Physiological environments

Initially, we focus on physiological environments (i.e. sensors that interact directly with the
human body — by either being placed within or on the body). Physiological environments
emit a wide range of signals - biochemical, electrochemical, electrophysiological,
mechanical, and thermal signals, from virtually all surfaces. This information can be used to
inform clinicians and scientists on the state of disease and/or the progression of health
(Munje et al. 2017). Flexible biosensors are primarily advantageous in physiological
environments owing to the body’s soft and curvilinear surfaces. In comparison to the hard,
rigid, and often bulky platforms of traditional devices, they can provide a more intimate
contact between surfaces. This increases contact area between electronic transduction
elements and tissue surfaces and gives us greater access to target analytes and amplify signal
events (Choi et al. 2016b; Kim et al. 2010; Yang et al. 2017a). This conformability enables
the collection of information without losing sensor integrity owing to differential stresses at
the interfaces (Rogers et al. 2011). Electrophysiological signals can be measured by flexible
devices such as (EEG) (Cristian et al. 2011) and ECoG (Yamakawa et al. 2014) in the form
of implantable electrodes that will not be discussed here. Similarly, temperature, humidity,
mechanical strains and motion form some of the other parameters typically measured (Tian
et al. 2014; Wang et al. 2011).

5.1.1. External to the body—The skin is the most accessible organ for biosensing /n
situ and represents one of the most widely applied locations for wearable and flexible
biosensors. The skin can be harnessed to acquire a plethora of information for health
monitoring and diagnostics, from tissue therapeutics to wound repair. In addition, the body
produces a host of signals - temperature, stress, strain, pressure, and motion, which can be
directly recorded on skin. Multimodal electronic skins have a huge potential for tracking
temporal changes in the body [15]. As discussed above, the quantitation of these biophysical
signals will be beyond the scope of this review. On the other hand, bodily fluids such as
sweat and tears offer a unique route for noninvasive detection of important metabolites. This
technology has been refined into wearable sensors that are lightweight, soft, flexible and
tattoo-like [161]. Due to the largely planar and wide surface area of the skin, external
flexible biosensors can be mechanically robust, co-planar substrates, or ultra-thin films [93].
Another benefit is that electronics on the outer layer of the skin have a greater potential to
achieve continuous monitoring with miniaturized electrical components and wireless
transmission.

Many physiological metabolites such as glucose, lactate, cortisol, and other small ions are
secreted through sweat and tears and have feasible concentration ranges that can be detected
for diagnostic purposes (Mitsubayashi et al. 1994). Biological signals can be harnessed by
using sensors integrated into textiles/fibers, or in direct contact with the skin using thin films
or patches (Khodagholy et al. 2012). These lab-on-a-chip technologies offer label-free
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detection, and are desired as they require small volumes, rapid analysis, and compatibility to
many physiological environments (Weber et al. 2006). In addition, biosensors fashioned as
OECTs can be integrated into textiles for low-cost and efficient sensing. A label-free and
lancet-free biosensor was created to detect glucose in human sweat. Au/ZnO thin films were
deposited on a porous polyamide substrate with glucose oxidase used for the assay.
Impedance spectroscopy-based measurements were used to detect changes in glucose
concentration from 0.01 to 200 mg/dL in human and synthetic sweat [161]. An
amperometric lactate sensor for sweat was fabricated with Ag nanoparticles (AgNPs) on a
flexible PET substrate. AgNPs were spray coated into crossserpentine structures and
stamped in between polyurethane (PU) and PET substrate to form the biosensor. Lactate
oxidase, BSA, and glutaraldehyde coated Nafion were used to functionalize the surface
(Abrar et al. 2016).

Metabolites such as adrenaline and cortisol have been shown to be measured in sweat. An
OECT was fabricated on a single yarn of cotton for adrenaline detection. The yarn was
coated with PEDOT:PSS with Ag and Pt wires as the gate. Adrenaline is oxidized at the Pt
gate, and selective response was observed with respect to other salts present in human sweat
(Coppede et al. 2014). A biosensor for cortisol was formed using electrical double layer
modulation as a detection mechanism. Flexible and nanoporous polyamide substrate and a
Zn0 thin film was deposited using Pulsed Laser Deposition with alpha-cortisol antibody as
the recognition element. Cortisol was detected with a concentration range from 10-200
ng/mL. The sensor had a high sensitivity of 1 pg/mL in synthetic sweat and 1 ng/ml in
human sweat (Munje et al. 2015). A “tattoo-like” temporary transfer potentiometric
biosensor was created for the real-time monitoring of Na* ion. Electrodes were screen
printed onto a layered tattoo paper and insulated. PET connectors were used to couple a
wireless transceiver for sensing. In vitro experiments and on-body continuous monitoring
experiments were conducted and Na* was detected in the range 30-110 mM in artificial
sweat (Bandodkar et al. 2014).

5.1.2. Internal to the body—Detection of (bio) chemical analytes internal to the body
is one of the biggest ongoing challenges in this field. Flexible biosensors in this category are
largely specific to the surface of organs, endothelial walls of vessels, neural interfaces, and
interactions with fluids inside the body. Internal bodily fluids such as blood, saliva, and
cerebrospinal fluid may be used for the detection of metabolites, proteins, and biomarkers
that can be useful for disease and health monitoring (Wang et al. 2016). Similarly sites of
tissue repair due to a wound or surgical incisions fall under this category. Various neuro-
stimulation and neural recording devices have been reported, which are beyond the scope of
this work (Benfenati et al. 2012; Castagnola et al. 2015; Kim et al. 2010). While physical
properties such as heart rate, temperature etc. are being externally monitored, the detection
of biochemical species inside the body is largely unexplored. This is owing to challenges
such as sensor design, implantability, autonomous or inbuilt power source(s), transduction
and propagation of signal to an external device, and finally device retrieval or disposal at the
end of functional life. Biocompatibility is a concern, as device parts must not be toxic to
cells or organs upon contact. In some cases, electrodes may be coated with biocompatible
and cell non-adhesive materials to achieve these requirements. Flexible devices that are
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placed internally must also be considered for their ability to be used for continuous
monitoring, or disposable/replaceable use.

A few notable examples include a recently reported multichannel implantable flexible sensor
surface modified with conductive metal-organic frameworks (MOFs) such as copper-MOF
and cobalt-MOF with large surface area, high porosity, and tunable catalytic capability (Ling
et al. 2018). The sensors were used to monitor nutrients such as ascorbic acid, glycine, I-
tryptophan, and glucose. Sensing was shown even under deformation and a complex
environment with continuous monitoring capability for 20 days. A silicon-based,
bioresorbable photonic platform using thin filaments of monocrystalline silicon encapsulated
by polymers as flexible, transient optical waveguides was used for accurate light delivery
and sensing at targeted sites in biological systems (Bai et al. 2018). Glucose and blood
oxygen saturation in live animal models was shown. Similar monocrystalline silicon
nanomembranes (Si NM) were integrated with ultrathin, narrow strips of biocompatible
polymers as platforms for monitoring the state of wound sites (Kim et al. 2012b). Direct
integration of sensors within the mouth of patients were used to fabricate internally placed
mouth-guard platforms for the detection of different analytes such as lactate (Kim et al.
20144a), salivary uric acid and glucose (Arakawa and Mitsubayashi 2017). Detection in
biological fluids such as saliva and blood is discussed further below.

5.2. Analytes in biological fluids

Many personalized care and POC diagnostic devices that assess analytes from internal
environments inside the body via blood samples or other biological fluids may be considered
in this classification.(Wang et al. 2016) Detection using flexible devices provide significant
advantages over immunoassays such as ELISA in terms of availability, cost, and efficiency
(Kwon et al. 2013). Hormones, electroactive species such as hydrogen peroxide (H»05),
ascorbic acid, and dopamine are typical analytes targeted for electrochemical biosensing. In
this section, we discuss some recent examples based on the specific target of interest.

5.2.1. Glucose—Detection and continuous monitoring of glucose remains one of the
most important market spaces for biosensing owing to the growing population of individuals
with Type 1 and 2 diabetes. Despite several commercially available products, glucose
biosensors are still being improved to gain lower detection limits, increased sensitivity in
biological fluids, as well as to enable continuous, non-invasive detection. Technologies that
utilize flexible polymers or paper, due to their enhanced physicochemical properties, can
provide portability towards such goals (Heller and Feldman 2008; Wang et al. 2016). A
flexible non-enzymatic electrochemical glucose sensor based on gold nanoparticles
(AuNPs)/PANI/carbon cloth (CC) integrated electrode was reported. The aniline was first
deposited onto the CC flexible electrode using current polymerization. AUNPs were
synthesized by electrodeposition using cyclic voltammetry. PANI enhances the
electrochemical performance of the metal or metal oxide nanoparticles modified electrodes,
which was also reported (Lu et al. 2014; Wang et al. 2014a). An organic electrochemical
transistor (OECT) was reported for the detection of glucose and uric acid in human saliva
(Liao et al. 2015a). The OECT contains a Pt electrode and a PEDOT:PSS active layer
printed on a PET substrate. This study is based on the detection of H,O5 produced by an
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enzymatic reaction. The enzymes uricase and glucose oxidase were immobilized on the Pt
electrode for the selective detection of uric acid and glucose. Selectivity of peroxide was
increased by coating the Pt electrode with the conducting polymer PANI, graphene and
Nafion.

Non-enzymatic glucose sensing that can directly oxidize glucose on the surface of an
electrode can reduce cost and minimize complex immobilization processes in comparison to
sensors that utilize glucose oxidase. Nickel is a typical electrocatalyst used in non-enzymatic
glucose sensing. Ni-CNT grown on a flexible graphite foil substrate using RF sputtering was
demonstrated for glucose sensing (Ryu et al. 2014). Vertically aligned CNTs were grown
onto the resulting film using dc-PECVD before another layer of Ni was sputtered on top of
the CNTs. CV of the electrodes showed that the Ni/VCNTSs/G electrode exhibited strong
peak currents, and a large surface area in alkaline solution. Amperometric sensing was used
for detection of glucose. 200 bending cycles were conducted to test for a change in response,
showing only a 4% drop in sensitivity, demonstrating mechanical stability with flexibility
(Kim et al. 2014b).

A non-invasive In,03 field-effect transistor (FET) conformal biosensor was reported for /n
situmonitoring of glucose and pH (Rim et al. 2015). A solution-processing method was
employed to fabricate an ultrathin InoO3 semiconductor-based FET. The solution-processed
metal oxide FET was used to overcome the problem of poor electrical performance because
of the easy decomposition of nitrate-ligand-based hexa-aqua indium cation ([In(H»0)g]3*) at
low annealing temperature to yield a high density In,O3 film (Rim et al. 2014). For the
fabrication of the FET biosensor, the InoO3 precursor solution was first spin-coated on
ultrathin polyimide (PI) substrate on a glass slide to form the channel. The interdigitated
Au/Cr source and drain electrodes were then formed by photolithography. After
functionalization, the fabricated In,O3/PI FETs were peeled from the glass, followed by
conformable attachment to the rough surface of artificial PDMS skin, or an acrylic artificial
eye for biosensing. A linear detection range of 9.0 to 5.5 and 100 uM to 4 mM was obtained
for the real-time monitoring of pH and glucose, respectively. Even though the In,O3-FET
had some current leakage, this work demonstrated the solution-processing method for metal
oxides for the development of wearable biosensors.

5.2.2. Hydrogen Peroxide (H2,0,)—H,05 plays a key role in modulating cellular
rhythms and mediators of cellular lifespan. 1D metal oxide nanostructures have been
combined with 2D graphene nanosheets to form networks and large surface areas to support
the loading of biorecognition elements. A template-free method of electrodepositing MnO,
nanowires on the surface of reduced graphene oxide paper (rGOP) as an electrochemical
biosensing platform was shown (Xiao et al. 2012). The interconnected MnO, nanowire
networks are rich in reactive sites, while the large surface area allows the attachment of Pt
nanoparticles through ultrasonic-electrodeposition. The fabricated Pt-MnO,/rGOP flexible
electrodes were used for real-time, non-enzymatic detection of H,O,. The sensitivity of this
sensor was retained even after 180° of bending, and the current response for 1.0 mM H,0,
maintained over 95% consistency after bending for 24 h or 100 times. A PPy nanoparticle
based flexible biosensor was also developed using this strategy (Weng et al. 2014).
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In this work, a printable formulation of water-dispersed pyrrole monomer and HRP or
glucose oxidase (GOXx) was prepared by inkjet printing on screen-printed carbon electrodes
(SPCEs) with flexible PET substrates. A single layer of ethyl cellulose was then deposited to
cover the PPy/enzyme/SPCE active area to prevent the leaching of enzymes. The fabricated
PPy/enzyme flexible biosensors yielded stable and sensitive responses towards HoO5 and
glucose with reliable repeatability and reproducibility.

A flexible and lightweight electrode based on highly dense Pt nanoparticle-decorated
freestanding graphene-carbon nanotube (CNT) hybrid paper (Pt/graphene-CNT paper) was
utilized for real-time monitoring of H,O5 secretion by live cells (Sun et al. 2015). The
incorporation of CNTs into graphene paper prevents agglomeration between nanosheets, and
imparts improved electrical conductivity, increased mechanical strength, and increased
surface roughness which provides more nucleation sites for metal nanoparticles. Despite its
light weight (1 mg cm~2), it has a high tensile strength. Use of rGO-CNT paper for non-
enzymatic detection of peroxide showed a high sensitivity and low detection limit of 10 nM.
The sensing performance was comparable or superior to other electrochemical peroxide
sensors, without the common interference that normally exists in biological systems. A CVD
grown graphene-based FET on a polyethylene terephthalate (PET) substrate was
demonstrated for the continuous detection of hydrogen peroxide and glucose (Kwak et al.
2012).. Studies were also conducted in bent conditions of the substrate, and the results were
reported to be similar to flat conditions with a slight decrease in current value.

5.2.3. Dopamine—Dopamine (DA) is an important neurotransmitter in the mammalian
central nervous system. Low levels may result in disorders including Parkinson’s disease,
making it an important target for detection. However, the electrochemical detection of DA in
biological systems is complicated by the coexistence of interfering compounds such as
ascorbic acid (AA) and uric acid (UA), oxidized at the nearly same potential at a bare
electrode, resulting in an overlap of voltammetric response. Efforts have been made to
address this problem by enhancing sensitivities of sensors that detect all three. In one
example, graphite paper was pressed with Kapton® to create exfoliated graphite sheets
(eGP) with rough surfaces for enhanced surface electrochemical activity. Using
electrochemical impedance spectroscopy (EIS), the eGP exhibited a decrease in resistance
and an increase in Fe(CN)g34~ redox reaction as compared to unexfoliated graphite. CVs
were performed to assess the potential for the eGP to differentiate potentials between DA,
AA, and UA. The eGP was able to improve the electron transfer kinetics for all three
analytes (Cai et al. 2014).

The fabrication of large-scale micropatterns of rGO on various substrates including PET was
explored (He et al. 2010). The PET films were treated with aminopropy! triethoxy silane
(APTES) before patterning to avoid the aggregation of rGO patterns. Patterns were created
by transfer using PDMS stamps of varying width and height. These rGO FETSs on the PET
substrate were applied for the detection of dopamine in buffer and in living neuroendocrine
PC12 cells. PC12 cells were directly cultured on top of the rGO-PET FETS to detect
dopamine secretion. A flexible molecular imprinted electrochemical biosensor using Au/PPy
nanowires was proposed for dopamine sensing (Huang et al. 2014). Au nanowires were first
electrochemically grown on the flexible Au coated PET substrates. A mixture of dopamine
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and pyrrole monomer were electropolymerized on the prepared Au nanowires/PET
electrodes to fabricate the Au/PPy core/shell nanowires with PPy MIP film at the surface.
The fabricated MIP electrodes distinguish dopamine from other interferences with good
sensitivity and retain the current intensity after days of storage, and acid and base treatment.

5.2.4. Lactate—Lactate acts as a diagnostic biomarker for conditions including heart
failure, liver disease, metabolic disorders, drug toxicity, mortality in ventilated infants, etc. A
flexible graphene based biosensor was reported for detecting lactate (Labroo and Cui 2013)
This sensor was fabricated via transferring a graphene electrode from a rigid to a flexible
substrate. Following electrode transfer, the substrate was patterned with a source and drain
in addition to immobilizing a specific enzyme for lactate onto graphene. Lactate oxidase
catalyzes the reaction of lactate and oxygen to pyruvate and hydrogen peroxide. When
hydrogen peroxide becomes oxidized on the graphene electrode, it generates a measurable
current response with a fast steady-state measuring time of 2 seconds. Additionally, the
sensor could detect lactate under mechanical stress. However, sensor response to 10 uM
lactate and graphene conductivity decreased by 64% and 30%, respectively, with a 45°
bending angle. At a 180° bending angle, an 84% decrease in the current response and 63%
decrease in graphene conductivity were observed. Reduced electron transport across the thin
layer, because of the surface distortion were found to reduce conductivity and sensitivity. A
similar effect was observed after increasing bending repetition. Despite graphene layer
damage through increased bending and times, the sensor retained analyte sensitivity and
rapid response.

A PEDOT:PSS based OECT sensor with an ionogel was used for the detection of lactate
(Khodagholy et al. 2012). The ionogel component was used to replace the conventional
aqueous bulk media to deliver the analyte to the electrodes. PEDOT:PSS channel and
electrodes were lithographically patterned on a thin film of parylene (2 pm). A mixture of
monomers (N-isopropylacrylamide and N,N-methylene-bis(acrylamide), the ionic liquid (1-
Ethyl-3-methylimidazolium ethyl-sulfate), the mediator (ferrocene), the enzyme (lactate
oxidase), and photo-initiator were drop-casted into a PDMS well between the channel and
the gate electrode, and then photo-polymerized. The lactate in the testing samples diffused to
the enzyme in the gel and ions were transferred by the mediator to the PEDOT:PSS
electrodes. This flexible OECT biosensor with the ionogel solid-state electrolyte system was
able to detect lactate in the relevant physiological concentration range. The ionogel system
helps to preserve the enzymatic activity, thereby improving the stability and shell life of the
Sensor.

5.2.5. Other biomarkers—Detection of reactive oxygen species (ROS) and nitric oxide
(NO) are linked to understanding pathological diseases such as cancer and neurological
disorders. NO detection typically requires a close look at the cellular species that produce
them in real time. To this end, an electrochemically active graphene paper was used as a
conduit for cell culture to allow the monitoring of NO secreted (Xiao et al. 2013). GO paper
was synthesized by mold casting on polytetrafluoroethylene (PTFE), and allowing water to
evaporate from the solution to create a smooth surface with tunable thickness and volume.
Au/Pt core-shell nanoparticles were then dip coated onto the surface of the graphite paper.
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The Au/Pt-rGO paper showed good electrochemical activity with sharp CV peaks, high
surface charge, and fast charge transfer rate. Human endothelial vein cells were seeded onto
the paper electrodes for electrochemical monitoring of NO secretion from live cells. Testing
showed 95% viability after 6h indicating good biocompatibility between the substrate and
the cells and live monitoring (Zan et al. 2013).

Tumor necrosis factor-a (TNF-a) is a key pro-inflammatory cytokine characterized by
elevated circulating levels for chronic heart failure and left ventricular assisted device
implantation. Most techniques for cytokine determination are expensive and time-
consuming, or require highly qualified personnel. Cyclic voltammetry (CV) and EIS of the
interaction of TNF-a/anti-TNF-a was conducted on functionalized gold electrodes
deposited on polyimide (PI) flexible substrates (Baraket et al. 2014). Gold was deposited
onto PI substrates through physical vapor deposition (PVD) with a Ti layer applied as an
intermediate film for improved adhesion. After selfassembly of MHDA monolayers on the
gold surface, the carboxylic acid terminal groups were activated to enable the binding of the
monoclonal antibody. Sensitivity and specificity studies were performed in the presence of
other cytokines. Detection of weak signals in the presence of IL-1 or IL-10 for each
concentration were due to non-specific binding and interference was minimal.

A flexible FET biosensor based on 2D PANI nanostructures was reported for the detection
of B-type natriuretic peptide (BNP) biomarkers (Liu et al. 2016). Electrode patterning on a
P1 substrate was achieved by a bilayer lithographic/ lift-off process. Conductance of the bent
PANI structures were investigated, and a change of less than 20% was reported along with
good restorability. Affinity biosensors using gold electrodes printed using inkjet printing on
recyclable paper with different top coatings (mineral pigments, kaolin, styrene butadiene
latex, talc) were demonstrated as low cost flexible sensors (Ihalainen et al. 2013). A PDMS
layer was printed around the gold to stabilize any aqueous solution and prevent roll-off.
Biotin/streptavidin/biotinylated C-Reactive Protein (CRP)/ anti-CRP antibody binding,
detection and response were obtained using impedance analysis. The proteins were attached
to the electrode via a thiol self-assembled monolayer through which supramolecular protein
layers could be supported.

By immobilizing recognition elements instead of adsorbing them, paper substrates can be
used as dipstick immunosensors (Hossain et al. 2009). Immobilization was performed using
biocompatible sol-gel based materials to inkjet print proteins onto paper without affecting
the bioactivity of the biomolecules (Harrell et al. 2004). Diglyceryl silane (DGS) and
sodium silicate (SS) were used entrap acetylcholinesterase (AChE). Paper was treated with
polyvinylamine (PVAm) with the SS sol coated on top. Next, the enzyme solution was
entrapped on the paper and DGS sol-gel coated on top to entrap the enzymes. AChE
bioactivity was evaluated as a function of enzyme concentration by adding acetylcholine.
The neurotoxins paraoxon and aflatoxin B1 were used to evaluate the sensor. Colorimetric
response of these neurotoxins which act as inhibitors of AChE was evaluated. AfB1 was able
to inhibit 45% while paraoxon reached 25% inhibition, consistent with values found in
literature.
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5.2.6. Whole cell detection—Flexible biosensors for the rapid and sensitive detection
of entire cells (e.g. bacteria) are desirable especially in disease diagnosis and POC
monitoring. To date, a few studies using flexible biosensing platforms have been reported,
primarily owing to the complexity of microbial systems and associated issues with stability.
Bacterial contaminants usually have very low infective doses and therefore require sensitive
detection methods (Schaad 1983). Efforts are being made to miniaturize the sensors to detect
at low cell count and to ultimately achieve single cell sensing (Biran et al. 2003). These
devices utilize DNA, RNA, aptamers, and antimicrobial peptides as recognition elements to
identify or signify specific pathogens (Kulagina et al. 2005). An ultra-sensitive biosensor for
the detection of Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)was
developed using cellulose paper based on the aggregation of AuUNPs (Shafiee et al. 2015).
AuNPs were functionalized and bound to target pathogens. Lipopolysaccharide Binding
Protein was used to conjugate AuNPs for £. coli recognition. Utilizing natural capillary
effects from the internal structure of the cellulose paper, the sample transferred onto paper is
uniformly distributed. The biomolecular interactions were disrupted by intermolecular
interactions causing a color change. The sample (whole blood serum and peritoneal dialysis
fluid) spiked by E. colior S. aureusyield a blue color which is distinguishable from the red
color of control samples. The entire quantitative analysis was performed in 10 min, and the
results were acquired by a mobile app.

3D inkjet printing of a graphene FET on a flexible Kapton substrate was used for low cost,
flexible, and wearable biological detection (Xiang et al. 2016). As a prototype disease target,
norovirus detection with a linear response with concentrations from 0.1 to 100 pg/mL and a
dynamic range of three orders of magnitude, was shown. The sensor is based on intensity
changes of the AC signal with lower background noise, providing a platform for the
detection of biological agents at low concentrations. A battery free graphene nanosensor
capable of ultrasensitive detection of single cell bacteria was shown (Mannoor et al. 2012).
Silk fibroin was used to create thin film substrates, and graphene was transfer printed to
enhance the surface area by creating a monolayer for recognition and detection. Gold
patterns were electrochemically deposited to form interdigitated electrodes on the graphene
surface with a gold inductive coil for wireless telemetry. Naturally occurring antimicrobial
peptides (AMPs) were self-assembled onto the graphene monolayer and used as recognition
elements for E. coli, H. pyloriand S. aureus. Detection was performed by wirelessly
measuring graphene resistance over time using an RF reading device. A detection limit of a
single bacterium was shown, and a linear dynamic range was created with the wireless
configuration. The biosensor was tested while attached onto a bovine tooth to simulate real
time detection in a bacterium rich environment. A limit of detection (LOD) at ~100 cells
was observed, which is two orders of magnitudes smaller than the minimum infectious dose
for H. pylori.(Mannoor et al. 2012)

A graphene derivative was produced by creating nanoscale holes in the basal layer of
individual sheets via enzymatic oxidation. GO was subjected to HRP/H,0O, oxidation in PBS
for 8 days, and then reduced to produce holey reduced graphene oxide (hRGO) flakes.
hRGO has semiconducting properties for bacterial detection, and was covalently
functionalized with magainin (an AMP), and anionic lipopolysaccharides for the detection

Biosens Bioelectron. Author manuscript; available in PMC 2020 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 23

of pathogens (Chen et al. 2014). Tween as used as a blocking buffer to block activated sites
on hRGO and decrease nonspecific interaction. The device was then exposed to heat killed
E. colicells. A decrease in FET conductance was observed due to the interaction between
the AMP and the bacteria which induced electron transfer to hRGO thereby decreasing the
conductivity. However, these sensors were not reusable due to strong binding affinity
between AMP and lipopolysaccharides from gram-negative bacteria. Another interesting
work was conducted based on surface plasmon coupled emission (SPCE) to detect
Mycobacterium tuberculosis (Mth) (Mulpur et al. 2015). A thin film (~ 50 nm thick) of Ag
using physical vapor deposition was formed on microscope glass slides, followed by the
deposition of a C60 film (~ 10 nm) to obtain a glass/flexible Ag-C60 SPCE substrate.
Rhodamine B was used as fluorophore to label the target Mt in semen samples. From the
SPCE measurements, the LOD was calculated as 20 Mtb mm~2, which is significant for the
early-stage diagnosis of patients infected with tuberculosis. The observation of SPCE signals
from UM concentration of fluorophores was possible using a smartphone.

5.3. Sensing in the environment

While most flexible biosensing devices have focused on the healthcare space, several
possible applications exist in agriculture and the environment. The sensitive monitoring of
contaminants, including chemicals, toxins and pathogens, is critical to assess and avoid risks
for human and environmental health.(Van Dorst et al. 2010) A bio-inspired surface enhanced
Raman spectroscopy (SERS) based flexible sensor was developed for the detection of
malachite green (MG), a toxin that appears in aquaculture (Kumar et al. 2017a). This work
was inspired by natural plant leaves with highly homogeneous and hydrophobic micro/
nanostructures over a large surface area. The biomimetic nanostructures of SERS sensors
possessing both hydrophobicity and adhesion concentrate the analyte, leading to
improvement in sensor sensitivity. Microcavity/nanovoids surface structures using taro
leaves as the template were negatively captured and replicated on a flexible PDMS mold. An
Ag film was deposited over the microcavities to obtain plasmonic hot spots for MG
detection with a linear detection range of 10711 to 1073 M. Even when the PDMS substrate
was bent from 180° to 100°, 10~7 M of MG was detectable (Kumar et al. 2017a).

An array of passive metamaterial antennas fabricated on silk substrates were shown that
could be conformally transferred and adhered to the surface of an apple. (Tao et al. 2012)
This allows intimate contact of micro- and nanostructures to monitor quality control in
agricultural and biological food products. Inkjet printing of functional Au components
directly onto silk substrates was followed by shadow-mask transfer and casting-liftoff to
fabricate split ring resonators. Adhesive gold nano-rod arrays (AgNRs) embedded in PDMS
films to form robust, flexible and sensitive SERS active substrates to detect pesticides on
fruit were also shown (Kumar et al. 2017b). The AgNR embedded SERS substrates were
shown to be highly sensitive (detecting pesticide concentrations in the picogram range) and
reproducible. Thiram pesticide solution with various concentrations (1072 to 10~/ M) was
dropped onto the surface of an apple and dried at room temperature. Samples of thiram were
collected from the apple surface by AgNRs embedded PDMS substrates via “paste and peel
off” method. The LOD of thiram on the flexible substrate converted to mass-to-area ratio
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was 2.4 x1079 g/cm?, which was lower than the permissible limit for apple peels (~2x1076
g/em?) (Kumar et al. 2017b).

A combination of inkjet and gravure printing techniques was employed to fabricate large-
area thin films over plastic surfaces as flexible biosensors for antioxidants using high-
resolution interdigitated electrodes (IDESs) (Pavinatto et al. 2015). Detection of phenol-based
antioxidants, is of concern due to their ability to prevent oxidative stress thus retarding the
aging process. Optimization of inkjet conditions facilitated production of Au IDEs with
sub-100 um features which were directly inkjet-printed on plastic substrates using a
nanoparticle-based ink. Using rotogravure printing, ink containing the enzyme Tyrosinase
(Tyr) was used in the active layer of the biosensors. After coating the Au IDEs, the biosensor
was encapsulated with a cellulose acetate dip-coating film to avoid dissolution. The
concentration of antioxidants is well below those present in wines and olive oils illustrating
applications in biosensing for agricultural applications.

6. Future Perspectives

Remarkable advances have been made in the development of flexible biosensors to
accommodate complex bio-interfaces. Currently, various synthetic and nature-inspired
materials, architectures, and designs are all being exploited for better design of flexible
biosensors. Key constraints include maintaining mechanical flexibility, adaptability to
complex structures, tailorable functionalities, biocompatibility, biodegradable, low-cost, and
sustainability. Understanding the role of the biorecognition element and its integration into
the device is vital. In many cases, strategies developed for other forms of flexible devices are
being or can be, adapted towards specific (bio) sensing. Research efforts are dedicated to
make these devices balanced between flexibility and sensitivity, conformability and
robustness, multiplexing while maintaining a small footprint, more integrated, yet smarter.
Several scientific and engineering obstacles remain before we can fully benefit from flexible
biosensors in practice.

An ongoing challenge is the fabrication of integrated devices that meet all the diverse
requirements of directly interfacing with biological systems — these include not just the
sensing components, but fluid delivery, power source, signal delivery units, interconnects
etc. Various individual components have been demonstrated, and rapid progress is being
made on integrating these aspects on a single platform. Secondly, flexibility remains a key
concept in the design of such biosensors towards direct application on complex surfaces.
Many prior works have demonstrated bending, stretching, or twisting as independent
elements. Due to the limited understanding of device-biointerfaces, attachment and
conformation still require continuous improvement. Another problem arises if one considers
the need for implantation to the surface of an organ. Such systems should be soft, self-
adhesive for attachment, totally organic, and resist interference or biofouling from the
multitude of other analytes within the body (e.qg. salts, proteins, cells etc.). Recent efforts in
the development of novel biomimetic structures and biological materials that are inspired by
nature could provide a potential solution to bridge flexible biosensors to clinical practice
(Liu et al. 2017; Wang et al. 2017a). Through careful structural design, these biological
materials can enable the enhanced adhesion and conformability for contact, as well as the
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protection to the active sensing layer of sensors. The integration of power sources, wireless
transmitters, interconnects etc. are additional factors that are of interest. If the device is to be
fully degradable, a “programmed” loss of function, or the development of transient devices
is an approach (Hwang et al. 2013; Tan et al. 2016; Yin et al. 2014). Conversely, is there a
need for subsequent excipient surgery to recover the device, or can it remain implanted even
following an end of its useful functional life?

Besides the presence of the necessary mechanical compliance in such biosensors, one
primary concern for their performance is the possibility of alteration of signal responses
under physical deformation or under physiological environments. In several reports,
fabricated flexible biosensors were proven to maintain effectiveness in biosensing and
detection. The signal responses of these biosensors to the analytes show small shifts under
the various mechanical challenges, even though the basic features of the data are sustained.
However, many studies lack comprehensive characterization to illustrate the quantitative
evaluation of signal stability and the accuracy of the flexible biosensors under different
conditions. Few flexible biosensors have evaluated possible deterioration of signal responses
under long-term influence of biological environment or during bio-degradation. Considering
the complex environments for such devices (typically fluid), the stability of the device and
inter-connects is also important.

Continuous monitoring of analytes continues to be an ongoing goal for such devices. A clear
understanding of long-term interactions with various materials (or of their degradation
products) and the body or the environment need to be investigated carefully. This involves
not only using materials that are initially biocompatible without causing inflammation or
damage to tissues, but have the ability to maintain biostability over functional life. This is an
aspect that is still little-evaluated and requires multidisciplinary research. The ultimate goal
of flexible biosensors is to bring seamless connections between humans and devices.
Information regarding the health conditions, vital monitoring, disease diagnosis, drug
reactions, environmental conditions etc. may be continuously and easily accessible. Flexible
biosensors form vital components in the transition from “one device, one function” systems
to “one device, multifunction/multi-target” systems. Smart, rational and well-organized
engineering design, coupled with a fundamental knowledge of structure-function
relationships forms key requirement for future flexible biosensing systems in order to
accomplish necessary mechanical compliance, function, and intelligent interaction between
man and machine. Opportunities therefore about in the field of materials and device design
to apply flexible biosensors to dynamic and living systems.
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Highlights

Flexible biosensors involve multidisciplinary approaches towards applications in
fundamental research, healthcare, food safety, and environmental monitoring.

Detection occurs at complex biointerfaces that may be soft, intrinsically curvy, irregular,
or elastic, while preserving activity and sensitivity of biorecognition molecules.

State of the art is presented, along with design strategies, materials and fabrication,
targets of interest, challenges, and future perspectives.

This may inspire and improve designs for smart and effective devices in the future.
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Figure 1 —.

Schematic showing the essential elements of biosensors in flexible configurations.
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E)?amples of locations where flexible biosensors may be or are already being used.
Clockwise from top: a) soft tissue such as the brain Adapted with permission from ref.(Kim
et al. 2010). Copyright 2010 Nature Publishing Group. b) nerve fibers Adapted with
permission from ref. (Seo et al. 2016). Copyright 2016 Cell Press. c) eyes/cornea (as optical
implants or soft contact lenses) Adapted with permission from ref. (Kim et al. 2017).
Copyright 2017 Nature Publishing Group. d, e) skin and other flexible environments,
Adapted with permission from ref.(Liao et al. 2015a). Copyright 2014 Wiley. Adapted with
permission from ref. (Lee et al. 2016a) Copyright 2016 Nature Publishing Group. f) surfaces
of fruits and agricultural products Adapted with permission from ref. (Tao et al. 2012).
Copyright 2012 Wiley. g) Enamel, h) muscle tissue. Adapted with permission from ref.
(Mannoor et al. 2012). Copyright 2012 Nature Publishing Group.
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Figure 3. Representative mechanical challenges in the design of flexible biosensors.
The top row reflects the idea of mechanical stress/strain (e.g. bending, stretching, rolling,

twisting, curling, crumpling or even sharp indentation). a) Adapted with permission from
ref. (Zhong et al. 2015). Copyright 2012 American Chemical Society. b) Adapted with
permission from ref.(Yang et al. 2017b). Copyright 2012 Wiley. ¢) Adapted with permission
from ref.(Vandeparre et al. 2013). Copyright 2013 AIP Publishing. The bottom row
represents ideas of conformability and compatibility to a very delicate environment (e.g. a
lesion or wound) and skin. d) Adapted with permission from ref.(Dagdeviren et al. 2015).
Copyright 2015 Nature Publishing Group. e) Adapted with permission from ref.(Chen et al.
2017). Open Access.
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Figure 4. Representative strategies for the immobilization of biomolecules for flexible biosensing
applications a)

Lens-less imaging detection and counting of CD4* T lymphocytes on polyester film-based
platform with microchannels. Biotinylated anti-CD4 antibodies immobilized using
NeutrAvidin on chemically activated surface. Adapted with permission from ref. (Shafiee et
al. 2015). Copyright 2015 Nature Publishing Group. b) Conductive copolymer coated and
avidin bound flexible electron-spun mats. Adapted with permission from ref. (Bhattacharyya
et al. 2011). Copyright 2011 Wiley. ¢c) AMP, Magainin |
(GIGKFLHSAGKFGKAFVGEIMKS) covalently functionalized on hRGO, yielding a gram-
negative specific biosensor Adapted with permission from ref.(Chen et al. 2014). Copyright
2014 American Chemical Society. d) biotinylated C-reactive protein (CRP) antigen and the
bound analyte (anti-CRP antibody) grown on biotinylated self-assembly monolayer-covered
printed gold electrodes on a paper substrate. Adapted with permission from ref. (Ihalainen et
al. 2013). Copyright 2013 MDPI. e) Glucose oxidase enzyme immobilized within a
PEDOT:PSS-silk sericin conducting ink, photolithographically patterned on a fibroin
substrate. Adapted with permission from ref. (Pal et al. 2016a). Copyright 2016 Wiley. f)
modifying silver electrode with lactate oxidase immobilized by bovine serum albumin on a
PET substrate. Adapted with permission from ref. (Abrar et al. 2016). Copyright 2015
Nature Publishing Group. g) Graphene nanomesh FETs GNM FET biosensor. 1-
pyrenebutanoic acid succinimidyl ester linker conjugated with the amino modified HER2-
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specific aptamer through the formation of an amide bond integrated on the PDMS film and
attached on the human skin. Adapted with permission from ref.(Yang et al. 2017b)
Copyright 2017 Wiley

Biosens Bioelectron. Author manuscript; available in PMC 2020 January 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Xu et al.

Table 1.

Page 45

Examples of flexible biosensors showing the different components and applications of the systems

Substrate (A) Recognition (B)

Transduction Method (C)

Target

Flexibility

Reference

PET anti-CRP antibody

Graphite

Graphene oxide

Glucose oxidase

Lactate oxidase

Ag nanoparticles

Polyimide Anti-HSA antibody
Glucose oxidase
Anti-human TNF-a /
TNFS F1A antibody
PEN HIV-2 antigen
PDMS Silver NPs
Glucose oxidase
Polyester anti-CD4 antibodies
CNF Cholesterol oxidase
Carbon Electrode Arrays None
Paper anti-CEA antibody

anti-haptoglobin antibody

anti-PSA antibody

Capacitive

Potentiometric

Potentiometric FET

Potentiometric FET

Amperometric

SERS

Impedimetric

Potentiometric

Impedimetric

Amperometric

SERS

Amperometric

Optical

Potentiometric

Amperometric

Amperometric

Colorimetric

Voltammetric

C-reactive protein (CRP)

Uric acid, ascorbic acid,
dopamine

Dopamine from PC12 cells

Glucose

Lactate

Thiram
Human serum albumin

Glucose

Tumor necrosis factor-a (TNF-
a)

HIV

Malachite Green (MG)

Ascorbic acid, dopamine, or
glucose

CD4* T lymphocyte

Cholesterol

H,0,, NADH

Carcinoembryonic antigen (CEA)

Bovine haptoglobin

prostate protein antigen
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Not demonstrated

0.4% tensile
strain 9.7 MPa
tensile strength

Bending
insensitive (3 cm
bend radius)

0.01 change in
signal from
straight to bent
(6.625 cm radius)

Bending angle
(0-180) Bending
cycles (0-100)

In-situ detection
on tomato skin

Physically bend

Operational
above 837 um
bend radius
0.078% strain

Not demonstrated

No change
>17mm bend
radius <5%
change in
response after
100 bend cycles

no difference w/
100° angle bend

Very small
change w/ 90°
angle bend

Intrinsically
flexible; no
bending
challenge

5% error after
90° bend

180° inward
folding and
stretching had
negligible effects
on response

No breakage
after + 180° bend
tests

Origami foldable

3D origami fold

(Sivashankar et
al. 2015)

(Caietal)

(He etal.)

(Kwak etal.)

(Labroo and Cui)

(Zuo et al. 2016)
(Chang et al.
2013)
(Rimetal.)

(Baraket et al.
2014)

(Kwon et al.)

(Kumar et al.)

(Pal et al. 2018)

(Shafiee et al.
2015)

(Bajaj et al.
2016)

(Yang etal.)

(Bansi et al.
2016)

(Weng et al.
2018)

(Li et al. 2014b)



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Xu et al.

Page 46

Substrate (A) Recognition (B) Transduction Method (C) Target Flexibility Reference
Graphene anti-£. coli antibody Impedimetric E. coli O157:H7 5% changes after (Wang et al.
90° bend for 500 2013)

HBsAgbinding aptamer

Pt NPs
Redox active molecules

Textile/ Fabric

Lactate oxidase

None

Silk Glucose oxidase

Glucose oxidase

Amperometric FET

Amperometric

Amperometric

Amperometric

Amperometric

Amperometric

Amperometric

hepatitis B surface antigen
(HBsAg)

Hydrogen Peroxide (H,0)

Adrenaline, Ascorbic acid,

dopamine

Lactate

NADH, ferrocyanide, H202

H202

Ascorbic acid, dopamine, or
glucose

cycles

5-10% change
until 200 bend
cycles, improved
until 500 bend
cycles

5% decrease
Sensor response
after 100 bending
cycles

7.5mm bending

radius showed no
change in
response

<13% when
bended, <11%
when twisted

Minimal effect of
stretching on
NADH and
ferrocyanide,
improved signal
from stretching
for H202

30-180° bend

angle and 1000

bend times; 5—
25% stretch

30° or 150 cycles
bend showed

slight decrease in
conductivity

(Cho et al. 2018)

(Xiao et al.)

(Gualandi et al.)

(Modali et al.
2016)

(Yang et al.
2010)

(Liang et al.
2014)

(Pal et al. 2016b)
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