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Bioelectronics has excellent potential to enhance the quality of life. It works by interfacing biomaterials
with electronic devices, which are then applied to the monitoring, diagnosis, and treatment of the
in vivo and in vitro conditions of the human body. On this account, we have explored numerous works
on polymer-based bioelectronics at our disposal to adopt a facile fabrication method — electrospinning.
Bioelectronic devices typically encompass biosensors, which detect biological analytes resulting in the
detection of biomarkers, and bio-batteries which are able to supply non-intermittent micropower
required for operating devices. On the other hand, energy harvesting devices, such as biofuel cells and
nanogenerators, have the potential to generate energy. Bio-transistors and bio-actuators are used in
flexible, wearable, and portable bioelectronics for human health assessment and effective artificial
locomotion. Electrospun polymeric materials have shown advantages such as generating convenient
microstructures, improved functionalization, and low manufacturing costs over the last few years.
Initially, this article provides an overview of the unique structure and features of electrospun nanofiber
materials and their application in bioelectronics. Then, it summarizes the recent progress along with
future recommendations to conclude. Thus, this study examines the potential of electrospun polymers
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in bioelectronics by systematically discussing the fabrication and notable improvement of the devices in
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1. Introduction

Bioelectronics implies the integration of electronic components
with biomaterials intending to uplift the quality of health,
environmental state, and security of society. Over the years,
extensive research in the field of bioelectronics has led to
the development of medical devices, such as glucose monitors
for people with diabetes," cardiac pacemakers, deep-brain
stimulators,>* and cochlear implants for restoring damaged
physiological functions, and profound insight on cell-to-cell
and cell-to-environment interactions.>® It is interesting to
observe how different biodevices’ sizes, shapes, and composi-
tions have evolved to integrate flexibly with human life. For
instance, in the past, bioelectronic materials were rigid and had
poor compatibility with the human body interface. This hin-
drance has been overcome by developing flexible biodevices
that offer facile and intimate physiological contact with soft
organs and tissues.’
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Since the application of bioelectronic devices is directed
toward human health monitoring and involves both in vitro and
in vivo analyses, it is of the utmost importance to validate the
biocompatible features of the components. Bioelectronic
devices have enormously contributed to medical advancement,
yet their rigid and bulky structures need downsizing and more
biological properties. Furthermore, due to their stiffness, the
conventional metallic bioelectronic components fail to match
the mechanical similarity to the soft body tissues. Hence, they
may render damage to the skin or delicate organs by abrasion.®
Also, bioelectronics should be chemically inert and non-
reactive upon contact with the body fluids to avoid delamina-
tion or corrosion.” Usually, the bio-device implanted into the
living body is intended to disintegrate after serving its desired
purpose. Hence, the biodegradability of the device will impair
the body of any second injury during its extraction or removal
from the body."®

To fully satisfy the biomedical applications, research has
been extended towards developing next-generation functional
bioelectronic devices that comply with the abovementioned
properties. Polymers, among other materials, have an edge in
biocompatibility, flexibility, lightweight, cost-effectiveness, and
biodegradability to build bioelectronic components, as shown
in Fig. 1. Moreover, the functionality of the polymer structure
required for bioelectronic mechanisms can be induced when
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Fig. 1 Bridging of biomaterials with electrical devices via polymers.
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they get down to micro/nanometers. Electrospinning is a ver-
satile technique to fabricate diverse nanostructures such as
nanofibers, hollow or porous configurations, and core-sheath
structures. Additionally, electrospun nanostructures may be
built into ordered arrays by altering their alignment and stack-
ing order to produce geometries appropriate for interfaces with
living organisms."*

This article reviews the electrospinning technique of poly-
meric materials in fabricating functional bioelectronic devices,
such as bio-based sensors, transistors, actuators, capacitors,
batteries, and fuel cells. Electrospun polymeric structures have
greatly improved the functioning and economic viability of
bioelectronic devices. This study will emphasize our developing
capacity to integrate functional polymeric structures with elec-
tronic materials and enhance our understanding of bioelectro-
nics processing and manufacturing to address various global
concerns.

2. Polymers for bioelectronics

Polymers offer a range of diverse properties, being the basis for
bioelectronics structure and property design.’> The properties
typically investigated for designing bioelectronics include flex-
ibility/stretchability, chemical stability, modulus and stiffness
comparable to human tissue and organs, and high conductivity
with retaining the elastic properties. The variety and tunability
of polymeric materials enable them to be flexible while main-
taining enough mechanical strength and electrical conductivity
for electrodes, optical transparency for substrates, and biode-
gradability for sacrificial layers in bioelectronic devices.'*'*
Commonly used electrode materials include polyaniline
(PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), and poly-
pyrrole (PPy).">™” Polymers like polydimethylsiloxane, poly
(xylylene), and polyimide (PI) act as moisture and dielectric
barriers by providing insulation to electronic devices to protect
them from degrading upon contact with the body fluids.'®2°
Polydimethylsiloxane and polyurethane (PU) are notable
materials used in implanted devices to maintain structural
integrity and insulate electrical cabling. These polymers offer
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biocompatibility, chemical and thermal stability, and desirable
mechanical and elastomeric properties.’>*

Because of its abundance, biocompatibility, and processa-
bility, cellulose is a potential natural polysaccharide that
has been widely used in the fabrication of bioelectronics. It
possesses admirable properties of hydrophilicity, chirality,
biodegradability, and capacity for various chemical modifica-
tions. Moreover, cellulose can be chemically modified to its
derivative, such as cellulose acetate (CA), which is used as
conducting polymers in biosensors and biobatteries.”>>® The
chemical functionalization of cellulose and its derivatives is
accomplished by breaking the native hydrogen bond network
and adding new, minimally processed substituent chemical
groups.?” Cellulose-based matrices are ideal for adsorption and
immobilization of biological components, giving rise to a
suitable polymeric substrate for biosensor applications.>®2°

Because of the intricacy of the biological-material interface,
there is a strong push to develop sophisticated functional
polymeric biomaterials with modified physiochemical and
mechanical properties for a variety of bio-applications. Thus,
the next level of sophistication for medical devices and
implants is achieved by integrating electronic components with
the biological medium and analyzing electrical signals. Such
devices include cardiac pacemakers, bionic ears, and vagus
nerve stimulators.’*"** In recent times, inherently conducting
polymers (ICPs), shown in Fig. 2, have been making a mark for
bionic devices. ICPs can provide structural, bioactive, and
electronic communication, and they are used to generate
seamless integration of polymer structures that will take bio-
communications to a higher level.

Furthermore, ICPs can be designed to trigger a wide range
of biological functions, such as the controlled release of
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Fig. 2 Different classes of conducting polymers.
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therapeutic drugs and growth factors and the delivery of
electrical and mechanical stimuli to the cells and tissues.*™*
Polyacetylene, PANI, PPy, polythiophene, and polyphenylene
are the most common ICPs. Many polymeric materials have
been tried as working materials in a wide range of bioelectronic
devices during the last few decades, with the promise that their
properties may be easily adjusted for each application, which
will be described in a later part of the review.

3. Electrospinning in bioelectronics

Electrospinning is an electrostatic fiber formation process that
utilizes an electrostatic field to produce fibers from polymer
dope. The fibers have a thinner diameter and larger surface
area, aiding in functionalizing a particular application.*® This
process differs from conventional technical methods, such as
extrusion and melt blowing, which depend primarily on
mechanical forces and geometric boundary conditions. On
the other hand, electrospinning is regulated by self-assembly
processes produced by electric charges and is controlled by
hydrogen bonding, charge transfer interactions, etc.”’”*® This
approach has been widely used to develop conducting polymer-
based nonwoven nanofibrous mats of complex architectures, as
illustrated in Fig. 3.>°™*

Biocompatible and biodegradable polymers can be electro-
spun and then coated with ICPs by electrochemical,*’
chemical,*>** or vapor*® phase polymerization processes, or
ICP can inherently form the spinning solution and eventually
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constitute the bulk of the fiber.*>*” These have been reported to
be incorporated into electrospun fibrous mats and employed as
tissue engineering and drug release conduits. Poly(i-lactide)
(PLLA) or poly(lactic-co-glycolic acid) (PLGA) biodegradable
polymers have been electrospun with the anti-inflammatory
medication dexamethasone onto a gold neural probe, and the
fibers have been coated with electrochemically polymerized
PEDOT. This enabled the controlled release by using electro-
stimulation to actuate the nanofibers that caused internal
hydrodynamic pressure within the tube and forced the dexa-
methasone and PLLA degradation products through the cracks
in PEDOT casing.** The adhesion and proliferation of H9c2 rat
cardiomyoblast cells were supported by electrospun PANI-
gelatin nanofiber mats.”” The key features that make these
nanofibrous nonwoven mats suitable for such applications are
the 1D confinement characteristic of nanofibers, high surface
area and high porosity, and high orientations of structural
elements along the fiber direction.*®

Flexible bioelectronic systems that mimic natural tissues
provide advantages over rigid films and sensors for long-term
monitoring without affecting the normal bodily movement and
tissue function. Electrospun fibers can be used to fabricate
implanted bioelectronic devices.*® For instance, the challenge
of achieving good piezoelectric properties with long-term sta-
bility in soft materials has been addressed by electrospinning
core/shell poly(vinylidene difluoride) (PVDF)/dopamine (DA)
nanofibers. This has been accomplished by forming and align-
ing B-phase PVDF with a solid intermolecular interaction
between the -NH, and -CF, groups in the polymer. This
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Fig. 3 Schematic setup for electrospinning and different morphologies of electrospun polymeric fibers. Adapted from ref. 53 with permission from the

Royal Society of Chemistry.
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interaction is responsible for aligning the PVDF chains and
promoting B-phase nucleation with a superior and stable piezo-
electric performance in implanted devices.’*' Bioelectronic
devices have notable advancements, including flexible/stretch-
able conductors, transparent electrode development, strain and
pressure sensors, and nanogenerators. However, there are a few
drawbacks associated with this electrospun bioelectronics,
such as the issue of fiber-based devices not lasting long enough
because of the unstable electrospinning preparation.’

Recent developments in electrospinning have employed
organic polymers with other materials, and the resulting nano-
fibers exhibit specific electronic, magnetic, and photonic prop-
erties. It has been reported that using such electrospun
nanofibers in optical and electronic sensors, fuel cells, solar
cells, batteries, and energy harvesting and storing devices dis-
plays fluorescence, electron conductivities, photovoltaic effects,
and photocatalytic effects.’” However, this process has some
limitations regarding the fiber deposition rate and uniformity
and quality to be enhanced for better performance.

4. Applications of electrospun
polymers in bioelectronics
4.1 Biosensors

Biosensors are functional devices consisting of a receptor—
transducer system that provides selective quantitative or
semi-quantitative analytical information using specific molecu-
lar recognition structures.?” Biosensors have largely substituted
conventional analytical methodologies for their favorable qua-
lities, including high sensitivity to a particular target, response
accuracy, stability, non-toxicity, cost-effectiveness, and mobi-
lity. Transducers are the most noteworthy part of the biosensor
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configuration and are the basis of classification. Biosensors can
be classified into optical, electrical, electrochemical, and piezo-
electric sensors based on the transducer that translates bio-
recognition molecules into measurable entities.>*

A revolution was brought in the field of biosensors through
the development of nanomaterials for the configuration of
sensing layers. This enhanced the detection efficiency due to
an increased number and activity of surface atoms upon reach-
ing the nanoscale level. Moreover, the nanoscale configuration
provides numerous anchoring sites for interacting with the
analyte and the sensing molecules. The nanostructure that can
tremendously benefit the sensing platform is nanofibers. Nano-
fibers have become a unique candidate for biosensor applica-
tions for their high specific surface area, tunable chemical
surfaces, and large pore volume per unit mass.”>*° Electrospin-
ning has always attracted attention over other available techni-
ques for nanofiber synthesis due to its high throughput and
capability of producing membranes of various structures,
including solid, hollow, porous, multichannel, or whiskers with
different conductivities.

Fabrication of polyhydroxybutyrate (PHB) fibers by electro-
spinning and then dip-coating them with polymethyl metha-
crylate-co-methacrylic acid, as shown in Fig. 4(a), has been
found effective for the detection of dengue virus. This fiber-
based sensor system achieved a detection sensitivity of 97% in
comparison to the clinical method, with a detection sensitivity
of around 76%. This improvement was achieved due to the
electrospun fibers with a high surface area providing opportu-
nities for more controlled surface modification and biomole-
cular interaction for dengue virus detection.’”*® Fiber-based
enzyme-linked immunosorbent assay (ELISA) systems were
developed using electrospun PLLA and CA substrates to detect
the C-reactive protein (CRP) as a cardiac biomarker. The limit
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Fig. 4 (a) Dip-coating of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) fibers in poly(MMA-co-MAA).>” (b) The PCL electrospun-coated NC membrane
is assembled into a conventional lateral flow assay (LFA). Reproduced from ref. 60 with permission from Elsevier. (c) Detection scheme of the lateral flow
immunosensor based on the antibody functionalized electrospun capture membrane. Reproduced from ref. 61 with permission from Elsevier. (d) The
possible fluorescence detection mechanism of glucose. Reproduced from ref. 70 with permission from the Royal Society of Chemistry.
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of detection (LOD) was measured at 13 pg ml~", 53 pg ml ™",
and 27.32 pg ml~' for PLLA, CA nanofibers, and cotton
microfiber-based platforms, respectively, lower than that of
the standard enzyme-linked immunosorbent assays. The
results suggested that antibodies tested on the interface of
the electrospun PLLA nanofibers became easily immobilized
due to the high surface-to-volume ratio and thus showed
greater sensitivity to the C-reactive protein (CRP) level.*® In
another study, electrospun polystyrene-poly(styrene-co-maleic
anhydride) (PS-PSMA) nanofibers immobilized with an aptamer
have shown that they could be used to detect proteins. In this
aptamers-on-nanofibers-based biosensor, the huge surface area
of the nanofibers was the primary reason for a 2500-fold
increase in sensitivity and ease of application and manipula-
tion. The paper-based biosensor formed by electrospinning
polycaprolactone (PCL) onto a nitrocellulose membrane detects
amino acids by forming a hydrophobic coating that enhances
the target-gold nanoparticle interaction. The sensitivity of the
PCL electrospun-coated test strip was increased nearly tenfold
compared to the complete test strip, as illustrated in Fig. 4(b).*°
For bacterial and viral pathogen detection, the nitrocellulose
nanofibrous membrane was electrospun. The surface was
functionalized with an antibody, which detected Escherichia
coli 0157:H7 and bovine viral diarrhea (BVDV) virus within
8 min. This method provided efficient antibody functionaliza-
tion and excellent capillary capability.®" The detection scheme
is shown in Fig. 4(c). PLA was functionalized with the incorpo-
rated biotin to prepare the membrane substrate for the biosen-
sor based on the biotin-streptavidin specific binding to detect
synthetic bacterial DNA.®* The conjugated polymer, hydrolyzed
poly[2-(3-thienyl) ethanol butoxy carbonyl-methyl urethane]
(H-PURET), was electrostatically assembled on the surface of
the electrospun CA nanofibrous membrane and acted as the
fluorescent probe for the detection of cytochrome ¢ and methyl
viologen.®® It was a susceptible optical sensor detecting bio-
logical entities (proteins, peptides, and nucleic acids). It has
been claimed that conjugated polymer-based sensors have an
advantage over fluorescent dye-based sensors in that they dis-
play collective features that are extremely sensitive to small
perturbations.®* In another work, long rod-shaped M13 viruses
were employed to make 1D micro- and nanosized fibers by
emulating the spinning mechanism of the silk spider. In
micrometer-diameter capillary tubes, liquid crystalline virus
suspensions were extruded in glutaraldehyde. 1,1,1,3,3,3-
Hexafluoro-2-propanol was used to suspend M13 viruses before
they were electrospun into fibers. Polyvinylpyrrolidone (PVP), a
highly water-soluble polymer, was combined with M13 viruses
to create virus-PVP nanofibers. After resuspending in buffer
solution, the virus-PVP electrospun fibers retained their ability
to infect bacterial hosts. In biosensor applications, this resulted
in beneficial biological activities and a weak catalytic effect.®®
Due to the alarming rise of diabetic patients, glucose sensors
are drawing considerable research focus. Electrospun polyacry-
lonitrile nanofibers based on carbon nanotubes (CNTs) have been
developed and modified by glucose oxidase for electrochemical
glucose sensing. Efficient glucose oxidase immobilization and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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improved affinity between glucose oxidase and the hydrophilic
surface were reported.>® Cholesterol is another biomolecule that
requires frequent diagnosis. An amperometric cholesterol biosen-
sor was developed using electrospun PANI nanofibers. The nano-
fibers were functionalized with more than ten layers of cholesterol
oxidase using an electrostatic layer-by-layer adsorption method. It
has been reported that the electrostatic interaction can be
obtained from such layer-by-layer films assembled by the alternate
adsorption of a charged protein and oppositely charged species
from solutions.®® Fabrication of the glucose biosensor was later
reported by electrospinning a mixture of poly(acrylonitrile-co-
acrylic acid) (PANCAA) and multi-walled carbon nanotubes
(MWCNTSs) to form a nanofibrous membrane that was deposited
on a platinum electrode. Their proposed method enhanced the
current and improved the reusability of the enzyme electrode (up
to 6 times). However, the response time was longer, which needed
shortening for diagnostics.”” H,0, and glucose detection was
done using MWCNT and platinum loaded PVDF nanofibers. This
non-enzymatic biosensor was highly stable, sensitive, and selec-
tive detection of the target analytes.® Further, electrospun poly-
urethane (PU) was used as the coating material for implantable
glucose biosensors. The PU coating has a submicron fiber dia-
meter and a sub-100-micron thickness that does not hinder the
sensing efficiency, and also additional layers can be incorporated
to improve biocompatibility.*® Another fascinating material that
can be incorporated into the biosensor is graphene quantum dots
(GQDs). The construction of a fluorescent and electrochemical
biosensor enabled the detection of H,O, concentration and
electrolyte adsorption. The diffusion of the reactants is greatly
beneficial because of the high surface area to volume ratio of the
3D electrospun PVA/GQD nanofibrous membrane. Since the
addition of H,0, leads to the fluorescence quelling of GQDs, with
an increase in H,0, concentration, the fluorescence intensity of
the nanofibrous membrane declines linearly. Adding glucose
oxidase to the created nanofibrous membrane shows high sensi-
tivity and selectivity for glucose detection. Thus, the goal of
serving as both a fluorescent and an electrochemical biosensor
for determining H,O, and glucose with high sensitivity is
achieved, as depicted in Fig. 4(d).”®

4.2 Bio-batteries

With the advent of electronic health care devices, batteries in
the microampere range and long active life are in demand.
Fitting such portable micropower sources to operate machines
like cardiac pacemakers is challenging as external recharging
or refueling is impossible during prolonged use.”"”>

In many cases, cellulose or paper-based batteries have
already been used for clinical diagnosis. For example, low-
cost battery-powered medical devices using cellulose fibers of
algal origin and PPy were fabricated as composite structures by
laminating multiple stacks of individual layers.”® Despite hav-
ing a porous and flexible design, these microampere batteries
had some limitations, they had minimum cell potential, and
the number of available full charge cycles was also less in
comparison with Li-ion batteries.
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In order to address this, an electrospun polymeric matrix
with an atomically thin and malleable separator and electrodes
was grown as a monolithic structure.>® The membrane was
separately covered with aluminum and silver thin films on the
opposite surfaces. After that, it was affixed on sweaty skin in
connection with the carbon electrode wires. The bio-battery
generated electrical energy from body sweat and reached
a power density of 3.38 uW cm % a current density of
24.54 pA cm %, and a voltage of 0.13 V.*> This result was
promising as the typical power required for pacemaker operation
is 1 uW.

In recent years, bio-batteries have gained the attention of
researchers as cellulose-based energy storage devices will have
more advantages than the currently used batteries for supply-
ing power to implantable medical devices. Because of the
unique structural properties of cellulose, it benefits the devel-
opment of energy storage devices by improving their electro-
chemical performance, flexibility, cost competitiveness, and
form factor. A group of researchers worked on a fully organic
bio-battery that is also activated by biological fluids. The in situ
chemical oxidation of PPy and PANI on the CA fibers results in
the formation of a polymer matrix, as shown in Fig. 5. Even-
tually, a polymeric bio-battery was developed by integrating the
CA/PPy and CA/PANI composite membranes and separating
them with a CA electrospun membrane. Cellulose-based fibers
with a high electrical conductivity of 10 > and 10~ ' S cm ™" for
CA/PPy and CA/PANI, respectively, and a maximum power
density of 1.7 mW g~ were obtained from the fully developed
bio-battery.”

4.3 Energy harvesting devices

In addition to bio-batteries, energy harvesting devices, such
as biofuel cells (BFCs) and nanogenerators (NGs), are
becoming crucial to supply uninterrupted power to healthcare
devices. Biofuel cells are bioelectronic devices that rely on the

CA electrospun nanofibers

(a)

CA electrospun nanofibers

(1) Py-impregnating
(2) FeCl; in water solution

(1) Anti-impregnating
solution
(2) (NH,),SO, in water
solution
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bio-electrocatalytic oxidation of biological fuels, such as lactase
or glucose, for energy harvesting applications.”” In contrast to
traditional fuel cells that employ expensive metal alloy catalysts
and reformed fossil fuels, biofuel cells utilize chemical pro-
cesses generated by various biological catalysts. Depending on
the natural catalyst, biofuel cells can be classified into two
groups: enzymatic and microbial fuel cells. Enzymatic fuel cells
employ specific isolated enzymes for part of their operation, as
shown in Fig. 6(a) and (b), while microbial fuel cells utilize
whole organisms containing complete pathways.”” Enzymatic
biofuel cells harvesting energy from the metabolites present in
biofluids represent a convenient route to eradicate the problem
of anatomically compliant power sources. Some applications
are shown in Fig. 6(c) and (d).

As far back as 1964, glucose oxidase (GOx) was the anodic
catalyst for the first enzyme-based biofuel cell.”® After years of
advancement and modifications, these biofuel cells still lack
the required power density, lifetime, and operational stability.
Concurrently, research showed that various nanostructures
possess tremendous potential for stabilizing and activating
enzymes. Particularly, the enzyme loading capacity will improve
significantly if the nanostructures provide a large surface area
for enzyme attachments and possibly improve the power den-
sity of biofuel cells.”” The covalent attachment of o-
chymotrypsin to polystyrene nanofibers of 120 nm diameter
was reported. The measured enzyme loading was up to 1.4%
(wt/wt), corresponding to a monolayer coverage of the exterior
surface of nanofibers of over 27.4%.”® Electrospinning of poly-
acrylonitrile was used to prepare a 3D nanostructured material.
This was done to improve the performance of enzyme electro-
des and the power density of biofuel cells. These nanostruc-
tures were then functionalized by sputtering a thin film of gold
upon them to make them conductive.

The structure enabled a high loading of enzymes and the
power density delivered was 1.6 mW cm ™2 at 0.75 V, which is

PPy-coated nanofibers

PANI-coated nanofibers

Fig. 5 The procedure followed to prepare CA fibers with (a) PPy and (b) PANI by in situ chemical polymerization. Reproduced from ref. 74 with

permission from the Royal Society of Chemistry.
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(a) Schematic of enzyme-based biofuel cells, (b) covalently attached enzymes and enzyme aggregates on nanofibers, and (c) a highly stretchable

bio-fuel cell. Reprinted with permission from ref. 82. Copyright 2016 American Chemical Society. (d) Stretchable electronic skin-based island-bridge
BFC. Reprinted with permission from ref. 83. Copyright 2017 American Chemical Society.

five times the power density delivered by the BFC built on flat
bioelectrodes.”® Electrospinning was used to create a composite
nanofiber by combining a suspension of multi-walled carbon
nanotubes (MWCNTs) with a PANI/polyvinyl alcohol (PVA)
composite. Biofuel cells operate on the electron transfer prin-
ciple between the immobilized enzyme and the electrode,
which is critical for their success. The schematic of the princi-
ple is shown in Fig. 6(a). Electrospun nanostructured electrodes
were used to immobilize glucose oxidase and build a bio-anode.
Using this nanostructured anode, the maximum current den-
sity was 7.5 mA cm > at 100 mV s~ " vs. Ag/AgCl in 20 mM
glucose solution.® Electrospun PAN fibers coated with gold
nanoparticles and MWCNTs were fabricated where the anodic
working enzyme glucose oxidase (GOx) was functionalized with
poly(N-(3-dimethyl(ferrocenyl)methylammonium bromide) pro-
pyl acrylamide) (pFcAc), and this GOx-pFcAc conjugate was
immobilized onto the electrospun fiber by physical adsorption.

The adequate wiring of GOX through pFcAc led to a 24-fold
increase in current generation efficiency compared to native
GOX adsorbed onto the same electrode material.*" The field of
soft and flexible electronics has become very popular in the last
ten years because they can withstand mechanical changes
without affecting the performance. Highly stretchable all-
printed CNT-based electrochemical sensors and biofuel cells
were developed, capable of withholding strains as high as 500%
with no significant effect on their structural integrity and

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrochemical performance.®” Such work in constructing
highly stretchable CNT-based electrochemical sensors and
biofuel cell arrays, as shown in Fig. 6(c), lays the foundation
for developing low-cost, highly stretchable, high-performance
electronic devices and biofuel cells.*> A deterministically
stretchable, high power density wearable electronic skin-
based biofuel cell capable of producing energy from human
sweat has also been developed, as shown in Fig. 6(d).**

Nanowire-based nanogenerators are novel tools for obtain-
ing biomechanical energy from the human body, for instance,
when the lungs inhale and exhale or the heart beats.** Using
piezoelectric nanostructures, nanogenerators convert mechan-
ical energy to electricity. This extraction of mechanical energy
from ambient surroundings makes nanogenerators an attrac-
tive renewable energy source for various applications. If energy
can be generated from our body environment by utilizing the
wasted energy invested in walking, speaking, and breathing,
these energy sources can potentially meet the energy require-
ments to operate numerous small devices and personal
electronics.®

PVDF is a viable choice of polymer for fabricating nanogen-
erators as it possesses good piezoelectric and mechanical
properties, exhibits chemical stability, and minimizes resis-
tance to outward physical movements at low frequency.®® The
piezoelectric properties of PVDF fibers can be improved by
spinning with a near-field electrospinning setup with in situ
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mechanical stretching and electrical poling of aligned nanofi-
bers. In another study, electrospinning of a copolymer of
PVDF, specifically poly(vinylidene fluoride-trifluoroethylene)
[P(VDF-TrFE)], was carried out, which had an advantage over
PVDF in terms of ferroelectricity with the actual Curie transi-
tion temperature (7.) and large electromechanical coupling
coefficient.?”®® Their research demonstrated that electrospin-
ning boosted the orientation of the molecular dipoles (CF,)
present in [P(VDF-TrFE)], which increased the output current
signal when several tens of layers of the electrospun nanofiber
web with the same polarization were stacked. Thus, it was
expected to obtain a desirable power output for portable
electronic devices by simply changing the number of stacked
layers. It has been further reported that electrospinning of
poly(vinylidene fluoride-hexafluoropropylene) [P(VDF-HFP)]
nanofibers loaded with silver nanoparticles can be used to
fabricate a polymer-based nanogenerator. A maximum gener-
ated voltage of 3 V with a current density of 0.9 uA cm 2 is
achieved with that polymer-based nanogenerator.®® It was
found that the piezoelectric phase increased due to the func-
tionalization of the nanofibers with silver nanoparticles which
enabled the material system to be implanted into wireless
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sensors and biomedical devices. Later, PEDOT-coated PVDF
electrospun nanofibers were developed on neat PVDF nanofi-
bers. The 3D structured nanogenerator thereby provided an
enhanced output voltage of 48 V and current of 6 pA upon
8.3 kPa of applied stress amplitude with a superior piezoelectric
energy conversion efficiency of 66% compared to that of the
single-mat device, which enabled a robust wearable energy
harvester that survived fatigue tests over 6 months.’® The work
was carried forward and the electrospun PVDF nanofibers were
functionalized with MWCNTSs to improve the output voltage
and power.”" The maximum piezovoltage generated by PVDF
nanofiber mats in the presence of 5 wt% MWCNTs is as high as
6 V, while the average capacitor charging power is 81.8 nW,
increasing 200% and 44.8%, respectively, compared with bare
PVDF nanofiber mats. Zhang et al. first fabricated a wearable
all-fiber triboelectric nanogenerator-based insole by simple
electrospinning of PVDF, as shown in Fig. 7(a). While walking,
this structure was wedged between two conducting fabric
electrodes. The maximum output voltage, instantaneous power,
and output current of the insole reach 210 V, 2.1 mW, and
45 pA, respectively.®” This fiber-based nanogenerator provided
the advantages of efficient energy conversion, user comfort, and

Flexible
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(a) Schematic diagram of the structure of the triboelectric nanogenerator-based insole. (b) Digital photographs of the as-spun PVDF nanofibers

on the conducting fabric: (1) front side, (2) backside, and (3) and (4) are images demonstrating flexibility. Reprinted from ref. 92 with permission from
Elsevier. (c) Schematic of the nanocomposite NG. Top-view FE-SEM image of electrospun 35 wt% BT-P(VDF-TrFE) nanocomposite nanofibers (d) before
and (e) after polydimethylsiloxane coating. Reprinted from ref. 93 with permission from Elsevier. (f) Schematic diagram showing different effects of the
electrospun nanofiber mat on the triboelectric nanogenerator. Reprinted from ref. 94 with permission from Elsevier. (g) Sensing performance of the NG
based on human walking. Reprinted with permission from ref. 90. Copyright 2018 American Chemical Society.
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low cost. This concept of harvesting energy from human walk-
ing has been utilized in smart shoes. Since many piezoelectric
materials have limited mechanical durability, their use is
limited. To address this issue, a nanocomposite of barium
titanate nanoparticles (BT NPs), dispersed in P(VDF-TTFE),
was electrospun to produce piezoelectric nanofibers. The func-
tionalization of the polymer matrix with BT NPs leads to
fabrication of a robust, flexible, and efficient nanogenerator.
Because of its good impact on surface charge density, a porous,
spongy structure has been produced to improve the power
performance of the nanogenerator. It takes around 72 steps
to charge a 4.7 F capacitor. The self-poled nanocomposite
nanofibers are largely responsible for the exceptional
performance of the NG.”* The triboelectric effect and electro-
static induction work together in a triboelectric nanogenerator
to convert the mechanical energy from the outside
world into electricity. Electrospun polymer mats (PVDF and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate)) with a porous
parenchyma-like structure, as shown in Fig. 7(f), were used to
create a triboelectric nanogenerator. Cold-compacting post-
treatment gave the electrospun mats a porous parenchyma-
like structure. Because of its good impact on surface charge
density, a porous, spongy structure has been produced to
improve the power performance of the nanogenerator. The
optimized triboelectric nanogenerator produces a maximum
output voltage, short circuit current, and load power of 695 V,
58 pA, and 3.1 W m~ 2. The performance of the spongy nano-
generator was enhanced by more than three times compared to
the NG containing untreated electrospun mats.”* An astonish-
ing discovery in the nanogenerator and diagnostic sensor
applications showed that the PLLA nanofibers could show
piezoelectricity along the fiber direction, possibly due to the
improved crystallinity of the fibers. The electrospun PLLA fibers
can produce an 8 pA current and a 20 mV voltage via a simple
push-release procedure. Another blood pulse sensor, made of
PLLA fibers, was tested and showed an output of roughly 2 pA
for the blood pulse.® In another experiment, it has been found
that the enhancement of B-phase crystal formation in PVDF
electrospun nanofibers can impact triboelectric nanogenerator
applications. The group functionalized the PVDF nanofibers
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with silver nanowires (AgNWs). Because of the electrostatic
interactions between the nanowire surface charges and the
PVDF chain dipoles, AgNWs considerably increased the output
performance of the triboelectric nanogenerator and aided in
creating phase crystals.”® According to research on biodegrad-
able triboelectric nanogenerators, gelatin and electrospun poly-
lactic acid nanofiber membranes can significantly improve the
biodegradability of such nanogenerators. They obtained an
output voltage of up to 500 V, a short circuit current density
of 10.6 mA m 2, and a maximum power density of over
5 W m ™. Thus, the technology harvests energy from heartbeats
and other body motions to create a viable green micro-power
source for biomedical implants.”” Research on triboelectric
nanogenerators recently reported the fabrication of a woven
triboelectric nanogenerator utilizing PVDF nanofibers (doped
with varying concentrations of MWCNTs) and commercial
nylon cloth to harvest energy from human motion. It reaches
a high output voltage and current of about 14 V and 0.7 pA,
respectively, for the size dimensions of 6 x 6 cm. To capture
mechanical energy from human motions, such as tapping, arm
movements and walking, a woven triboelectric nanogenerator
has been proposed. Since it can operate in contact with several
freestanding triboelectric layers, it can effectively capture
mechanical energy. As a result, the suggested woven tribo-
electric nanogenerator shows potential as a power generator
for wearable devices and can be extensively used in a variety of
other applications.’®

4.4 Bio-e-skin

E-skins are typically created by overlaying an active nanomater-
ial on a stretchable surface that adheres to and acts as a sensor
for human skin. Bio-e-skin can mimic human skin and facil-
itate interaction with the skin and organs of the human body.
This piezoelectric pressure sensor (PEPS) based bio-e-skin can
detect subtle pressure (1 Pa-1 kPa), enabling its application in
wearable healthcare systems, artificial intelligence, and pros-
thetic skin.”*™*°! In addition, the PEPS possesses high sensitiv-
ity and fast response time to realize the full-range of human
activities from subtle wrist pulse, intraocular, and intracranial

Time

(a) Monitoring swallowing motions using relative changes in the output voltage signal. (b) Data glove with five attached bio-e-skins demonstrating

relative changes in the output signal while bending and stretching individual glove finger motions. Reprinted from ref. 102 with permission from Elsevier.
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