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Sayan Deb Dutta, Keya Ganguly, Aayushi Randhawa, Tejal V. Patil, Hojin Kim,

Rumi Acharya, and Ki-Taek Lim*

In recent years, additive manufacturing tools, such as 3D printing, has gained
enormous attention in biomedical engineering for developing ionotropic
devices, flexible electronics, skin-electronic interfaces, and wearable sensors
with extremely high precision and sensing accuracy. Such printed
bioelectronics are innovative and can be used as multi-stimuli response
platforms for human health monitoring and disease diagnosis. This review
systematically discusses the past, present, and future of the various printable
and stretchable soft bioelectronics for precision medicine. The potential of
various naturally and chemically derived conductive biopolymer inks and their
nanocomposites with tunable physico-chemical properties is also highlighted,
which is crucial for bioelectronics fabrication. Then, the design strategies of
various printable sensors for human body sensing are summarized. In
conclusion, the perspectives on the future advanced bioelectronics are
described, which will be helpful, particularly in the field of nano/biomedicine.

to monitor the physiological changes
of an individual through the skin.[®7]
These electronics’ extreme flexibility and
sensitivity could be an ideal source
for designing future novel biomedical
devices.*12l Most commercially avail-
able wearable medical devices initially
relied on silicon-based microelectronics
because of their unique design, rigid-
ity, and flexibility, which could afford ro-
bust and reliable functionality for clinical
and preclinical applications.[*1**] How-
ever, the inconvenient wiring and inad-
equate integration of silicon electronics
with human skin make it nearly un-
usable for mobile and long-term per-
sonalized monitoring. Moreover, con-

An in-depth knowledge of materials design to functional aspects of printable
bioelectronics is demonstrated, with an aim to accelerate the development of

next-generation wearables.

1. Introduction

Wearable electronics are essential medical diagnostic tools, lim-
iting the shortcomings raised by ambiguous, faulty, and delayed
diagnostic results.!'>] These devices are looking forward to play-
ing a vital role in precision medicine due to their direct ability
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ventional electronic devices need ad-
ditional straps and/or adhesive tapes
to hold onto the skin surface, making
it inconvenient for diagnosis.l*1>1¢] Re-
markably, the mismatch originated from
the improper electronic-skin interface or
poor adhesion,['7-20] which creates significant challenges in de-
veloping next-generation skin-integrated wearable devices for
biomedical applications.[+2122]

Researchers mainly focus on developing novel and tac-
tile wearable skin patches for multi-faceted applications. An
“electronic skin patch” or “E-skin” patch can be defined as a
multifunctional system to detect the physiological responses of
the human body, such as temperature, pressure, pH, heart-beat,
and many other electrophysiological signals, by integrating con-
ductive electrodes, various sensors, power supply, and internet
of things (IoT) sensors to communicate, visualize, and analyze
the signals.[*$23-28] In robotics and prosthetics, the E-skin is also
known as tactile skin. Therefore, an ideal “E-skin” should have
the following key features, including 1) multiple sensors dis-
tributed over the entire body to analyze multiple types of touch
sensing (e.g., 45k touch or pressure-sensitive receptors/1.5 m?
area of skin); 2) exact placement of the sensors to achieve differ-
ent levels of sensitivity; 3) soft, stretchable, and integrated sub-
strate to adjust in the three dimensional (3D)-microenvironment
of the human body; 4) capability to analyze a large amount of data
through mobile devices (e.g., analyzing real-time data through
IoT mobile devices, such as cell phones, computer, and other
gadgets); 5) energy-efficient, cost-effective, and low-power
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Scheme 1. Schematic overview of the design strategies and applications
of the 3D printable wearable bioelectronics for precision medicine.

electronics; and 6) minimum energy for operating the
touch/pressure sensors. An ideal patch with all the above
features could be recognized as an “E-skin” patch that com-
pletely biomimic the human skin.[22%-31]

With the advent of advanced biofabrication tools, the wearable
bioelectronics sector is increasing rapidly in biomedical engi-
neering. Additive manufacturing, commonly known as 3D print-
ing, is an ultramodern nano/biofabrication tool enabling the
rapid prototyping of a computer-aided model (CAD) into a 3D
structure.3233] The 3D printing technology allows precise pat-
terning of a hydrogel ink with sufficient details, which could
be used for the fabrication of various bioelectronics devices,
such as electrodes, 331 circuits,[3-3%! sensors,[***1] and micro-
chips/needles.l*~* Traditional bioelectronics primarily relies on
conventional fabrication techniques, such as patterning, screen
printing, drop casting, or spray coating, which is sometimes in-
appropriate for large-scale manufacturing of bioelectronics ow-
ing to high price tags and complicated fabrication processes.[*>4¢]
One significant challenge with conventional bioelectronics is
their bulky structure and noisy artifacts when attached to the skin
surface. The bulky structure with complicated electronic inter-
faces often leads to unwanted noise, loss of skin adhesion, faulty
readings, and difficulty carrying with body parts as it tends to
fall during active motion or bending of body parts. Thus, tradi-
tional bioelectronics often showed inaccurate data with faulty di-
agnostic advice, which is practically inappropriate for clinical ap-
plication. Besides, 3D printing offers a wide range of conductive
hydrogel inks into a single place that can be accurately printed
and transported to the patient’s body parts wireless to moni-
tor various pathophysiological conditions without distortion or
dislocation.[*’] Scheme 1 schematically shows the present sta-
tus and future prospects of wearable bioelectronics for health-
care and medicine. It is well-documented that most commer-
cially available bioelectronics already in clinical trials are not ad-
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ditively manufactured. A few reports are available in the exist-
ing literature about the successful translation of research and
development (R&D) into clinics, rest assured still in the re-
search stage. For example, the first 3D printed bioelectronic
chip was developed by ActiPatch Corporation for diagnosis of
chronic and post-operative wound care and musculo-skeletal
pain recording. Later on, An implantable bioelectronic device was
also demonstrated by SetPoint medical company, California, for
the treatment of rheumatoid arthritis and associated inflamma-
tory disorders.[*8#1 Following that, 3D printed conductive sur-
gical patch was used in clinical trials for studying spinal cord
injury.”%) In recent years, most of the 3D printed bioelectronic
devices with high precision and high accuracy are in the research
phase and need more extensive collaboration with biomedical en-
gineering to move towards precision diagnosis for healthcare and
medicine.

This review article aimed to document the present state-
of-the-art wearable bioelectronics fabricated through 3D print-
ing technology for human body sensing and disease diagno-
sis applications. Many review articles recently demonstrated the
use of various conductive biopolymers to fabricate wearable
bioelectronics.l’'~>* Conductive biopolymers, combined with var-
ious carbon-based or non-carbon-based nanofillers, have been
shown to enhance electrical conductivity and superior sensing
ability and, therefore, used for conductive electrode fabrication. A
reader should read the cited literature for more details about the
role of conductive nanofillers.[*] Yuk et al. previously reported us-
ing soft hydrogel bioelectronics for sensing applications.*?! This
article mainly focused on the fundamentals of skin-electrode in-
terface with a particular focus on rational designs for hydrogel
(e.g., conductive polymer composites, in situ polymerized hydro-
gels, and inner-penetrating network hydrogel) bioelectronics fab-
rication. However, this report does not include the fabrication
strategies for stretchable bioelectronics and their uses. In an-
other study, Ge et al. reported the design strategies of 3D-printed
stretchable inotropic hydrogels for multi-faceted applications.!
At a glance, this study provides an overview of the various print-
ing techniques (e.g., extrusion printing, light-based printing, em-
bedded printing, and ink-based printing) for fabricating flexible
sensors, actuators, electroluminescent devices, and soft hydrogel
robots. Despite of many outstanding reports in bioelectronics,
there is no single report integrating in-depth knowledge for de-
sign strategies of 3D printable soft and stretchable hydrogel bio-
electronics and biosensors for health monitoring and disease di-
agnosis application. In this review, we first introduced the poten-
tial of various conductive biopolymers derived from natural re-
sources or chemical processing. Then, we summarize the neces-
sity of 3D printing and other 3D micro/nanotechnologies for the
fabrication of bioelectronics in light of material design, printabil-
ity, post-processing, and further improvement of various multi-
material hydrogel inks. Then, we presented an in-depth literature
survey on the present status of various printed sensors (e.g., tac-
tile, piezoelectric, piezoresistive, and triboelectric) and their sens-
ing performances. Next, we briefly introduced the application of
various 3D-printed hydrogel bioelectronics and chips for human
health monitoring and disease diagnosis, with a special focus on
cancer diagnosis. Finally, we presented the ongoing research di-
rection on printable bioelectronics and provided an expert opin-
ion on 3D printed bioelectronics development in terms of future
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perspectives, such as scalability, biodegradation and eco-friendly
management, printability, and durability, improving shelf-life,
multi-modal strategy, and the use of artificial intelligence (AI)
and machine learning towards precision medicine.

2. Nanocomposite Hydrogels as Smart “E-Skin”
Patch

2.1. Biopolymer and Its Nanocomposites

Naturally derived biopolymers have been shown to exhibit
good biological compatibility, excellent biodegradability, and ex-
hibit desirable mechanical properties, which could be used
as a platform for the fabrication of soft and flexible sensors.
Naturally-derived biopolymers that are frequently used for skin
electronics fabrication are either polysaccharides (e.g., cellu-
lose/nanocellulose, chitin/chitosan, alginate) or protein-based
(e.g., gelatin and silk fibroin) biopolymers and their nanocom-
posites, which are non-toxic to the human body. Those biopoly-
mers are also used for 3D printing applications owing to
their unique structure and availability of various surface func-
tional groups, which can be tailored via acid, base, or alkali
treatment to obtain the desired functionality. Conductive hy-
drogel fabrication may vary based on the biopolymer compo-
sition, the type of nanomaterials embedded inside, and the
cross-linking techniques. For instance, Wang and co-workers re-
ported a recent article emphasizing on the fabrication and ap-
plication of naturally sourced conductive hydrogels for sensing
applications.>* To gain insight into conductive hydrogel fabrica-
tion and its application in 3D printing, a reader is recommended
to read the cited literature.>*%°l In this section, we discussed
the role of commonly used biopolymers, nanocomposite hydro-
gels, and their potential in 3D printing for skin bioelectronics
fabrication.

2.1.1. Cellulose/Nanocellulose and Its Nanocomposites

Cellulose is one of the most abundant biopolymers used to fab-
ricate conductive hydrogels. Cellulose is a long-chain polysac-
charide containing repetitive f—1,4-linked glucose (=p-glucan)
units. Cellulose is the primary component of the plant cell wall,
which provides structural rigidity and provides sufficient me-
chanical strength for survival.5761l Cellulose can be extracted
from the plant biomass by removing the lignin and hemicellu-
lose moieties.[62-%4] However, pure cellulose is not water-soluble
owing to the high crystallinity index and the presence of strong
inter- and intra-molecular hydrogen bonds.!®!) However, surface
modification of cellulose (e.g., methyl-, carboxymethyl-, hydrox-
ypropyl methyl groups) may give rise to a water-soluble form,
which can be used easily for hydrogel fabrication.®%7] Cellu-
lose can be transformed into nanocellulose (cellulose nanocrys-
tals, cellulose nanofibrils, bacterial nanocellulose) via bottom-up
methods (e.g., bacterial synthesis) or top-down methods (e.g.,
acid hydrolysis, peroxidation, or enzymatic hydrolysis), which are
highly crystalline and conductivel®®7!l (Figure 1a). The molecu-
lar structure of cellulose exhibits a flat rope-like structure with
two-fold helical symmetry, where the hydroxyl (-OH) groups align
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mainly on the flat surface of the rope. Each cellulose chain is con-
nected to each other by 03...06 intermolecular hydrogel bonds,
whereas the intramolecular hydrogen bond is mainly found in
between O2 and O3 —OH groups of the cellulose Ier (110) and
18 (100) allomorphs.[”?! The inter- and intramolecular hydrogen
bond participation makes it a more stable and stoichiometrically
two-fold symmetrical structure with a high degree of crystallinity
(Figure 1b).

Cellulose/nanocellulose, in combination with various poly-
mers, can be used as a printable hydrogel ink with high elec-
trical conductivity for strain sensors. Recently, Heidarian et al.
fabricated a printable hydrogel based on iron (Fe**)-catalyzed cel-
lulose nanofibrils/chitosan/tannic acid (Ox-CNF/CMCS/TA) for
strain sensing application.”?] The as-fabricated hydrogel demon-
strated superior self-healing, adhesive, and conductive proper-
ties with a gauge factor (GF) of 2.69 (Figure 1c). Similarly, Patel
et al.l”*l reported using spherical nanocellulose/methacrylated
chitosan (s-CNC/CSM)-based conductive and printable hydro-
gels for strain and temperature sensing applications. Incorpo-
rating s-CNCs improved the viscoelasticity, mechanical strength,
and, subsequently, the printability of the CSM hydrogel with
unique sensing properties.

Due to its unique molecular structure, nanocellulose has been
utilized as a semiconductor, triboelectric generator, and energy
harvester. Koga et al.,|” reported that by controlling the dry-
ing process and selective pyrolysis under certain chemical re-
actions, bulk CNF can be transformed into nano/micro CNPs
(Figure 1d(i)). Selective pyrolysis can be used to enhance the in-
sulating property (10'> Q c¢m) to the quasimetallic property (102
Q cm) of the CNF, which could be used as an ideal sensing plat-
form. This group also demonstrated that pyrolysis (~600 °C) with
controlled embossing generated micro/nano architectures than
the conventional drying technique (Figure 1d(ii-ix)), which usu-
ally creates a porous matrix. The embossed CNP is moldable and
foldable to develop various kinds of “origami” or “kirigami” struc-
tures (Figure 1d(x,xi)). Moreover, the authors demonstrated that
the pyrolyzed CNP “origami” or “kirigami” structure, when at-
tached to the surgical mask or wrist, efficiently monitored the
breathing pattern or wrist movement (Figure 1d(xii—xv)). The
high-temperature carbonization of the native CNFs allowed bet-
ter conductivity (carrier charge mobility = 0.235-2.59 cm? V!
s71) owing to the presence of Sp*-conjugated C—C bonds and
flexibility for wearable sensing. In another study, Liu et al.l’®]
fabricated a CNF/methylsilane-based conductive paper for mul-
tifunctional sensing applications (Figure le). Nanocellulose re-
inforcement improves the conductivity and mechanical strength
and enhances the printability and filament stability during 3D
printing. Surface-modified nanocellulose, for example, cationic
CNCs (CCNCs), could be used for reinforcing bulk polymers
to improve the printing performance and viscoelasticity of the
nanocomposite hydrogels for wearable sensing (Figure 1f).l"”]
These examples envisioned the exceptional conductive and
sensing behavior of the cellulose/nanocellulose-based biopoly-
mers. Several reports suggest that nanocellulose in combination
with other conductive materials (e.g., carbon nanotubes/CNTs,
graphene oxide/GO, metals) may synergistically improve the
conductivity and charge-carrier mobility,’*”°! which could be
utilized for the development of stretchable skin bioelectrode
fabrication.
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Figure 1. a) Schematic illustration of the hierarchical structure of cellulose and its derivatives.[®8] Copyright 2020, Springer Nature. b) Representative
ball and stick model of cellulose showing the intra- and intermolecular hydrogen bonds.[72] Copyright 2018, American Chemical Society. c) Fabrication of
nanocellulose-based printable hydrogels for strain sensing. i) Digital photographs of the printed hydrogel containing Ox-CNF/CMCS/TA hydrogel, ii) Self-
healing property, and iii) Digital photographs with real-time strain sensing of the printed hydrogel attached to the finger showing the change in relative
resistance.l”3] Copyright 2022, Elsevier. d) Demonstration of a nano/micro-fabricated cellulose paper for wearable sensing. i) Schematic illustration of
cellulose nanofibers (CNPs) functionalization. ii-iv) Digital photographs and SEM images of the unmodified and modified CNPs. v, vi) SEM images
of pyrolyzed CNPs with spatially controlled drying technique. vii-ix) SEM images of the pyrolyzed but microembossing of the CNPs. x) Demonstration
of shape-morphing “origagmi” and “kirigami” structures prepared using the pyrolyzed CNPs. xii, xiii) Demonstration of the sensing performance of the
flexible and wearable CNPs and “kirigami” paper during stretching experiment. xiv, xv) Demonstration of the sensing behavior of the device attached
to the surgical mask for exhalation-derived moisture sensing. Scale bar: 100 nm, 500 nm, T um, 5 um, and 10 mm.[73] Copyright 2022, American
Chemical Society. e) Schematic illustration of cellulose/silane-based stretchable and wearable triboelectric nanogenerators for pressure sensing. Scale
bar: 30 um and 1 mm.!”8] Copyright 2023, Elsevier. f) lllustration of a cationic nanocellulose (CCNC)-based printable and photo-cross-linkable hydrogel
for biosensing application. i) Mechanisms of hydrogel fabrication. ii) Shear-thinning curve of the different weight ratio CNCs and CCNCs showing the
printability. i) Demonstration of the strain sensing performance of the CCNC-based hydrogels in terms of conductance.l”’! Copyright 2021, MDPI.
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Figure 2. Chitin/chitosan-based conductive hydrogels as stretchable bioelectronics. Chemical structure of a) chitin and b) chitosan.[811 Copyright 2017,
Springer Nature. c) Synthesis of chitosan from chitin.[8!] Copyright 2017, Springer Nature. d) Signal perception mechanism of chitosan-based hydrogels
for biomolecular sensing.[33] Copyright 2023, MDPI. e) Fabrication of chitosan/polyacrylic acid-based flexible hydrogels for strain sensing. Digital pho-
tographs of the hydrogels showing i) self-healing ability and ii) excellent stretchability at room temperature. The representative iii) stress-strain curve and
iv) mechanism of self-healing ability of the hydrogels.[34] Copyright 2021, Elsevier. f) Fabrication of chitosan/acrylamide-based adhesive and stretchable
hydrogels for human body sensing. i) Schematic illustration of the hydrogel fabrication, ii) multiple adhesion test, iii) skin adhesion test, and stretchability
property of the chitosan/acrylamide hydrogels. iv) demonstration of the chitosan/acrylamide hydrogels for wearable sensing with strain sensitivity. The
hydrogel efficiently detected the voice, finger, wrist, elbow, and knee bending, which was obtained via recording in the relative resistance.[®] Copyright
2021, Elsevier.

2.1.2. Chitin/Chitosan and Its Nanocomposites aliphatic amine group exhibiting strong antimicrobial activity.

Chitosan can be derived from chitin via oxidation reaction with
Chitin is another important amine-based polysaccharide used  sodium periodate (NalO,) at high temperature or by treatment
extensively in tissue engineering and regenerative medicine. = with chitin deacetylase (Figure 2c), which is widely used as
Chitin mainly comprises 2-acetamido-2-deoxy-f-D-glucose  a hydrogel due to its non-toxicity.®!] The physicochemical
linked through f—1,4 glycoside linkage (Figure 2a). Chitosan  properties, such as biodegradability, biocompatibility, adhesive,
is the deacetylated (mainly N-acetylated) product of chitin  hemostatic, analgesic, antimicrobial, and antioxidant property,
(Figure 2b). Unlike cellulose, chitin and chitosan comprise ~9%  chiefly depends on the degree of deacetylation, molecular weight,
of nitrogen.®l In chitosan, nitrogen is present as a primary  viscosity of the bulk chitosan.®1#2] Owing to the presence of

Adv. Mater. Technol. 2024, 2301874 2301874 (5 of 46) © 2024 Wiley-VCH GmbH

850907 SUOWILIOD SANER.D 32! dde 33 Ag pauseA0B e S3o1Le YO 98N JO S3|NJ 0} Aleiq 1 8Ul|UO A3]IA UO (SUOIPLOD-PUR-SLUBI /WD A3 | 1M Afeuq)1 U1 |UO//SaNY) SUORIPUOD PUe swiid 1 3Ll 89S *[202/T0/.T] uo Akeiqiauluo A)im ‘AisieAiun euoireN uombueyi Aq 17/8T0EZ0Z IUPe/Z00T OT/10p/Wod A8 |IM ALeId 1[BUI|UO//SUNY WO1J PAPEOIUMOQ ‘0 XB0LSIET


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

reactive groups in the chitosan backbone, it is widely explored as
a hydrogel matrix for bioelectronics fabrication and biosensing
applications. Chitosan and chitosan-based nanocomposites act
as an electronic bridge between tissue and analytes (Figure 2d),
thereby enabling the identification or recognition of several ionic
species, such as aptamer and nucleic acids.[®*! A study conducted
by Liang et al.,/®] reported the use of chitosan/polyacrylic acid
with superior anti-freezing and ultra-stretchable properties for
multi-modal biosensing. Incorporating chitosan with polyacrylic
acid led to the development of adhesive properties with fast self-
healing and showed excellent mechanical strength required for
skin adhesion (Figure 2e). In another study, Jin and co-workers
developed a chitosan/acrylamide-based skin adhesive hydrogel
with multi-modal human body sensing.®} Using chitosan
with acrylamide demonstrated a tougher hydrogel network
with extreme adhesive ability. The hydrogel can be molded and
obtained as a transparent film easily attached to human skin,
fingers, wrists, elbows, and knees to record the electrical signals
(Figure 2f). These examples clearly suggest that chitosan-based
hydrogels hold tremendous potential in hydrogel bioelectronics,
especially for preparing the adhesive layer of a sensory element
with good electrical conductivity.

2.1.3. Alginate and Its Nanocomposites

Alginate, or sodium alginate, is derived from brown sea algae.[3¢!
The sodium alginate can be obtained from the dried sea algae
via mineral acid and bicarbonate treatment (Figure 3a). The raw
algal mass is converted into sodium alginate by the treatment
with sodium carbonate. Alginate is a type of marine polysac-
charide composed of irregular blocks of a-glucuronic acid (G)
and f-p-mannuronic acid (M), linked together via 1,4-glycosidic
linkage.[87#8] Alginate is usually water-soluble, and the build-
ing blocks are found either in homogenous form (Poly-G or
Poly-M) or heterogeneous form (mixture of G/M) (Figure 3b).
Due to carboxylic acid groups in the alginate backbone, it
is easily cross-linkable with divalent cations, such as calcium
(Ca?*) or magnesium (Mg?*), giving rise to an “egg-box” struc-
ture. Crosslinked alginate (i.e., calcium alginate) is highly sta-
ble, conductive, and generally used for making various tissue-
engineering scaffolds.!®”] Apart from ionic cross-linking, calcium
alginate exhibits poor mechanical properties and printing per-
formance. Therefore, alginate is frequently mixed with other
biopolymers to enhance the mechanical and printing properties.
Dutta et al.®%l showed that the introduction of gelatin into the al-
ginate matrix enhanced the printing performance of the alginate
due to both physical and ionic cross-linking occurring between
gelatin and alginate (Figure 3c).

Alginate can be functionalized with various chemical moi-
eties to increase the cross-linking ability, conductivity, and bio-
adhesive properties. For example, pyrrole (Py)-modified alginate
has good electrical conductivity with Young’s modulus rang-
ing from 20 to 200 kPa, ideal for soft tissue regeneration.!®!
Moreover, surface oxidation of alginate with NalO, enhanced
the cross-linking of alginate with gelatin owing to adding alde-
hyde groups in the alginate backbone, giving rise to amide
bonding. In some cases, the oxidized alginate reacts with
cationic biopolymers/cations through Schiff base reaction, al-
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lowing double-network hydrogel formation.’*%!l Alginate can
also be functionalized by catecholamine, acrylate, and RGD
(Arginine-Glycine-Aspartic acid) peptides to improve the an-
timicrobial and bio-adhesive properties.®?! Next, regarding bio-
compatibility, it has been reported that alginate-based hy-
drogels are extremely biocompatible, which can support the
growth and proliferation of various stem cells (Figure 3d).
Incorporation of various conductive metal nanofillers with
double-network alginate hydrogel may improve stretchabil-
ity, ionic conductivity, and cytocompatibility. For example, the
silver nanoparticle decorated polyacrylamide/alginate hydro-
gel developed by Ohm et al. shows an electrical conduc-
tivity of ~350 S cm™! with remarkable mechanical proper-
ties (elastic modulus ~10 kPa) for soft tissue engineering.*’]
The as-fabricated hydrogel with homogenously dispersed silver
nanoflakes improved the physico-chemical properties of the bulk
hydrogel and enhanced the sensing ability toward neuromus-
cular tissue (Figure 3e). When attached to the hand, the fabri-
cated hydrogel effectively recorded the muscle stimuli through
a wireless device, demonstrating excellent sensing behavior. In
another study, 3D-printed stretchable, self-healing, and ioni-
cally conductive polyvinyl alcohol/alginate hydrogel was demon-
strated as a motion sensor (Figure 3f).°* Taken together, alginate-
based hydrogels and their nanocomposites hold much promise
toward stretchable and flexible sensor fabrication in wearable
bioelectronics.

2.1.4. Silk Fibroin and Its Nanocomposites

Silk fibroin can be used as a promising material for con-
ductive hydrogel fabrication. Silk fibroin is a protein with a
structure resembling spider silk, and it offers several advan-
tages as a material for soft polymeric hydrogel preparation.
Two methods for producing silk fibroin hydrogels are physical
cross-linking and chemical cross-linking. In the physical cross-
linking method, silk fibroin molecules are combined through
non-covalent bonds to form hydrogels using physical interac-
tions such as hydrogen bonding, hydrophobic interaction, elec-
trostatic interaction, ionic interaction, and chain winding. The
methods used for physical cross-linking include ultrasonication,
shear-induced deformation/reformation, electric field, tempera-
ture change, pH adjustment, organic solvents, and surfactant ap-
plication (Figure 4ac).® In chemical cross-linking, silk fibroin
molecular chains are linked through covalent bonds, making
them a more stable 3D network structure. Chemically cross-
linked silk fibroin hydrogels typically demonstrate enhanced
physical stability and mechanical strength compared to physi-
cally cross-linked silk hydrogels. Chemical cross-linking meth-
ods include photopolymerization, gamma irradiation, or enzy-
matic cross-linking (Figure 4d-g).°® Silk fibroin hydrogels are
conductive and printable with slightly high concentrations. Silk
fibroin is known for its biocompatibility, meaning it is safe
to interact with the human body and does not cause immune
reactions.[””] Also, silk fibroin possesses a remarkable balance
of strength and flexibility.[*®! The unique temperature-responsive
behavior of silk fibroin has been utilized as a promising ma-
terial for 3D printing, which displayed conductive properties
and superior biocompatibility.®®! Thus, silk fibroin’s outstanding
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Figure 3. Structure and function of alginate as a conductive hydrogel base. a) Schematic illustration of sodium alginate preparation and purification
from sea weed (algae).I%8] Copyright 2020, Springer Nature. b) Chemical structure of the alginate showing the repetitive units of glucouronic acid (G),
mannuronic acid (M), or a mixture of G/M.[8] Copyright 2020, Springer Nature. c) Demonstration of 3D printing of high-resolution structures using
alginate/gelatin/CNCs, where alginate is used as a supporting and semi-IPN network hydrogel. Scale bar: 1 um; 1, 2, and 5 mm.[8¢] Copyright 2021,
Elsevier B.V. d) Biocompatibility of human skin cells onto the 3D printed alginate-based hydrogels showing excellent cytocompatibility. Live/dead assays
and cell viability assays of fibroblast cells at indicated time points. Scale bar: 500 um.[*>] Copyright 2023, Elsevier. €) Neuromuscular electrical stimulation
of Ag/polyacrylamide/Alginate hydrogels shows excellent sensing ability.1?3] Copyright 2021, Springer Nature. f) Schematic illustration of the 3D printable
PVA/SA-based hydrogels for human motion sensing.[®*] Copyright 2022, Elsevier.

structural and functional properties make it an ideal candidate
for hydrogel electronics, especially for soft hydrogel electrode
fabrication.

2.1.5. Gelatin and Its Nanocomposites
Gelatin, a frequently employed polymer, is a hydrolytic product

of collagen and is widely used as a polymer matrix for encapsu-
lating drugs and biomolecules (Figure 5a). Nonetheless, its ex-
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clusive application is curtailed by drawbacks like rapid degra-
dation and lesser mechanical robustness.!'”] Gelatin methacry-
loyl, or GelMA, stands out as a remarkable gelatin derivative.
GelMA, a modified hydrogel capable of photocross-linking, is
obtained through the reaction of gelatin with methacrylic anhy-
dride (MA). Owing to the unique temperature-dependent gela-
tion properties, gelatin, and GelMA are widely used for 3D print-
ing applications. For GelMA, by introducing and regulating pho-
toinitiators and employing light exposure (such as UV light,
blue light, or white light), the methacrylamide and methacrylate

© 2024 Wiley-VCH GmbH
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Figure 4. Structure and function of silk fibroin-based hydrogels. a-c) Examples of physical cross-linking strategies for silk fibroin hydrogel
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Figure5. Properties of gelatin for biosensing applications. a) Schematic illustration of the extraction process of gelatin from collagen fibers.['1%l Copyright
2022, Elsevier. b) Synthesis strategies of GelMA for gelatin.['12] Copyright 2016, Springer Nature. c) Demonstration of gelatin/polyacrylamide-based
stretchable and conductive hydrogel sensors.['13] Copyright 2022, Elsevier. d) Example of GelMA/CNT/graphene-based conductive electrospun scaffold
for wound biosensing application. FE-SEM images of the fabricated nanofibers show CNTs and graphene’s presence in the GelMA fibers.['"] Scale bar:
5, 10 um, and 200 nm. Copyright 2022, Elsevier. e) Demonstration of a gelatin/polyethylene glycol-based soft and conductive hydrogel sutures for drug
delivery application. Scale bar: 2 mm.[""] Copyright 2020, Springer Nature.

functional groups within the gelatin chain can be photo- Apart from alginate, gelatin is frequently combined with
polymerized to create a stable, interconnected hydrogel network  hyaluronic acid and other biopolymers. Gelatin, in combina-
with higher mechanical properties.['®®! The degree of substitu-  tion with metals (e.g., gold and silver nanoparticles) and/or car-
tion (DS) of GelMA can be tuned by changing the pH and the con-  bonaceous materials (e.g., GO, CNT, and nanodiamond), has
centration of MA (Figure 5b). Gelatin is frequently employed with ~ been shown to exhibit excellent conductive properties with good
alginate to improve printing and mechanical properties. Never-  sensing abilities. Also, gelatin, combined with various conduc-
theless, the amalgamation of alginate and gelatin has demon-  tive biopolymers, is frequently used for achieving desirable con-
strated the ability to promote substantial cell adhesion, diffusion,  ductivity and mechanical properties. These biopolymers include
expansion, migration, and proliferation. This combination also  various ionic and electronic-ionic hydrogel composites.!'!% For
ensures accelerated self-renewal of stem cells.['%! example, gelatin/polyacrylamide hydrogel has been shown to
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demonstrate good stretchability with desirable conductive prop-
erties for wearable sensing applications (Figure 5c). The above-
mentioned composition is highly temperature-responsive and
could be an ideal adhesive material for biological applications.
Gelatin and its derivatives can be electrospuned to achieve 3D
scaffolds for electrical stimulation and biosensing applications. A
combination of GeIMA with CNT and graphene has been shown
to improve the conductivity (Figure 5d) owing to the formation
of reticulate biomimetic structure (e.g., development of soft and
biodegradable surgical sutures), which is ideal for skin tissue en-
gineering and wound pH sensing applications.[!'!) Similarly, soft
gelatin-based electrodes can be used for the electrical stimula-
tion of stem cells and drug delivery applications (Figure 5e). The
gelatin and its derivatives hold tremendous potential in soft bio-
electronics fabrication due to its easy availability, cheap, versatile
functionality, and rapid prototyping nature.

2.1.6. Keratin and Its Nanocomposites

Keratin is another least explored biomaterial for tissue engineer-
ing and regenerative medicine. Keratin comprises cysteine-rich
protein units assembled to form a sizeable intermediate filament,
one of the chief constituents of hair, thorns, nails, fish scales,
feathers, and fur/wool.['’>"117] Keratin can be classified into soft
and hard keratin based on its sulfur content. The hard keratin
has good mechanical properties and is thus used as a bulk poly-
mer for fabricating various hydrogels. The soft keratin with low
sulfur content is secreted by the keratinocyte cells of the epider-
mis and is mainly associated with ECM remodeling.('"*] Approxi-
mately 50 genes are involved in the keratinocytes to produce ker-
atins (Figure 6a). To date, there are 28 different types of Keratin-
I (acidic cytokeratin) proteins and 26 types of keratin-II (basic
cytokeratin) proteins secreted by keratinocyte cells.'1%] The 3D
structure of the native keratin protein is shown in Figure 6b. Ker-
atin can be extracted from different sources through chemical
treatment, enzymatic methods, steaming, and microwave irra-
diation. The most commonly exploited chemical extraction in-
cludes reduction (thioglycolic acid, sodium hydroxide, sodium
dodecyl sulfate, 2-mercaptoethanol /urea),['18-12!] oxidation (per-
acetic acid/HCI),"??] hydrolysis,['?2] and ionic liquids.?* From
the past few decades, keratin is not well-explored for bioelec-
tronics fabrication. Combined with other conductive nanomate-
rials, keratin may exhibit good electrical conductivity and sens-
ing performances.['?*1%5] For example, Zhu et al.,[!?] recently
demonstrated the use of wool keratin/polyacrylamide/CNTs for
the fabrication of stretchable strain sensors (Figure 6¢). The de-
veloped biosensor exhibited desirable mechanical strength and
flexibility for human skin nano-bio interfaces toward EEG elec-
trode fabrication.

2.1.7. Glycoproteins-Based Nanocomposites

Glycoproteins are the proteins where the polypeptide
chains are linked with either N- or O-types (polyamines or
poly/oligosaccharides) of glycosylation. Glycosylation results
from post-translational modification of cellular proteins, usually
secreted as extracellular matrix (ECM) and associated with
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various physicochemical processes.['?”128] For example, mucin,

a well-known glycosylated protein secreted by the epithelial
tissues of animals, could be used as an ideal biomaterial for
conductive hydrogel fabrication. Yang et al. demonstrated the
modification of mucin via oxidation of side chains (addition of
aldehyde groups) and methacrylation, which produces cross-
linked mucin hydrogel with good electrical conductivity for
soft bioelectronics fabrication.'®! Tissue-derived decellularized
extracellular matrix (d-ECM) also comprises various kinds of
glycosylated proteins (e.g., glycosaminoglycans or GAGs), which
are proton-conductive and behave as conductive biopolymers
when stimulated with specific electric fields.[] A study con-
ducted by Tsui et al. reported that cardiac tissue-derived d-ECM
in combination with rGO exhibited superior electrical conduc-
tivity (=3.5 S m™!) upon the addition of sodium borohydride
(NaBH,).['*!] The NABH, acts as a proton carrier on the surface
of d-ECM, helping it to cross-link with rGO and maintain electri-
cal conductivity. These examples suggest that glycoprotein and
its conjugates can be molded into soft hydrogels and used as a
biomaterial for soft bioelectronics fabrication.

2.2. Chemically Derived Biopolymer and Its Nanocomposite
Hydrogels

Like naturally derived conductive polymers, various chemically
derived biopolymers are frequently employed for bioelectronics
fabrication. These biopolymers have been reported as biologically
safe and extensively used for stretchable hydrogel fabrication. A
schematic illustration of some commonly used chemical biopoly-
mers and their synthesis route is shown in Figure 7. This section
briefly discusses the most important and widely used chemically
derived biopolymers (polyaniline, polypyrrole, and PEDOT:PSS)
for wearable bioelectronics.

2.2.1. Polyaniline and Its Nanocomposites

Polyaniline, commonly known as PANTI, is a frequently used con-
ductive biopolymer and has gained significant attention owing
to its cost-effectiveness, excellent thermostability stability, quick
oxidation-reaction potential, and high energy density.[34] PANI
is widely used in various sectors, including biosensing, biocata-
lysts, and electrode manufacturing.['*-137] PANI can be synthe-
sized in several ways, including heterophase polymerization, so-
lution polymerization, interfacial polymerization, seeding poly-
merization, metathesis polymerization, self-assembling poly-
merization, sonochemical synthesis of polyaniline, electrochem-
ical synthesis of polyaniline, enzymatic synthesis of polyaniline,
photo-induced polymerization, and plasma polymerization.!'3*
The most common method of PANI synthesis includes either
an oxidation reaction, which directly leads to the formation of
PANI, or a reduction method, which leads to the formation
of a PANI derivative known as leukoemraldine. Besides, PANI
is also widely used in electromagnetic interference shielding,
solar cells, anticorrosion devices, biological and chemical sen-
sors, and organic light-emitting diodes because of its excel-
lent optical and electrical properties and decent anticorrosion
properties.[138] PANI, combined with other biopolymers, is an
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Figure 6. a) Synthesis of keratin protein by keratinocyte cells.['1] b) Representative 3D structure of the keratin protein.['1¢] Copyright 2022, Elsevier.

c) Demonstration of keratin/CNT-based conductive, flexible, and stretch
Copyright 2023, Wiley-VCH.

ideal candidate for 3D printing, especially for fabricating con-
ductive “E-skin” patches.!'*] For example, Sani et al. reported
using a stretchable multiplex sensor for wireless wound heal-
ing applications.['*] The 3D printed pH sensor was fabricated
using a PANI/Au ink, which can selectively measure the pH
of the wound during chronic wound healing (Figure 8). Sim-
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able bioelectronics for EEG monitoring and human-machine interfaces.[126]

ilarly, Montaina et al. demonstrated using photopolymerized
PEGDA/PANTI hydrogels via SLS printing with unprecedented
electrical and electrochemical performances for real-time elec-
trocardiograph (ECG) recording.['"*!] The as-fabricated hydrogel
was soft, flexible, and displayed stress resistance properties,
which is helpful for soft electrode fabrication. Apart from the
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Figure 7. Schematic illustration of some commonly used chemical
biopolymers and their synthesis route for biosensing applications.[132133]
Copyright 2019 and 2021, Royal Society of Chemistry.

exceptional conductivity, PANI is difficult to synthesize as
it is highly insoluble in water and sometimes causes stiff-
ness in the hydrogel matrix, thereby restricting its commercial
application.['*?] To resolve this issue, the PANI can be modified
with various functional groups (e.g., incorporating various polar
groups onto the polymer backbone) to improve its solubility and
mechanical properties.'*3] Moreover, thermoplastic molding of
PANI and its composites has shown better performances than
conventional hydrogel fabrication.['*4]

2.2.2. Polypyrrole and Its Nanocomposites

Polypyrrole (PPy), another essential biopolymer, can be electro-
synthesized directly onto metallic implants.'*>#] PPy can
also be synthesized using a chemical oxidation technique us-
ing ammonium persulfate (APS) to give rise to neutral PPy.
PPy is highly biocompatible,!***] promoting cell adhesion and
proliferation, 18] and has been reported to combat against
pathogenic bacteria.l'*”] Thus, PPy in combination with bioac-
tive coatings, such as SH porous Ti substrates, could be bene-
ficial for tuning mechanical properties (corrosion resistance and
bone ingrowth, for instance) with enhanced antibacterial proper-
ties, which is especially helpful for restoring electrical conductiv-
ity of body tissues and infection-impaired healings.['*] Additive
manufacturing of PPy and its composite hydrogels is highly con-
ductive and biocompatible for sensing applications. For instance,
Dutta et al. demonstrated the use of a triple cross-linking strategy
for the fabrication of GeIMA/PPy bioink for electrical stimulation
of stem cells toward bone regeneration!**"! (Figure 9a). The as-
fabricated hydrogel can be thermo-photo-chemo responsive and
display an electrical conductivity of ~12.8 mS cm™!, similar to
the bone endogenous electric field. Incorporating PPy into the
GelMA matrix and Fe3* cross-linking improved the conductivity
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and enhanced the hydrogels’ stability under physiological condi-
tions (Figure 9b-d). In another study, Yamada et al. reported the
use of a printable PPy/Nafion sheets using Ti/sapphire (4., =
850 nm)-based femtosecond laser (multi-photon polymerization)
using ruthenium (Ru**) photochemistry.'>!] The application of
Tris(2,2’-bipyridyl) ruthenium enhanced the photopolymeriza-
tion and rapid prototyping of sodium p-toluenesulfonate/poly
pyrrole with nearly 0.8 um fine architectures with an electrical
conductivity of ~4.1 X 10* S m~L. Similarly, Keirouz et al. demon-
strated the fabrication of a conductive microneedle (MN) patch
(Figure 9e,f) based on stereolithographically fabricated structures
with PPy coatings via in situ polymerization of Py.['>?] The oxida-
tive coating of PPy onto the MN resulted in excellent electrical
conductivity (resistivity = 8 + 1 kQ sq~') with higher biocompati-
bility of human skin cells (Figure 9g—i). These reports envisioned
that functionalization of PPy with various polymers may result
in highly conductive and flexible composites for bioelectronics
fabrication.

2.2.3. PEDOT:PSS and lts Nanocomposites

Among many conductive biopolymers, poly(3,4-ethylene
dioxythiophene):poly (styrene sulfonate) (PEDOT:PSS) serves
as one of the versatile electronic and ionic conductors, making
it an ideal candidate for soft bioelectronics fabrication. PE-
DOT:PSS is an extensively studied biomedical biopolymer due
to its exceptional conductivity and superior cytocompatibility./1>3]
Usually, PEDOT:PSS-based hydrogels are prepared via direct
in situ polymerization or mixing with other non-conductive
polymers to form a semi-inner-penetrating polymer network
(semi-IPN) hydrogel, which is moldable and printable.'>*157]
Various physicochemical properties of PEDOT:PSS are schemat-
ically demonstrated in Figure 10a. The use of non-conducting
biopolymers having good hydrogel formation ability may reduce
the conductivity of the PEDOT:PSS because the non-conducting
biopolymers sometimes act as insulators (conductivity <1.0
S cm™) and thus reduce the ionic conductivity of the PE-
DOT:PSS. Although it is possible to use the bulk PEDOT:PSS
as a hydrogel, pure PEDOT:PSS polymer lacks the desirable
conductivity, stability, self-healing, and stretchability owing to
the absence of supporting polymer matrix.[*>*! To overcome this
issue, PEDOT:PSS is frequently mixed with carbon-based (e.g.,
GO, CNTs, and MXene) and non-carbon-based metal (e.g., metal
nanoparticles and nanowires) nanofillers to enhance the conduc-
tivity. In this context, recent studies indicate the use of naturally-
derived conductive biopolymers, such as y-polyglutamic acid
(r-PGA) in combination with PEDOT:PSS improves the biocom-
patibility, adhesiveness, conductivity (~12.5 S m™), self-healing
(healing time 2 s), stretchability (up to ~300%) and flexibility
(>300 kPa stress, ~650% strain) towards wearable bioelectronics
fabrication.['®) Similarly, many recent studies demonstrated
that the use of chitosan,['*°] alginate,!160-163] gelatin,[164168] and
cellulosel'®-173] with PEDOT:PSS improved the conductivity and
biocompatibility of the composites.

Self-assembly of monomers during hydrogel formation is
critical in enhancing PEDOT:PSS hydrogels’ conductivity and
physicochemical properties. For instance, several active bonds
and chemical interactions (e.g., protonation/deprotonation,
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hydrogen bonding, hydrophobic interaction, and host-guest in-
teraction) are responsible for PEDOT:PSS self-assembly. For
example, high-temperature and sulfuric acid treatment of PE-
DOT:PSS allows the PEDOT nparticles to self-assemble during
hydrogel formation owing to the z—z stacking and hydropho-
bic interactions,'’*l which displays higher electrical conduc-
tivity (~46 S m™!) and water retention capacity (~99 wt%)
than room temperature PEDOT:PSS hydrogels.['’] Owing to
good hydrogel formation ability, pristine PEDOT:PSS hydro-
gel made in DMSO is viscoelastic, printable, and exhibited
drying-induced self-assembly behavior, which showed desir-
able conductivity unlike bulk hydrogels, ideal for soft bioelec-
tronic fabrication.3¥13315] In other studies, dynamic hydro-
gen bonds, host-guest interactions, and incorporated nanoma-
terials exhibited tougher and biocompatible PEDOT:PSS hy-
drogels for multifaceted applications.['”>"178] The PEDOT:PSS-
based electrodes are conductive in both dry and wet condi-
tions. Zhao et al,['””! reported the use of a highly conduc-
tive (2142 S cm™!) and ultra-thin (~100 nm) dry electrode
made up of PEDOT:PSS/graphene for electrophysiological stud-
ies (Figure 10b). Incorporating graphene into PEDOT:PSS matrix
improves the conductivity and charge carrier mobility through
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PEDOT:PSS via 7—r interactions. Moreover, the fabricated elec-
trode displayed good adhesive properties on the skin surface
and showed an extremely higher muscular signal-to-noise ra-
tio (SNR) of ~23 + 0.7 dB, much higher than commercial
Ag/AgCl electrodes (=19 + 0.5 dB). In another study, an MX-
ene/PEDOT:PSS integrated polyacrylamide hydrogel was fabri-
cated for strain sensing.['®] In the quinoid phase, the MXene
and PEDOT:PSS formed dynamic hydrogen bonds, further sta-
bilized by polyacrylamide (Figure 10c(i-iii)). Interestingly, the
composite hydrogel, when stretched, showed a dynamic change
in electrical conductivity owing to the increase or decrease of
resistance (Figure 10c(iv)). Furthermore, the composite hydro-
gel displayed a strain-dependent change in gauge factor (3.98 at
100% to 9.93 at 500% strain) with real-time sensing ability within
30-85% strain rate and a frequency range of 0.039-0.316 Hz
(Figure 10c(v)). Besides, the composite hydrogel maintained the
sensing ability under an aqueous environment even after 300
loading-unloading cycles with a maximum strain of 100%. These
examples indicate that PEDOT:PSS is ionically conductive and
shows tailorable sensing ability with a combination of suitable
dopants, which could be an ideal candidate for soft electrode
fabrication.

© 2024 Wiley-VCH GmbH
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Figure 9. Demonstration of polypyrrole (PPy)-based conductive hydrogels for biological application. a) Schematic illustration of GelMA-PPy-based con-

ductive hydrogel fabrication for tissue engineering. b) FE-SEM images of the
c) Comparison of electrical conductivity of the GelMA-PPy and GelMA-PPy-

pristine GelMA-PPy and Fe-catalyzed GelMA-PPy scaffolds. Scale bar: 50 um.
Fe hydrogels. d) Biocompatibility assessment of hBMSCs using the GelMA-

PPy hydrogels.['*% Copyright 2023, Elsevier. e) lllustration of the synthesis procedure of PPy and PEDOT:PSS-coated microneedle (MN) patches for skin
bioelectronics. f) FE-SEM images of the uncoated MNs (left), PPy-coated (middle), and PEDT:PSS coated (right) surfaces. Scale bar: 200 um and T mm.
g,h) Cyclic voltammetry and conductivity test of the PPy-coated MNs showing good electrical conductivity. i) Cell viability assay of human skin cells in

the presence of various MNs.[132] Copyright 2023, Wiley-VCH.

3. Advantages of 3D Printing in Soft Bioelectronics

3.1. Necessity of 3D Printing for Bioelectronics

To date, various fabrication techniques are available to develop
stretchable bioelectronics. For example, the conductive hydro-
gels can be molded to form a hydrogel thin film or can be
used directly as a material for screen printing.'8%2] In some
cases, the hydrogel polymers are directly drop-casted onto the
surface of conductive electrodes!'® or spray-coated to improve
the conductivity.'¥" These conventional techniques are relatively
simple, cost-effective, and require minimum time to fabricate the

Adv. Mater. Technol. 2024, 2301874 2301874

electrodes, films, and chips. With that, the spray coating or drop-
casting may enhance the conductivity of the electrode material
significantly higher than the screen printing or hydrogel mold-
ing techniques; however, over-drying or over-curing of sprayable
materials may cause damage to the electrodes.!'®*] However, one
potential disadvantage of this technique is the spatial control over
the shape and geometry of the developed conductive materials.
Besides, 3D printing technology offers a wide range of biofabri-
cation with precisely controlled 3D structures which can be pro-
grammed for multi-faceted applications with minimal errors. For
example, the printable hydrogels can be programmed according
to the CAD models, allowing the researchers or manufacturers

(14 of 46) © 2024 Wiley-VCH GmbH
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Figure 10. Fabrication of PEDOT:PSS-based conductive hydrogels for tissue engineering and biosensing. a) The schematic diagram for the fabrication
strategies of PEDOT:PSS-based hydrogels. Chemical structure of PEDOT and PSS (i); strategies for microgel fabrication (ii), and anisotropic PEDOT:PSS
hydrogel fabrication (iii).l">3] Copyright 2019, Springer Nature. b) Demonstration of graphene-decorated PEDOT:PSS hydrogels for real-time EEG moni-
toring. The AFM phase images of the nanocomposites (i), mechanism of self-assembly (i), adhesion test of the hydrogel onto porcine skin (iii), and EEG
sensing performance of the hydrogel (iv). Scale bar: 2 and 200 um.["7°! Copyright 2021, Springer Nature. c) Fabrication of MXene-based biocompatible
hydrogels for human motion sensing applications. Schematic illustration of the hydrogel fabrication (i), physical appearance of the hydrogel (ii), and
FE-SEM with EDS map showing the presence of MXene (iii). Demonstration of the electrical conductivity of the composite hydrogel and change in
resistance (AR/R,) under varying strain (iv, v). Scale bar: 2 and 5 um.["8] Copyright 2023, Wiley-VCH.

to understand their exact needs. An overview of various conven-
tional techniques versus 3D printing is schematically represented
in Figure 11.

Direct Ink Writing (DIW) 3D printing is a versatile additive
manufacturing technique that has gained significant attention
in fabricating stretchable bioelectronics. Unlike traditional 3D
printing methods, DIW utilizes specialized ink or bioink ex-
truded through a nozzle to create intricate structures layer by
layer.>7185] This method allows for the precise deposition of ma-

Adv. Mater. Technol. 2024, 2301874
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terials, integrating multiple materials with varying mechanical
properties to produce stretchable and flexible bioelectronic de-
vices (Figure 12a). The DIW process offers several advantages for
stretchable bioelectronics. First, it allows for the incorporation
of conductive materials, such as conductive polymers, nanopar-
ticles, or even liquid metal inks, which are crucial for the func-
tionality of bioelectronic sensors and circuits. Secondly, DIW can
be combined with biocompatible and stretchable materials like
hydrogels or elastomers to create bioelectronic devices that can
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Figure 11. An overview of conventional and modern fabrication techniques for skin bioelectronics. a) Conventional techniques of bioelectronics fabrica-
tion include pattern transferring, screen printing, solution drop-casting, and spray coating. The recent technology, such as b) “additive manufacturing” or
“3D printing”, may serve as promising alternatives for bioelectronics fabrication owing to the superior printability, biosafety, stability, sustainability, and
rapid diagnostic performance. The 3D printing technology offers various fabrication methods, such as digital light processing (DLP) printing, droplet
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withstand mechanical deformation and interface with biological
tissues without causing damage or discomfort.['*] One of the
key aspects of DIW for stretchable bioelectronics is the ability
to print complex, 3D structures with high resolution. This fea-
ture is crucial for fabricating customized and patient-specific bio-
electronic devices, such as wearable sensors, soft implants, and
electronic skins. Several research studies have demonstrated the
potential of DIW for stretchable bioelectronics. Hinton et al. in-
troduced a novel approach for DIW using a hydrophilic support
bath, enabling the 3D printing of polydimethylsiloxane (PDMS)
elastomers, a popular material for stretchable bioelectronics. %]
Tumbleston et al. highlight the development of continuous lig-
uid interface production (CLIP) 3D printing (Figure 12b), a DIW
variant capable of producing high precision and mechanically
robust structures, particularly for stretchable bioelectronics.!'%7]
As research progresses, we can expect further innovations in
materials, printing techniques, and applications, making DIW
an indispensable tool for the future of stretchable bioelectronic
devices.

Stereolithography (SLA) and digital light processing (DLP)
are the types of vat polymerization techniques where the liquid
resin is solidified layer-by-layer in the presence of laser or UV
light, allowing for the creation of intricate and high-resolution
3D structures (Figure 12c¢,d). Achieving high-resolution print-
ing makes SLA suitable for producing stretchable bioelectron-
ics with complex geometries and precise features.'881891 SL.A
can also be used for the 3D printing of intrinsically conduc-
tive polymers (ICPs). For example, Takenouchi et al. reported
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using a blue light-assisted microlithography technique to fabri-
cate stretchable PEDOT:PSS-based polymers with a conductiv-
ity of #16 S cm~1.1"% Fused deposition molding (FDM) is an-
other type of extrusion 3D printing like DIW (Figure 12e), where
a conductive nanocomposite filament is extruded from a heated
metal nozzle and immediately cooled when deposited onto the
platform.['**] Besides, inkjet printing utilizes a piezoelectric noz-
zle where the ink is deposited onto the platform via droplet gener-
ation. For successful 3D printing, various factors, such as ink vis-
cosity, density, printability, and post-processing, should be con-
sidered while printing high-resolution structures. Selective laser
sintering (SLS) is an approach for fabricating 3D structures by
successively fusing and sintering polymer or ceramic grains us-
ing a controlled laser beam (Figure 12f). SLS uses a laser to se-
lectively fuse powdered materials, typically polymers, to create 3D
objects. It is a process used to manufacture various types of flexi-
ble bioelectronics. SLS builds sophisticated 3D structures by lay-
ering powdered materials like thermoplastics or biocompatible
polymers with a high-powered laser.['!) Flexible bioelectronics
can use this technology to construct complex devices with elec-
tric functionality. SLS 3D printing’s ability to create complicated
geometries and structures without supporting elements is a sig-
nificant advantage. Another advantage of this technique is a wide
range of printable materials, high utilization (unsintered powder
may be removed and reused), and overhanging structures that
can be printed without support.'®?! Table 1 depicts the advan-
tages and disadvantages of various printing techniques for hy-
drogel bioelectronics.
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Figure 12. Various types of 3D printing technology for the fabrication of hydrogel bioelectronics. a) Demonstration of direct ink writing (DIW) 3D printing.
DIW uses a pneumatic air pressure to extrude hydrogel inks.l'%3] Copyright 2021, Elsevier. b) Continuous liquid interface production (CLIP) printing.[194]
Copyright 2019, Elsevier. c,d) Vat polymerization-based 3D printing (stereolithography and digital light processing) and its working principle.['®] Copy-
right 2021, Springer Nature. e) Fused deposition molding (FDM) 3D printing.['%] Copyright 2018, ACM Digital Library. f) Selective laser sintering

(SLS)-based 3D printing with demonstrated 3D structures showing unique geometry.['’] Copyright 2019, Springer Nature.

3.2. Design Parameters for 3D-Printed Bioelectronics

Hydrogel inks can be used directly for 3D printing to obtain var-
ious shapes and geometries. Several review articles have empha-
sized the state-of-the-art techniques for optimizing 3D printing
for multi-faceted applications in the past few years. Generally,
there are two key approaches for designing soft hydrogel bioelec-
tronics (Figure 13). The “top-down” approach involves the fab-
rication of various biocompatible and conductive hydrogels in
a bulk volume, which is the first step of sensor fabrication.*®]
The next step involves the fabrication, which is 3D printing (e.g.,
inkjet, DIW, microlithography, and many others) of hydrogel
inks. After that, the hydrogel ink undergoes various cross-linking
to achieve a stable geometry, followed by post-processing. The hy-
drogel inks are usually analyzed through rheology to understand

Adv. Mater. Technol. 2024, 2301874
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the viscoelasticity and shear-thinning nature, which is crucial for
3D printing. The final step of the top-down approach involves
the application, which includes various characterization, such as
conductivity test, stretchability test, and self-healing analysis, fol-
lowed by the sensing application. Besides, the “bottom-up” ap-
proach involves understanding the fundamental principle of ap-
plication strategy and focuses on fabricating small-scale or minia-
ture constructs.[*¢216] In this approach, the biomimetic structures
are first visualized. It involves the design of various biomimetic
structures, such as anisotropic models, isotropic models, bioin-
spired mimetics, and many others. After that, the necessity of
the bioelectronic device was determined. This can be done by
analyzing a predetermined database or consulting medical doc-
tors. The next part involves 3D printing, which is performed
according to patients’ needs. The 3D printing process can be
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Table 1. Advantages and disadvantages of 3D printing technologies for bioelectronics fabrication.

Printing technology Advantages Disadvantages Cost References
Fused deposition molding (FDM) Fast, simple, accurate, Limited materials, quality issues, Low-cost [198-201]
environmentally friendly, one-step low-resolution printing, Restricted
fabrication offers a wide range of to thermoplastic materials
materials and good flexibility
without post-processing.
Stereolithography (SLA) Fast, high-precision printing with Not environmentally friendly, only High-cost [202-206]
complex geometries, ideal for printing of light reactive materials
electrode/microelectrode
fabrication
Direct metal laser sintering (DMLS)  Fast, ability to print high viscosity inks, Small build volume, only printing of High-cost [70, 207, 208]
higher reproducibility, laser-induced  light reactive materials
sintering
Inkjet Fast, high precision, bulk printing Poor mechanical property Low-cost [202, 209, 210]
Polyjet Fast, accurate, and high precision, it ~ Poor mechanical property High-cost [211,212]
offers multi-material printing
Molding Fast, rapid prototyping for mass Limited materials, Required melted Low-cost [204]
production materials
Bioprinting Fast, multi-material printing Small build volume High-cost [150, 213-215]

accomplished by either self-assembly (e.g., template-directed or
direct self-assembly) of hydrogels or by the development of mi-
crofluidic devices (e.g., aligned fibers or self-assembled hydro-
gel beads through multi-flow capillary chip).*! After 3D print-
ing, the hydrogel electronics were implanted into the patient’s
skin and allowed to diagnose the target molecule in the human
body. Based on the sensing data, the patients are subsequently

prescribed medication. The “bottom-up” strategy is more conve-
nient to design hydrogel bioelectronics for precision medicine.
Print geometry is crucial for developing 3D constructs. Vari-
ous CAD have been employed for the 3D printing application.
Based on the primary shape and mesh structure, the hydrogel
ink was extruded through the printing nozzle to mimic the CAD
model in actual shape and size. In this context, infill density is an

Bottom-up approaches
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Figure 13. “Top-down” and “bottom-up” approaches for 3D printing wearable bioelectronics for precision medicine.
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important parameter to consider. 3D objects can be designed with
a porous inner articulation and a solid outer shell. Infill density
is usually created to decrease the printed parts’ bulk weight and
stabilize the printed strands during 3D printing.[?!”] Porous ge-
ometry is ideal for soft tissue engineering, whereas less infill may
give rise to high-weight 3DP structures, which are often suitable
for load-bearing applications. Thus, any printed structures with
an infill density are commonly represented as smooth outer sur-
face layer with interconnecting struts. In the case of conductive
bioinks, the filaments can be extruded with proper infill density
to create high-resolution 3D structures.

Another crucial parameter for 3D printing is the choice of con-
ductive biopolymers and their physicochemical properties. Ho-
mogeneous biopolymers and conductive inks require a higher
cross-linking degree (mostly chemical cross-linking) and often
display poor printability and conductivity (<100 S cm™").[218] Be-
sides, heterogeneous biopolymers and inks display good print-
ability owing to both physical and chemical cross-linking, and the
incorporation of conductive nanomaterials enhanced the print-
ing as well as conductive behavior (>200 S cm™) of the final
product.[?"] For skin bioelectronics, the adhesive property of an
electrode is also a demanding factor. Printable hydrogels with sig-
nificantly higher self-healing and adhesive property may not be
suitable for 3D printing as it tends to be over-sticky onto the built
platform and hinder the detachment. On the other hand, hydro-
gel inks with optimal self-healing and adhesive property during
3D printing may give rise to high-resolution printed structures
with good structural stability.

3.3. Role of Conductive Nanofillers in 3D Printing

Nanofillers play a significant role in tuning the physicochemical
properties of a bulk hydrogel. Particularly, using a suitable con-
ductive nanofiller, its concentration, and biocompatible biopoly-
mers may result in good electrical conductivity, mechanical prop-
erty, and biocompatibility, which is crucial for fabricating soft
bioelectronics. In this section, we briefly discussed some of the
aspects of conductive nanofillers and their role in the 3D print-
ing of stretchable bioelectronics. The first step of 3D printing
involves the choice of proper nanofillers (Figure 14a). Various
types of carbon (e.g., graphene, carbon nanofibers, CNTs, and
nanodiamond), modified-carbon (e.g., MXene, carbon nitrides,
and carbon dots), and metal (e.g., AgNPs, AuNPs, CuNPs, ZnO
NPs, and many others)-based nanofillers has been demonstrated
in the literature to enhanced the cross-linking ability, tuning the
mechanical, electrical, and biological properties, suggesting that
the concentration and conductivity of nanofiller is important for
hydrogel fabrication. The next step involves optimizing and un-
derstanding nanofillers’ role in 3D printing. This includes the
study of rheological parameters (e.g., viscoelasticity, shear thin-
ning, and elastic modulus) and hydrogel formation ability, which
is important for sensing application (Figure 14b). Although 3D
printing can be performed by using various conductive biopoly-
mers, the advanced and multi-stimuli assisted nanocomposite
hydrogels could be achieved by choosing a combination of con-
ductive biopolymers with nanofillers, which will synergistically
enhance the conductively, stretchability, fatigue resistance, and
durability. Figure 14c diagrammatically represents the possible
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advantages and disadvantages of conventional 3D printing and
advanced nanocomposite-based 3D printing.

Another remarkable consideration is the interaction and self-
assembly behavior of the conductive nanofillers in the polymer
matrix, which is also critical for bioelectronics fabrication. Stud-
ies have shown that conventional hydrogel molding after hy-
drogel fabrication is not an ideal technique for biosensor de-
velopment. This can be explained by understanding some basic
facts of hydrogel fabrication, where the key dominating factor
is nanofiller concentration (Figure 14d). It was observed that a
low concentration of nanofiller in a polymer matrix shows good
gelatin and conductivity with compromised mechanical proper-
ties. Besides, the moderate concentration of nanofiller displays
higher conductivity with gauge factor owing to the homogeneous
mixture and proper interaction with the polymer chains with de-
sirable mechanical properties. High nanofiller concentration of-
ten leads to crack formation or deformation due to particle ag-
gregation and higher mechanical stiffness, which is practically
inappropriate for biosensor fabrication. Inversely, 3D printing
holds tremendous promise for bioelectronics fabrication. Dur-
ing 3D printing, the nanofillers assemble towards the printing
direction due to the temporary deformation in the polymer ma-
trix generated through extrusion pressure (shear stress). Thus,
the self-assembly of nanofillers in the polymer matrix generates
anisotropic morphology with higher electrical conductivity and
mechanical properties. Therefore, the proper knowledge of nano-
materials, their functionalization, and design is crucial for 3D
printing applications.

4. Transmission Mechanism of Bioelectrical
Signals

Wearable biosensors are usually integrated with a portable elec-
tronic circuit system that acts as a signal transmitter (Personal
Area Networks or PANs) and able to collect the human body sig-
nals wirelessly. The human body creates a transmission chan-
nel when the individual wearing the transmitter contacts the re-
ceiver’s electrode. In this scenario, the recipient acknowledges
the user’s identification and has the ability to customize it. The
advantage of this technology lies in the fact that data is sent
via everyday physical interactions, such as a simple touch on
the receiver. The electromagnetic wave produced by the device,
which is ultimately connected to the human body via electrodes,
is used in the near field area for this communication system.!?2!
Therefore, the configuration of electrodes is a crucial factor for
biosensing. Figure 15 describes the transmission procedure of
bioelectrical signals through hydrogel-based biosensors based on
the sensing mechanisms. The biological signals can be obtained
by changing pressure, temperature, use of external magnetic
fields, ultrasound, optoelectric stimuli, and electrochemical re-
action with the electrodes. When the analyte comes into contact
with these sensing components, they transform the energy shift
into electrical signals. This technique enables the quantitative de-
termination of physiological data, including temperature, pulse,
glucose, heart rate, and many others.[?*!]

Blood pressure, heart rate, and other mechanical variables
have all been measured using pressure-sensitive sensors. Typically,
they consist of an intermediate conductor thatis enclosed inside a
flexible support matrix.??2l Temperature is an important human
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Figure 14. Schematic illustration of the role of various conductive nanofillers in improving printability and shape-fidelity for bioelectronics development.

body indicator that provides an immediate diagnosis of fever and
hypothermia. The intricate metabolic alterations in the human
body result in a fluctuation in temperature, which may be quan-
tified using a thermopile or thermistor and seamlessly incorpo-
rated into flexible circuits for monitoring the temperature of the
body using wearable devices.[??!]

Magnetic or electromagnetic sensors provide autonomous
sensing signals by capturing mechanical energy. Voltage is pro-
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duced by the magnetic coupling between coils and permanent
magnets when mechanical disturbances cause changes in the
distribution of the magnetic field. Such sensors can resist a range
of humidity and temperature conditions, resulting in a longer
service life and improved durability. The electromagnetic core
components are normally mechanically isolated to avoid direct
contact and wear. These electromagnetic sensors may be used
in abundance to perform sensing in numerous locations for
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Figure 15. Schematic illustration showing the transmission system of a soft hydrogel-based biosensor with corresponding signal perception mecha-
nisms.

health applications, namely in areas like rehabilitation and voice ~ physiological responses of the human body. Motion sensing is
assistance.[21] a biosensing technique where humans and robots cross-talk via
Ultrasonic sensors use body acoustic waves or surface acous-  touch sensors.[220-232] In this section, we briefly demonstrated the
tic waves to find changes in the piezoelectric effect, mass density,  types of various wearable sensors fabricated through 3D printing
electrical conductivity, viscoelasticity, and other physical or chem-  technology.
ical properties.[??)] The interaction between biometric parts (like
hemoglobin) and the target analyte (like oxygen) changes the op-
tical properties, which is what optoelectronic sensors use. These 5.1 Tactile Sensors
changes may appear as variations in absorption, fluorescence,
reflectance, emission, or interference patterns. Key vital indica- Tactile sensors are widely used to analyze human tactile per-
tors, including heart rate, breathing rate, and blood oxygen level, ~ ception, such as shear, pressure, bend, torsion, strain, and vi-
may be detected using photodetectors, which measure changes  brational signals within a pressure range of 5-100 kPa and a
in the concentration or shape of molecules and translate those ~ Vibrational frequency within 400 Hz.”>?*l During signal per-
measurements into electrical impulses.[21] ception, tactile sensors are subjected to exogenous stress, and
as a result of that, mechanical signals are converted into elec-
trical signals. External wireless devices, such as cell phones or
5. Types of 3D-Printed Wearable Sensors IoT gadgets, then analyze the electrical signals. To mimic the
actual functionality of human skin, an ideal tactile sensor must
The human body constitutes various receptors that create diverse ~ have the following features: 1) high flexibility and stretchability
signals, such as biophysical (e.g., temperature, pressure, motion)  so that it can be easily attachable and wearable; 2) high sensitiv-
and biochemical (e.g., metabolites and electrolytes secretion) sig- ity i.e., the minimum amount of pressure, stress, strain, and tor-
nals. Skin is one of the essential multicellular organs that can  sion can be detected; 3) wide pressure range and excellent linear
be used for sensing various biological signals generated from in-  input-output characteristics; 4) completely safe and biocompati-
ternal organs, blood vessels, and muscles.[3231224-227] The skin ~ Dble, i.e., it will not harm the skin tissue or cells; and 5) fast and
serves as a medium for the concurrent detection of external stim-  reliable for monitoring physiological parameters.[2>23* Thus, 3D-
uli and the representation of internal bodily data. These stimuli ~ printed wearable patches are emerging nowadays with a tremen-
include physical attributes like pressure and stretching, chemi-  dous advantage over conventional fabrication techniques due to
cal factors such as sweat, and physiological indicators like tem-  the ability to create a computer-generated 3D pattern from raw
perature, respiration, and pulse.[??] In bioelectronics, “E-skin”  materials and bioinks.[23>-23%] Recently, the 3D printing technique
emerges as a promising alternative to human skin to capture ex-  also offers a wide range of flexibility in material selection, suit-
ternal signals from the surrounding environment and internal  able for tactile device fabrication. A study by Guo et al. demon-
data from individuals. The acquisition of data from the patient  strated the potential applications of 3D-printed AgNPs/silicon
throughout the rehabilitation process, particularly pertaining to  nanocomposite scaffolds for tactile pressure sensing.[?*] In this
strain and pressure, may provide the therapist with immediate  study, the authors have prepared a sinter-free ink with tunable
insights on the precision of movement and the physiological  viscosities and electrical conductivities (Figure 16). The scaffold
condition.[?”] Table 2 shows the human skin’s and E skin’s key ~ was fabricated via four independent ink cartridges, including the
sensing features. Highly sensitive, flexible, and adhesive wear-  base layer (cartridge 1), a sensor layer (cartridge 2), two electrode
able sensors are gaining enormous attention in the bioelectronics ~ layers (cartridge 3), an isolating layer, and a topmost pressure-
field due to their ability to attach to human skin, biomimicking  force sensitive layer (cartridge 4) as indicated in Figure 16a—d.
the properties of skin, or integrate with textiles to monitor the  To enhance the conductivity and stretchability of the scaffold,

Table 2. Representative sensing features of human skin and an E-skin.[223]

Surface Pressure sensitivity Thickness Temperature sensitivity Mechanical property Response time
Human skin 0.078-0.018 kPa 1mm 20 mk Stretchable up to 30% 15 ms
E-skin 0.01-200 kPa 50 um-5 mm 0.01°C~" to 2410 ppm°C~! Flexible and stretchable up to 800% 9-32ms
Adv. Mater. Technol. 2024, 2301874 2301874 (21 of 46) © 2024 Wiley-VCH GmbH
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Figure 16. Design and fabrication of 3D printed tactile sensor. a) Schematic illustration of tactile sensor consisting of a base layer, top, and bottom
electrodes with an isolating layer, a sensor layer, and a supporting layer. b,c) Side view and top view of the sensor. d) The 3D printing process of the
tactile sensor. €) SEM morphology of the printed sensor indicating the structure of the top and side view (from left to right). Scale bar: 200 um. f)
Current-voltage characteristics of the sensor under varying pressure conditions. g,h) Current change signals respond to dynamic loading and unloading
during pressing and bending of human fingers. i) Current change of the 3D printed device during 100 pressing cycles with a pressure of 100 kPa at

0.25 Hz frequency.[*2] Copyright 2017, Wiley-VCH.
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Table 3. Piezoelectric natural and organic biopolymers for wearable electronics.

Biomaterials Type of material Piezoelectric coefficients (d) References
p-Glycine Anisotropic, f-crystal dig =195 pm V™! [255]
Collagen Anisotropic, randomly-oriented dyy=0.1pmV~! [256]
Silk Anisotropic, semi-crystalline dyy=-1.5pC/N [257]
Peptide nanotubes Self-assembly crystals of diphenylalanine dy, =60 pmV~! [258, 259]
PVDF Anisotropic, polymeric d3; =—-33pCN~';d;; =23 pCN™! [260]
PLLA Anisotropic or transversely isotropic, polymeric dyy=6-12pC N7’ [261]
Graphene Single-layer dy;=14nmN7T [262]

PVDF; Polyvinylidene fluoride, PLLA; Poly-L-lactic acid, pm V~'; Picometer/unit of applied voltage, pc N~'; Picocoulombs/Newton, nm N~'; Nanometer/Newton.

sub-micrometer-sized AgNPs were dispersed into the stretch-
able silicone elastomer. The incorporation of AgNPs into sili-
con yields linear I-V curves when the applied pressure was be-
tween 100 and 500 kPa with decreased resistance Figure 16f.
Moreover, the fabricated sensor was able to generate a specific
amount of currents depending on the physiological conditions,
such as straight or bending motion (Figure 16g—i). Dynamic pres-
sure sensing can be achieved through different sensing tech-
niques. Previously, it was demonstrated that silicon-metal oxide
semiconductor-based sensors have the potential to measure accu-
rately with high sensitivity.[**?*") However, silicon-based nano-
materials display many problems due to low adhesive properties.
A new sensing mechanism was proposed to address these short-
comings, i.e., organic field-effect transistor (OFET) for preparing
stretchable sensors.[23241-243]

5.2. Piezoelectric Sensors

Piezoelectricity is the property of materials by which a tran-
sient voltage is generated in response to mechanical stress
(Figure 17a). Both organic (mainly polymers and biomaterials)
and inorganic materials can create a substantial amount of elec-
tricity due to specific mechanical stress.[2*4-24] The piezoelectric
behavior of materials can be defined by using the following two
equations:[23246]

o}
6 = ?+dE (1)
D = ¢E+do )

where 6, 0, and Y represents the strain, stress, and Young’s mod-
ulus of elasticity. The d is the piezoelectric coefficient, and D is
the charge density for piezoelectricity. Besides, the ¢ and F rep-
resent the piezoelectric material’s dielectric constant and electric
field. Since most of the piezoelectric material shows anisotropic
behavior, different subscripts (e.g., j) are used to distinguish the
orientation of polarization (i) and the applied force (j). For exam-
ple, an indication of d;; and d;; means that the applied electric
field is either perpendicular or parallel to the input strain direc-
tion (Figure 17b). Most wearable biosensors follow the d;; mode
of piezoelectricity.[2+4:246-24]

When an external force is applied to the piezoelectric ma-
terial, the internal polarization changes linearly, creating an
electric field at the material boundary. In the case of organic
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polymers, such as biomaterials, the piezoelectric effect is pro-
foundly affected by the molecular structure and its orientation
in the polymer matrix.[2#245250] Also, polyethylene terephtha-
late (PET)/paper-based flexible biosensors utilize the piezoelec-
tricity for sensing (Figure 17c,d). The piezoelectric effect is also
found in some human tissues (e.g., bone tissue, muscle, lig-
aments, and tendons) and biomacromolecules (a-keratin and
collagen). Table 3 depicts some naturally derived and organic
biopolymers with different piezoelectricity. Organic biopolymer-
based piezoelectric sensors are emerging due to their extreme
flexibility and high sensitivity.21252] Recently, polyvinylidene
fluoride (PVDF) and polyvinylidene fluoride-trifluoroethylene
(PVDE-TtFE)-based piezoelectric polymers have been used in
biosensors due to their flexibility, mechanically stable, and cy-
tocompatibility. PVDF-based polymers can be printed directly
by direct-ink writing (DIW) printing to obtain thin PVDF mi-
cropatterns. Such 3D-printed PVDF micropatterns can bear an
extended range of dynamic stress ranging from 5N to 45N for 50
cycles (Figure 17¢).125324]

5.3. Piezoresistive Sensors

In piezoresistive sensors, a highly sensitive upper layer of
piezoresistive materials transfers the mechanical stimuli into re-
sistive or conductive stimuli. The conductive stimuli are mea-
sured by an external circuit.?3] The piezoresistivity is generated
by the external stress that creates a band gap, which alters the
charge carriers’ mobility. The relative change of resistance (R) is
given by the following equation:1254263]

v
R =5 ®)

where R denotes the resistance, p is the resistivity, L is the
length, and A denotes the cross-sectional area of the conduc-
tor. Therefore, the material’s resistance depends on the shape,
geometry, and resistivity, as shown in Figure 18a. Stretchable
and soft electronics are principally dependent on this kind of
sensor due to its flexibility, low energy consumption, easy-to-
analyze, broad pressure range, and scalable fabrication pro-
cesses via 3D printing.[236:263-272] Degpite many advantages, most
of the piezoresistive sensors made nowadays use planar elas-
tomer composites with various conductive materials, such as
reduced graphene oxide (rGO), carbon nanotubes (CNTs), and
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Figure 17. a) The piezoelectric sensing technique. Indication of normal (6) and shear (z) stress with corresponding electric field (E). b) lllustration of
piezoelectric-based 3D printed touch sensor.[244] Copyright 2019, Wiley-VCH. c) Digital photograph of polyethylene terephthalate (left)-based and paper-
based (right) 3D flexible touch sensors.I?#¢] Copyright 2017, Elsevier. d) Heat-induced polarization of 3D printed electronics. The piezoelectricity was
generated by applying an electric field across the printed layer, measured by an oscilloscope.[246] Copyright 2017, Elsevier. e) Fabrication of polyvinylidene
fluoride (PVDF) fibers by direct-ink writing (DIW)-based printing onto a wavy copper surface as a piezoelectric sensor.2>3] Copyright 2017, Springer
Nature.
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Figure 18. a) Schematic illustration of Piezoresistive sensing mechanism. b) Fabrication and demonstration of a stretchable Piezoresistive sensor (SPS)
by 3D printing. c,d) Digital photograph of the SPS in its original and twisting state. e,f) Demonstration of direct-ink writing (DIW)-based printing of SPS.
g—i) Applications of the 3D printed SPS as tactile biosensors. Different sensing modes include weighing grains (e.g., rice, bean, soybean, peanut, and
lotus seed), tapping motion of the human finger, dynamic vibration of the machine, pulse monitoring, swallowing, and eye blinking.[264] Copyright 2019,

Wiley-VCH.

metal nanoparticles as an upper sensitive layer. However, these
composite materials often suffer from unsatisfactory or very
low detection ranges because the pressure sensitivity is very
low.[23227.273-275] Therefore, the conventional piezoresistive sen-
sors are unsuitable for multifunctional applications. To overcome
this problem, developing novel nanomaterials with tunable sen-
sitivity is required to produce highly conductive and stretchable
sensors. Recently, gold (Au) and silver (Ag)-based nanowires have
gained remarkable attention due to their superior conductivity
and sensitivity.1276-278]
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The piezoresistivity of conductive polymer nanocomposites
differs from those of pure metals (e.g., silicone, CNTs, rGO)
in such a way that nanocomposite materials increase their sen-
sitivity for biosensing applications when combined with the
pure metals. A study by Wang et al.[?%*] demonstrated a low-
cost and facile fabrication of a stretchable piezoresistive sensor
(SPS) by DIW-based 3D printing. For this, the NaCl was pre-
mixed into a polyurethane (PU) matrix composing carbon black
(CB) for achieving a hierarchically porous structure. The pres-
ence of CB in the PU matrix enhanced the sensitivity and the
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sensor’s measurement range, respectively. The assembled sen-
sor comprises a basal elastomer substrate, an integrated electrode
layer, and a highly precise and resilient piezoresistive sensory
layer (Figure 18b-f). To test the device initially, lightweight sub-
stances, such as rice grain (0.017 g), mung bean (0.071 g), soy-
bean (0.25 g), peanut (0.57 g), and lotus seed (0.92) were intro-
duced (Figure 18g). Interestingly, the AR/R, value was found to
be significantly higher (>300%) when the device was exposed to
repeated tapping through a human finger (Figure 18h). Similarly,
the device was able to monitor the dynamic vibrational frequen-
cies (5 Hz, 25 Hz, and 30 Hz) when patched onto the fingertip, as
shown in Figure 18i). Moreover, the device efficiently monitored
the physiological parameters, such as pulse response, swallow-
ing, and blinking motions (Figure 18j-1). Thus, the CB-based 3D
printed biosensors are excellent piezoresistive sensors with mul-
tifunctional applications.

In another study, a highly stretchable and piezoresistive skin
patch was developed by parallelly aligned microtransistors.2¢]
The core of the transistor array is made up of intrinsically stretch-
able materials that act as semiconductive, dielectric, and conduc-
tive, respectively (Figure 19a,b). The fundamental principle of
this array is simple and highly sensitive. Initially, a dextran-coated
Si/SiO, wafer was prepared, and a stretchable dielectric mate-
rial was spin-coated over the wafer surface, followed by photo-
patterning. Next, a semiconductive and conductive layer (CNTs)
was deposited over the photo-patterned coating. Finally, a stretch-
able substrate (SEBS) is laminated, and gate electrodes are de-
posited to complete the array (Figure 19c¢). After completion, the
array is photo-cross-linked and subjected to inkjet printing as an
additive patterning process for stretchable film (Figure 19d). In-
corporating tri-layer conductive material made the transistor ar-
ray more flexible, stretchable, and highly conductive for monitor-
ing the physiological conditions of human skin. A transistor array
with 347 transistors cm ™2 has an average charge-carrier mobility
compared to amorphous silicon.

5.4. Triboelectric Sensors

Triboelectric sensors (TESs) and/or nanogenerators (TENGs)
are the next generation and are self-powered electronic sys-
tems. TESs have gained remarkable attention for their supe-
rior ability to convert mechanical energy to electrical energy,
based on a concept known as triboelectrification and electrostatic
induction.[?>*#279-287] When two different triboelectric materials
are rubbed with each other, the mechanical energy is transferred
into electrical energy and stored on the material surface (Figure
20a). The polarities between the two materials profoundly affect
the electrical energy generated on the material surface. During
mechanical deformation, the two surfaces of the materials come
in contact, and opposite charges are formed on the surface. The
two surfaces separated automatically once the mechanical defor-
mation was restored.[*284] This type of sensor is often found in
mechanical energy harvesters (Figure 20b).

Recently, 3D printing technology has mainly been exploited
to produce triboelectric sources to fulfill the increasing de-
mand for wireless biosensors,[279284288-2%0] jmplantable biomed-
ical devices,[?12%%] and IoT devices!?*¢2*+27] with the hope of
on-demand and point-of-care diagnostics. Figure 20c depicts an
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overview of 3D-printed triboelectric nanogenerators for multi-
faceted applications. However, the fabrication of 3D triboelectric
sensors remains challenging because the 3D ink preparation for
energy harvesters is unfavorable for conventional types. A 3D
triboelectric nanoprinting technology could help eliminate the
shortcomings of developing novel sensors-based energy genera-
tors. Table 4 summarizes various 3D printed sensors (piezoelec-
tric, piezoresistive, and triboelectric) and their fabrication proce-
dure w.r.t. printing technology for skin bioelectronics.

6. Biomedical Applications

6.1. 3D-Printed Biosensors and Chips for Motion Sensing

Various types of 3D-printed wearable biosensors have been re-
ported in the literature in the past few years. The 3D-printed
microfluidic biosensors and chips gained enormous attention
due to their ability to manipulate and analyze cellular phys-
iology, biomolecules, and other organic molecules on a pre-
cision scale. Soft hydrogel-based printed electronics with self-
adhesive properties have also emerged rapidly for human skin-
based biosensing applications. These body/organ-on-chip mod-
els provide a better tissue/organ-mimicking platform for next-
generation disease diagnosis.3!>31%] The flexible biosensors have
a wide range of applications in the biomedical sector, includ-
ing blood glucose, cholesterol, pH, electrolytes, heartbeat, elec-
trocardiogram/electroencephalogram (ECG/EEG), and even mo-
bile catheters.>'] For example, a study conducted by Kim et al.
reported the use of a printed wearable skin patch (Figure 21a) for
in situ sweat biosensing.[3'”] For this, the printable electrode layer
was fabricated using a sacrificial layer (Figure 21a(i)) composed of
polyvinyl alcohol (PVA) and polydimethylsiloxane (PDMS). After
that, the silver-based elastomeric ink was printed onto the sur-
face of the sacrificial layer to fabricate the working and reference
made in such a way that it can sense various electrolytes (e.g.,
Na*, K*, and Ca’* ions). As a result, the fabricated device could
sense selective electrolytes when integrated into the skin under
static current stimulation (Figure 21a(iv—vii)). The reported sensi-
tivity of the device for Na*, K*, and Ca’" ions were 41.1, 37.5, and
31.7 mV dec™! with a limit of the detection value of %100, ~92,
and ~0.5 mwm, respectively. In another study, a lightweight and
conductive scaffold was prepared using sugar/silicon elastomer
via powder bed fusion printing (Figure 21b(i,ii)) with CNT and
rGO to enhance the sensing performance.[*'8] Adding SWCNT
and rGO inside the polymer network enhanced the electrical
conductivity and improved the flexibility and rigidity of wireless
applications. The 3D-printed electrodes can easily be connected
with a portable kit that can monitor the movement of the hand
muscle (biceps brachii). The portable kit selectively monitors the
electromyogram (EMG) when the hand is positioned upward or
downward (Figure 21b(iii-v)). The authors also reported that the
sugar/elastomer patch sensor efficiently measures brain wave
patterns through EEG. The printed patch can be used as a head-
mount or over-the-ear setup to monitor the EEG (Figure 21b(vi)).
The sensor patch comprises two forehead electrodes (ground and
positive electrode) and one earlobe electrode (ground electrode).
The authors demonstrated that the dry EEG electrodes were effi-
cient in detecting the brain wave patterns during non-rapid eye
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Figure 19. Design and fabrication of a piezoresistive stretchable transistor array as a core platform for functional skin electronics. a) 3D model of the in-
trinsically stretchable transistor array. b) An array of stretchable transistors for the fingertip (347 transistors cm™2), straight wrist (6300 transistors cm~2),
and bending wrist (108 transistors cm~2). c,d) The workflow for the fabrication of intrinsically stretchable transistor array and inkjet printing.[266] Copy-
right 2018, Springer Nature.

movement (non-REM or sleep phase), REM (paradoxical sleep),  properties.[}19-32!] Biological tissue exhibits moderate electrical
and resting phase (comfortable phase) (Figure 21b(vii)). There-  conductivity due to mobile electrolytes inside the cells and the
fore, using a printed EEG device, the human brain physiology  dissolved ions in the cell culture media.l?*33322] The electrical
can easily be monitored wirelessly. conductivity of biological tissue usually ranges from 0.1 to 1 S

Apart from metal-based biosensors, 3D-printed conductive ~ m~™'; the phenomenon is illustrated in Figure 22a. Since cul-
hydrogel composites are also emerging rapidly owing to  ture media does not have free electrons, the electrical poten-
their flexibility, excellent biocompatibility, and good adhesive  tial between cells mainly relies on the change of ion flux. Soft
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Figure 20. a) 3D printed triboelectric generator (TEG). b) Schematic illustration of the fabrication of all-printed TEGs (AP-TEGs) using cellulose nanofib-
rils (CNF) and Ag/PET composites (i-v); (vi) digital photograph of the 3D printed Ag/PET-CNF nanocomposites; (vii) Voltage-current output of the
printed Ag/PET-CNF composites at different angle (90°, 45°, and 0°) loaded with a 4N pressure gauge at 4 Hz frequency; (viii) Corresponding CFD
simulation model of voltage output of AP-TEGs of different angle.[8”] Copyright 2019, Elsevier. c) Biomimetic-villus like DLP-based 3D printed nano-
generators (BV-TEG) by commercially available photopolymer-ABS resin and Ag paste.[28¢] Copyright 2019, Elsevier.

bioelectronics hydrogels bridge cell and culture media, com-
monly known as tissue-electrode interface (Figure 22b). For ex-
ample, the transmembrane potential of a neuronal cell is gen-
erally negative and varies from —60 to 70 mV during the rest-
ing phase. An external electric field creates a transient oscilla-
tion of electrical potential across the neuronal cell membrane.*?!
Next, the critical parameter is the distance between the hydro-
gel electrode and cells, which profoundly affects the physiologi-
cal behavior of the neuronal cells. At a certain distance (<100 um
or even 100 nm scale), the electrode potential activates the free
electrons in the culture media via interacting with various ions,
maintaining the stable current flow between tissue and hydro-
gels. When neuronal cells are excited with a bioelectronics de-
vice/hydrogel, the cell membrane depolarizes and activates var-
ious types of ion channels (e.g., voltage-gated Na* or K* chan-
nels) (Figure 22c). Two key phenomena are observed at the tissue-
hydrogel interface: faradic charge injection and capacitive change
injection, which primarily responds to the electrical impulse gen-
eration in tissue/cells (Figure 22d). The faradic charge injection
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involves surface-confined electrochemical reactions, whereas the
capacitive charge injection relies on the printed hydrogel layer’s
simultaneous charge/discharge mechanism without any electro-
chemical reaction.[*%

Many biopolymers and their nanocomposites are used to fabri-
cate printable electrodes for wearable biosensors. Table 5 demon-
strates various types of polymeric hydrogel inks for wearable
biosensing applications. Xiong et al. reported a supramolecular
hydrogel composed of acrylated -cyclodextrin (§-CD), polyethy-
lene glycol (PEG), and bile acid to achieve a rapid polymeriz-
able pseudorotaxane (PR) hydrogel using DLP 3D printing with
excellent electrical conductivity.??3] The as-fabricated hydrogel
was reported to monitor human motion precisely during the
running or resting phase (Figure 23a). The PR hydrogel was
highly stretchable and had a gauge factor of 8.52 to 8.26 (~400—
500% strain range) after several use cycles. In another study, Pal
et al. fabricated a 3D printable zirconia (Zr)-based metal-organic
framework (MOF) ionogel for wearable sensor and colorimet-
ric biosensing applications.32* The printable ionogel comprised
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Table 4. Various printing techniques are commonly employed to fabricate stretchable skin electronic sensors.

Sensing mechanism Type of printing/ resolution Printed component References
Piezoelectric sensing Custom-made printing (IR hydrodynamic Surface sensor [298]
spray)
Custom-made printing (ultrasound pressure) Helical surface sensor [299]
3D stereo lithography (UV assessed) Array sensor body [300]
FDM printing Sensing layer [307]
Inkjet printing Sensing layer [247]
Piezoresistive sensing FDM printing Sensing layer, Sensor body [302]
Aerosol jet printing (200 pm) Sensing layer [303]
DIW printing (10 um) Sensing layer [304]
FDM printing Sensing layer, Sensor body [305]
Inkjet printing Sensor electrode [306]
DIW printing (60 um) Sensing layer [263]
DIW printing (60 um) Whole sensor [264]
DIW printing Sensing layer [307]
FDM printing (300 um) Sensing layer, Sensor body [308]
FDM printing Sensing layer [309]
Inkjet printing (100-300 pm) Sensor body [310]
Inkjet printing (50-0.25 um) Sensor electrode [317]
DIW printing (30 um) Sensing layer, Sensor body [232]
DIW printing Sensing layer [312]
Inkjet printing Sensing layer [270]
Triboelectric sensing Inkjet printing Sensing frame [285]
DIW printing Sensing frame [287]
DLP printing Whole sensor [286]
3D stereolithography Sensory electrode [297]
3D stereolithography Sensing frame [313]
Inkjet maskless lithography Whole body [314]

Zr-MOF, cellulose nanocrystals (CNCs), and poly(acrylamide).
The as-fabricated hydrogel displayed excellent mechanical stabil-
ity even after applying 100% cyclic strain at different time points
(Figure 23b). The tough hydrogel network was formed proba-
bly due to the strong interaction between CNCs and Zr-MOF
with the polyacrylamide backbone, resulting in a flexible sens-
ing patch. Furthermore, the ionogel was also reported to change
the color from green to red with varying concertation of acids
(0.001 to 1 m HCI). Thus, 3D-printed colorimetric hydrogels can
be used as a smart skin patch for monitoring sweat pH and acid-
ity. Similarly, Peng et al.,**>] demonstrated the use of a photocur-
able 3D-printed soft and porous sensor (PIFS) using DLP print-
ing (Figure 23c). The as-fabricated hydrogel showed low hystere-
sis and relatively high sensitivity and exhibited excellent anti-
freezing properties. PEG-based hydrogel showed good viscoelas-
ticity and provided sufficient mechanical stiffness (elongation at
break: 419% and Young’s modulus: 0.46 MPa) required for hu-
man skin. The temperature reversible sensing property is attrac-
tive to monitor the transient change in weather when integrated
with human skin. The PIFS hydrogel was found highly sensitive
when the finger movement occurred within a temperature rang-
ing from —20 to 30°C. Therefore, temperature-responsive flexi-
ble biosensors can be used in clinics or hospitals for monitoring
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patient’s body temperature in various conditions, such as hyper-
thermia or pyrexia.[326-328]

Microfabricated skin patches of CNT or graphene have long
been explored in tissue engineering, especially for early disease
diagnosis.>*-3%] For instance, various physiological parameters,
such as blood pressure, wrist pulse, heart rate, and respiratory
syndromes, are vital for CNT-based biosensors.[**®] The CNT-
based sensors have dielectric and piezoelectric properties.!18%347]
For example, Yi et al. recently developed a photocurable
MWCNT-based microelectrodes using 3D printing for intelli-
gent health monitoring.'®?! A supporting ink layer was fab-
ricated using Sylgard 184 and SE1700 onto a glass surface
and cured. After that, an MWCNT/PDMS nanocomposite ink
was extruded onto the supporting base platform to achieve a
high-resolution printed microelectrode (Figure 23d). The elec-
trical impedance spectroscopy (EIS) revealed that a concentra-
tion of 3% MWCNT/PDMS was highly conductive owing to
the homogenous distribution of MWCNTs into the PDMS ma-
trix, followed by a desirable rheological property (elastic mod-
ulus: 0.57-3.7 MPa of 3% CNT/PDMS composite). Moreover,
the fabricated biosensor was found to have dielectric properties
due to the presence of CNTs. The excellent conductivity of the
MWCNT/PDMS chip was found to be ideal for monitoring the
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Figure 21. Examples of 3D printed conductive biosensors for wireless mon

itoring of human sweat and brain activity. a) Fabrication of silver-based

printable biosensors for sweat electrolyte (Na*, K*, and Ca?*) detection (i-iii). The sensing performance of the biosensor device and ion selec-

tivity (iv-vi). Continuous off-body measurement and reproducibility (vii) of
sugar/elastomer/CNT/rGO nanocomposite ink for wearable biosensing (i,ii).

the Na* sensor.3171 Copyright 2021, Wiley-VCH. b) Fabrication of the
Schematic diagram of the biosensing electrode and its possible mode of

operation (iii). The continuous recording of electromyogram (EGM) using Ag/AgCl and fabricated electrode of human muscle movement (v). Demonstra-
tion of electroencephalography (EEG) using the “over-the-ear” sensing patch (vi) and its corresponding EEG results (vii).[318] Copyright 2019, Wiley-VCH.

human respiration rate (when attached to the belly) and voice
(when attached to the throat), thereby conferring robust sens-
ing ability. The use of conductive paper-based hydrogel patches
is also fascinating nowadays for wireless biosensing owing to
their lightweight and adhesive properties. For example, Li et al.
recently developed a 3D printable conductive hydrogel-paper
patch (Figure 24a(i-iii)) for chemical and electrophysiological
biosensing applications.?° The developed hydrogel-paper patch
is made up of poly (3, 4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) hydrogel, which is self-assembled onto a
paper surface (polyurethane/PtNPs thin film) via 3D printing
(Figure 24a(iv)). The paper patch is also equipped with a portable
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battery system (3D printed circuit board) with an in-built Blue-
tooth device that can effectively sense and detect the body signals
wirelessly (Figure 24a(v,vi)). The as-fabricated patch platform ex-
hibited low impedance for glucose electrodes with high sen-
sitivity (Figure 24a(vii-ix)). Moreover, the fabricated electrodes
also displayed superior ECG recording ability with better preci-
sion than the commercial 12-lead ECG device, suggesting the
printed hydrogel-paper patch’s efficiency for health monitoring
(Figure 24a(x—xii)).

Another study demonstrated versatile epifluidic skin elec-
tronics for multimodal health surveillance using semi-solid
extrusion-based 3D printing.2*®! The electronic chip comprises

© 2024 Wiley-VCH GmbH
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Figure 22. lllustration of the tissue-electrode interface and bioelectrical stimulation. a) The schematic diagram shows the transmembrane, extracellular,
and local field potential. b) Schematic diagram showing the interaction between bioelectronics device and neuronal cell. c¢) The effect of electrical
stimulation on neuronal cells. d) The faradic and capacitive charge injection mechanism during electrical stimulation. V,; local field potential, V;;
electrical potential of bioelectronics device, I;,; ionic current density at the source point (electrolyte-electrode interface), and AP; action potential of

neuronal cells.[32] Copyright 2019, Royal Society of Chemistry.

four distinct layers: energy storage module, micro-supercapacitor
module, biosensor module, and microfluidic module
(Figure 24b(i)). The energy harvesting and micro-supercapacitor
modules were fabricated using MXene-based inks for physical
sensing (Figure 24b(ii)). In contrast, the biosensor module
was printed using PEG/CNT nanocomposites for efficient
and selective detection of various analytes, such as glucose,
alcohol, and uric acid (Figure 24b(iii,iv)). The microfluidic
module was printed using FD-H/MXene inks with an integrated
electrode system to collect sweat from the human skin glands
(Figure 24b(xiii)). The integrated device showed extreme sen-
sitivity towards sweat pH when connected with a self-powered
flexible solar device. The change in sweat volume is also reflected
in the increased current density (Figure 23b(v-x)). Moreover,
when the fabricated device was attached to the skin surface, it did
not show any cytotoxicity to the skin cells, indicating the biocom-
patible nature of the hydrogel skin electronics (Figure 24b(xi,xii)).
The extraordinary sensing ability of the integrated epifluidic
device was due to the higher conductivity of the printed MXene
hydrogel in the microfluidic module, which allows fast charge
towards the detector (Figure 24b(xiv)).

Despite several advances in printable bioelectronics, the elec-
trodes and microelectrode fabrication remain challenging due to
the biomaterial inks’ lack of versatile functionality.3*) Printable
hydrogel electrodes must have flexibility, stretchability, and com-
fortability, with outstanding sensing ability, especially for electro-
physiological applications. In particular, when it comes to wear-
ing long, the hydrogel electrodes remain hydrated to maintain
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uniform conductivity.?*-3>!l Thus, printed microelectrodes must
have excellent deformability and stretchability with excellent ad-
hesive properties. Taken together, 3D printed/microfabricated
electrodes and sensors have tremendous potential in biosensing,
especially for human health and early disease diagnosis.

6.2. 3D-Printed Biosensors for Cancer Diagnosis

Cancer is one of the most fatal diseases of humanity, a second-
leading cause of death worldwide. According to a World Health
Organization (WHO) report, populations in the United States
and China with cancer history during COVID-19 showed an el-
evated level of death (~8.4%) than non-COVID-19 patients ow-
ing to the induction of malignancies during late 2020. Patho-
physiological reports revealed an elevation of cancer biomark-
ers in the patient's blood samples at a higher rate than
non-COVID-19 patients.[**?) It has been reported that nearly
90% of cancer deaths are associated with tumor metastasis to
other tissues/organs rather than the proliferation of the pri-
mary tumor.3%3] The conventional diagnosis of cancer/cancer
biomarker detection includes biopsies and immunogenic assays,
which are expensive and time-consuming. In recent years, var-
ious nanomaterial-based platforms have been introduced, such
as nanoparticle biosensors,[***] optoplasmic sensors,3*] electro-
chemical sensors,3°°! nucleic acid sensors,3°’! and many others.
However, early detection of cancer biomarkers requires proper
knowledge regarding the biology and prognosis of cancer, risk
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Table 5. Examples of 3D printed biosensors and chips developed for human health monitoring.

Ink composition Type of 3D printing Applications Reference
Poly (3, 4-ethylenedioxy thiophene) polystyrene Extrusion Biomolecule and Electrophysiological [329]
sulfonate/polyurethane/PtNPs sensing
MXene/styrene-based electrodes Extrusion Human heartbeat and pulse [189]
Polyaniline-based hollow microneedle patch Stereolithography pH sensing in human skin interstitial [330]
fluid
MXene/Ecoflex/polyurethane-based smart gloves and Extrusion Human-machine interface [337]
fabrics
MOS, /thiolated gelatin hydrogel Extrusion Human motion sensing (strain [316]
sensor)
CNT/PVB resin Stereolithography Real-time wound healing study [140]
Calcium/polyacrylic acid/sodium alginate/CNT Extrusion Human motion sensing (strain [332]
hydrogel sensor)
2-acrylamido-2-methylpropane sulfonic Extrusion Wrist pulse and heartbeat [333]
acid/4-hydroxybutyl acrylate/graphene hydrogel
Ethyl-(2,4,6-trimethyl benzoyl) phenylphosphine/ u-stereolithography Human motion sensing (strain [334]
polyethylene glycol dimethacrylate hydrogel sensor)
CNT/PDMS/agarose hydrogel Hydrogel transfer printing Human motion sensing (strain [335]
sensor)
Albumen hydrogel Extrusion Human motion sensing (strain [336]
sensor)
Acrylamide/N, N’-methyl bisacrylamide/LiCl hydrogel In situ printing Electrical impedance tomography [337]
(EIT) sensor
Poly (3, 4-ethylenedioxy thiophene) polystyrene Inkjet ECG recording [338]
sulfonate
N-isopropyl-acrylamide/laponite/CNT Extrusion Pressure sensing [339]
Polyvinyl alcohol/borax/pectin/tannic acid hydrogel Extrusion Human motion sensing (strain [340]
sensor)
Ag/Polyaniline/CNT chip u-extrusion Sweat pH biosensing [347]
Poly (3, 4-ethylenedioxy thiophene) polystyrene Direct ink writing (DIW) printing Human motion sensing (strain [342]

sulfonate/polyvinyl alcohol hydrogel electrode

sensor)

assessment, identifying tissue-specific markers, and developing
accurate technology for rapid detection!*®! (Figure 25). From the
technological perspective, 3D printed micro/nano-devices play a
crucial role in early biomarker detection, owing to the fast and
rapid prototyping functionality.

A study conducted by Chiado et al. demonstrated using
a 3D-printed microfluidic device to rapidly detect VEGF and
angiopoietin-2 (Ang-2), common biomarkers found in the blood
during tumor metastasis.*®! This work demonstrates the use of
photocurable polymers, such as bisphenol-A-ethoxylate diacry-
late (BEDA), 1,6-hexanediol diacrylate (HDDA), and poly (ethy-
lene glycol) diacrylate (PEGDA) for the fabrication of biosen-
sor (Figure 26a(i)). The device channels were immobilized with
HRP-conjugated antibody, sensitive towards VEGF and Ang-2
giogenic markers can be detected using a microfluidic device
with a detection limit of 11 ng mL~' (VEGF) and 0.8 ng mL"!
(Ang-2) for early cancer detection. In another study, an acoustic
and 3D-printed electrochemical sensor was fabricated to detect
S-layer proteins (rSbpA/ZZ) of liver carcinoma (HepG2) cells in
real time.[3%°] For this, a 3D-printed gold working electrode was
fabricated and modified with anti-rSbpA/ZZ antibody to capture
the rSbpA/ZZ of HepG2 cells. Next, a microfluidic 3D printed
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structure was deposited onto the top of the electrode using
an adhesive to ensure portability and flexibility (Figure 26b(i)).
The electrochemical measurements showed an enhancement
of frequency shift with varying times during successful anti-
CD133/rSbpA/ZZ/Au binding at 37 °C. Moreover, the peak cur-
rent was gradually decreased (50 — 10 pA) after addition of
HepG2 cells in the Au-sensor, suggesting the binding of the
work demonstrates how the 3D printed electrochemical device
can be used for the early diagnosis of liver carcinomas.

DNA methylation plays a crucial role in cancer progres-
sion and is a potential clinical research target. DNA hy-
droxymethylation (ShmC) is a type of epigenetic change in
cancer cells, a new diagnostic target of cancer epigenetics
research.3®!l Bhat et al.,3%2] recently developed an innovative
and label-free detection of ShmC in cancer cells using nozzle-
jet printed Au@MXene-based electrochemical sensors. For this,
the Au/MXene nanocomposite ink was deposited onto an Ag-
printed matrix on a polyethylene terephthalate (PET) substrate
(Figure 27a(i-iv)). The as-fabricated platform exhibited superior
sensing ability towards ShmC than 5mC, characterized by the in-
creased current flow (~1.8 times stronger in ShmC than 5mC).
Owing to the abundant hydroxyl groups on the surface of ShmC,
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Figure 23. 3D printed conductive hydrogels for human motion sensing. a) Illustration of the supramolecular hydrogel for real-time human motion
sensing. i) Schematic diagram of the printable resin preparation and DLP printing. ii) Digital photographs of the DLP-printed highly stretchable PR
hydrogel. iii) Conductivity test of the hydrogel before and after stretching. iv) Test of human finger movement in terms of relative resistance during
pressing, joint bending, and wrist moving. v) Real-time detection of human ECG using 40% (w/v) PR hydrogel electrode. ChCl; chlorine chloride, Am;
acrylamide, PAm; polyacrylamide, -CD; a-cyclodextrin, CD-AC; cyclodextrin acrylamide, and LCA-AC, ethylene glycol lithocholate acrylate.[323] Copyright
2023, Springer Nature. b) Schematic illustration of the nanocellulose/metal-organic framework (CNCs/MOF)-based ionogel preparation and its appli-
cation in colorimetric biosensing.1324] Copyright 2022, American Chemical Society. c) Fabrication of a DLP 3D printed PEGDA-based flexible sensor for
skin temperature detection.[32°] Copyright 2022, Elsevier. d) 3D printed tactile biosensor for human health monitoring. i) Schematic diagram showing
the fabrication procedure of the tactile sensor. ii) Digital photograph of the biosensor. i) Non-contact measurement of human breathing pattern (belly)
and acoustic sound measurement (throat) showing the excellent sensing ability of the biosensor.['®] Copyright 2022, Wiley-VCH.

it showed less adsorption in Au and increased the charge-transfer
efficiency, resulting in higher electrocatalytic activity of MXene
(Figure 27a(v)). Thus, the current response was reported higher
in the presence of Au/MXene/ShmC with a detection limit of
0.632 pm (Figure 27a(vi-vii)). Therefore, it is evident that nu-
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cleic acid-based 3D printed biosensors can be used to rapidly
detect cancer cells in a mixed cell population with high sen-
sitivity and label-free manner. Similarly, cancer-derived mRNA
or extracellular vesicles (EVs) can also be detected using a mi-
crofluidic 3D system. For example, Lim et al. developed a hybrid
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Figure 24. a) 3D printed hydrogel-paper patch platform for intelligent health monitoring. i-iii) Schematic diagram of the chip elements and fabrication
process. iv) lllustration of the paper patch fabrication process and principle. v-vii) Schematic diagram showing the real-time electrocardiography (ECG)
and glucose biosensing through a smartphone device. viii, ix) In vitro evaluation of the various ions (Na*, K*, and Mg?*), small molecules (urea, lactate,
and creatinine), electroactive chemicals (uric acid and amino acid), and monosaccharide (fructose and glucose) detection using the smart hydrogel-
paper patch. x-xii) Real-time ECG recording (1 mV s~ rate) of the human body during slow, medium, and fast walking. The paper patch was directly
attached to the chest and monitored through a smartphone.l32°l Copyright 2022, Elsevier. b) Fabrication and evaluation of a 3D printed epifluidic skin
patch (E3-skin) for advanced health surveillance and machine learning-based smart detection. i) Digital image of the integrated E3-skin device. Scale
bar: 1 cm. ii) SEM image of the 3D-printed MXene strand showing the unique aligned geometry. iii) Digital image of the 3D-printed MXene-based
temperature and pulse sensor. iv) Real-time sensing of human pulse using the printed device. v-x) Demonstration of the 3D printed microfluidic E3-skin
patch for monitoring human sweat. i, xii) Representative in vitro biocompatibility test of the E3 patch using HDF cells with corresponding fluorescence
intensity. Scale bar: 100 um and 1 cm. xiii) Photographs of 3D printing of MXene-based inks with corresponding SEM images. Scale bar: 1 um. xiv) Cyclic
voltammetry test of 3D printed MXene inks with varying layers (L).[3*3] Copyright 2023, The American Association for the Advancement of Science.

microfluidic-3D printed nanostructured hydrogel (ExoNA chip)
platform (Figure 27b(i)) for selective detection of breast cancer-
derived HER2-positive exosomes using 100 uL sample volume
(limit of detection: 58.3 fm).?%3] PEG hydrogel was used to cap-
ture the HER2-positive exosomes inside a microfluidic device.
The as-fabricated hydrogel was used to tag the probes that selec-
tively detect the HER2 exosomes. Upon capture, the probe enters
the exosome and is bound to the exosomal mRNA, which can be
observed by analyzing the fluorescence signals generated by the
probe. Furthermore, the authors also reported that the ExoNA
chip can be used for analyzing liquid biopsy samples (150 times
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higher in tumor tissue than blood) obtained from in vivo tissues,
demonstrating next-generation smart nanoplatforms for early tu-
mor diagnosis (Figure 27b(ii-iv)). Thus, integrating smart hydro-
gel scaffolds with 3D-printed microfluidic devices, tumor-derived
nucleic acids, mRNAs, or exosomes can be precisely detected in
vitro and in vivo.

Methacrylated circulating DNAs (ct-DNAs) are a promising
nucleic acid-based biomarker exhibiting cancer-cell-specific ge-
netic and epigenetic information, which can be used for early
cancer detection. DNA methylation is a hallmark of early carcino-
genesis and is primarily detected in patients with abnormal diet,
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Figure 25. Present status and challenges of cancer biomarkers detection for precision oncology.[**8] Copyright 2022, The American Association for the

Advancement of Science.

high smoking, and alcohol consumption.[3¢+3%] Various types
of biosensors and chips, such as electrochemical sensors,%¢!
droplet PCR,**”] colorimetric sensors,**®! and next-generation
sequencing-based techniques!**®! have been developed in the past
few years for precise diagnosis of ct-DNAs. In this context, 3D-
printed soft hydrogel bioelectronics with rapid and accurate de-
tection of ct-DNAs from skin exudate is highly required for per-
sonalized cancer diagnosis. For example, Fang et al. developed
a self-healing, skin-attachable field effect transistor (FET)-based
hydrogel bioelectronics for identification and dynamic visualiza-
tion of ct-DNAs in vivo (Figure 27c).

7. Conclusions and Perspectives

7.1. Conclusions

This review systemically introduced the present status and use
of various 3D printable wearable bioelectronics for biomedical
applications. First, we introduced the use of various naturally-
derived conductive biopolymers (e.g., cellulose, chitosan, algi-
nate, gelatin, silk fibroin, and glycoproteins) and their potential
for soft bioelectronics fabrication. Cellulose and Chitosan with
intrinsic conductivity originated owing to their unique molecular
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Figure 26. a) Demonstration of a 3D printed microfluidic device for rapid detection of VEGF and Ang-2 from the blood. Digital photographs of the

Demonstration of a gold electrode-based electrochemical sensor for early detection of HepG2 biomarkers. i) Digital photographs of the gold electrode
(left), adhesive sticker (middle), and printed microfluidic component (right) of the device; ii) change in frequency over time in the presence of anti-
CD133/rSbpA/ZZ/Au, and iii) the relative current change after addition of HepG2 cells showing the excellent sensing ability.[36°] Copyright 2017, Elsevier.
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Figure 27. Demonstration of 3D micro/nano hybrid platforms for detecting nucleic acids and exosomes from tumor tissues. a) lllustration of an
Au/MXene hydrogel-based 3D printed microfluidic platform for electrochemical detection of 5ShmC (i-iv). The relative change in current density af-
ter adding 5ShmC and the device’s detection limit (v-vii). 5SmC was taken as the positive control.[362] Copyright 2022, Elsevier. b) Demonstration of the
working principle of the ExoNA chip. Digital and fluorescence images of the device (i) and the captured exosome (HER2 positive). GAPDH was taken as
the control gene. In vivo sensing potential of the ExoNA chip showing the excellent sensing ability of the liquid biopsy samples (ii-iv). HCC1954 (HER2
positive) breast cancer cells were used for the in vivo experiments.[363] Copyright 2022, Elsevier. c) Schematic illustration of the self-healing and sensing
circuit fabrication via micro-stereolithography (i-iii). Schematic diagram for the hybridization process of FET-based sensing platform for detecting ctDNA
(iv-vii). In vitro (viii, ix) and in vivo (x, xi) DNA methylation biosensing using the fabricated immunosensor. Copyright 2022, Wiley-VCH.

architecture and self-assembled structure, offering the most suit-
able and biocompatible biopolymer for bioelectronics fabrication.
Besides, the protein-based biopolymers with naturally occurring
RGD (arginine, glycine, and aspartic acid) adhesive domain also
ensure high adhesive and mechanical Then, we discussed the use
of conventional chemically-derived biopolymers (e.g., polyani-
line, polypyrrole, and PEDOT:PSS), frequently used for the fabri-
cation of various sensory elements, such as electrodes, chips, and
coils. Next, we discussed the necessity of 3D printing technol-
ogy for stretchable and conductive hydrogel electronics with de-
tailed information regarding the use of 3D printers, hydrogel de-
sign strategies, and choice of suitable conductive nanomaterials,
which can significantly affect the stretchability, durability, con-
ductivity, sensing ability, and biocompatibility towards “E-skin”
patch development. Such a multi-material hydrogel could be eas-
ily used for the fabrication of tactile sensors, piezoelectric sen-
sors, piezoresistive sensors, triboelectric sensors, and microflu-
idic chips for multi-faceted applications, such as motion sens-
ing (e.g., finger, wrist, eye, leg, and many others), ECG/EGG
monitoring, body temperature, pH, glucose, lactate, and even for
cancer biomarkers detection. Therefore, a conventional printable
hydrogel may differ from an advanced conductive hydrogel in
three different ways: 1) choosing suitable combination of biopoly-
mers to improve printability and stability (e.g., choosing a com-
bination of natural and chemically-derived conductive biopoly-
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mers), 2) identifying proper nanomaterials/nanofillers for im-
proving conductivity and biocompatibility (e.g., GO, CNTs, MX-
ene, metal nanoparticles, and many others), and 3) the material
post-processing (e.g., cross-linking strategy, cyclic performance,
device accuracy, clinical applicability). Finally, we demonstrated
the application of various 3D printable conductive biopolymers
and their nanocomposites for precision medicine, focusing on
wearable biosensing and cancer diagnosis. We discussed the cur-
rent status and advancements in 3D-printed hydrogel bioelec-
tronics in the present study; however, there is still room for fu-
ture improvements before delivering those technologies to clin-
ics. The key future research and development (R&D) must fo-
cus on enhancing biodegradation, physico-chemical properties,
scalability, materials chemistry, multi-modal strategy, and arti-
ficial intelligence (AI)-based strategies for precisely monitoring
human health via deep learning and computing. The future of
wearable bioelectronics with innovative healthcare monitoring
systems is schematically represented in Figure 28a.

7.2. Perspectives
With the advent of ground-breaking additive manufacturing

technology, the thrust for wearable bioelectronics has been in-
creasing rapidly, and extensive research is required to make it
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Figure 28. a) Schematic illustration of the Al-based smart bioelectronics for precision medicine.[37°1 Copyright 2020, Elsevier. b) Cloud computing as a
smart future technology for wearable bioelectronics.3”1 Copyright 2023, Elsevier.

available in the commercial market. The necessity of multiple
stimuli-responsive bioelectronic devices has always been of great
importance in the medical community. Despite many advances
in wearable hydrogel electronics, commercial application is still
hindered owing to the limitation in scalable manufacturing of
those sensing devices, making it ideal for early research but not
for clinical application. To address this shortcoming, a few things
must be clarified before successful commercialization. The spe-
cific problem statements and their troubleshooting for future bio-
electronics development are discussed below:

7.2.1. Enhancement of Physicochemical Properties

Scalability: Large-scale industrial manufacturing of printed
electrodes and bioelectronics is crucial for expanding the health-
care market. As discussed earlier, most FDA-approved bioelec-
tronic devices are not 3D printed and only rely on metal/alloy
electrodes, which are not available to attach to the skin surface.
Besides, conductive metal-based hydrogels use various metal
ions (e.g., Al, Au, AG, Zn, and many others), which are highly
conductive but display high manufacturing costs. Similarly, the
CNT-based nanocomposites are also expensive, and fabrication
of CNT-based biosensors and chips will come with high price
tags, which is practically inappropriate for commercialization. To
accelerate the manufacturing process with cost margin, future
research must focus on developing novel nano/bio-fabricated
hydrogels in combination with natural and chemical biopoly-
mers with good conductivity and sensing ability to surpass this
challenge.

Controllable Biodegradation: ~Controlled biodegradation is an-
other supreme factor for the eco-friendly management of printed
bioelectronics. Most printed bioelectronics are attached to the
skin surface to monitor the body’s physiology. Therefore, the at-
tached skin electronic device can be easily peeled off after suc-
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cessful application or recovery without harming the skin tissue.
However, the bioelectronic devices implanted inside the body
(e.g., organ-specific electronic chips and devices) must be re-
moved after certain time points or may be able to self-degrade in
the presence of body fluids. Most durable and tough 3D-printed
bioelectronics are developed through one- or two-step cross-
linking techniques, which are sometimes non-biodegradable
when implanted inside the living system. Thus, precise mon-
itoring of the implanted devices’ degradation ability and good
sensing properties must be considered before successful clinical
trials.

Choice of Adhesive Biomaterials, Durability, and Shelf-Life: A
hydrogel patch with excellent adhesive properties is highly de-
sirable for skin or tissue bioelectronics. Soft Adhesive hydro-
gels help adhere to the skin surface and behave like a flexible
conductor. The ultimate adhesive strength and flexibility of any
biomaterial-based hydrogel are directly connected to the mechan-
ical strength and durability of the bioelectronics. Although sev-
eral researches have been shown to improve bioelectronics’ me-
chanical and adhesive properties, a few reports explain the dura-
bility and longevity as one of the critical drawbacks for clinical
applications. The key challenge is that when the hydrogel patch
is attached to the skin surface, it dehydrates due to exposure to
the open environment and atmospheric moisture. This results
in degradation, dryness, loss of adhesive and mechanical prop-
erties with decreased conductivity and sensing ability. Therefore,
future research must focus on developing hydrogel bioelectron-
ics with protective shielding features to enhance performance.
Researchers must test their sensing device in various climatic
conditions to cope with extreme environments (e.g., high tem-
perature, pressure, or high altitude). Taken together, these short-
comings must be taken into consideration before successful com-
mercialization.

Molecular and Chemical Design: Hydrogel inks with tunable
surfaces and molecular functionalities for improving electrical
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conductivity, mechanical and biological properties are highly de-
sirable for developing next-generation soft wearables. In par-
ticular, rational design in naturally derived conductive biopoly-
mers should be considered rather than chemically derived com-
plex biopolymers. Future research must focus on developing a
new and optimized strategy for chemical modification of biopoly-
mers, such as introducing various surface functional groups or
incorporating various adhesive protein molecules and studying
their physico-chemical properties before and after 3D printing
for long-term stability, which is especially required for commer-
cialization.

Bioinspired Strategy: Biomimicry is a process used in addi-
tive manufacturing, where biologically-inspired structures and
designs are used to fabricate various sensors and actuators.32373]
For example, mimicking the anisotropic collagen matrix of hu-
man skin could be used in 3D printing to fabricate aligned hy-
drogel scaffolds, enabling uniform electrical conductivity when
adhering to the skin surface. Thus, engineers must mimic vari-
ous tissues (e.g., bone, skin, nerve, and many others) and under-
stand their structure to develop next-generation wearables.

7.2.2. Advanced Strategies for Therapeutic Advancement

Novel Ink Development: As discussed earlier, the hydrogel
properties, such as conductivity, adhesiveness, stretchability, me-
chanical stiffness, and biocompatibility, are profoundly affected
by the nature and type of conductive nanofillers in the hydro-
gel ink. The choice of proper Thus, understanding the mate-
rial chemistry (e.g., material property, source, fabrication pro-
cess, functionalization, post-processing) and proper choice of
nano/biomaterials is an important key for developing high-shape
fidelity printable inks with all-functional physicochemical proper-
ties (e.g., bioadhesion, anti-freezing, fatigue tolerance, and non-
dehydrating) for wearable bioelectronics.

Multi-Stimuli-Assisted 3D Printing: Multiple stimuli-assisted
biofabrication is a fascinating technology used in tissue en-
gineering to fabricate various nanostructured scaffolds and
implants.’”*] Multi-stimuli-assisted 3D printing is the applica-
tion of various physical stimulations (e.g., magnetic fields, elec-
tric fields, photoacoustic, ultrasound, temperature, and pulsatile
pressure) during or after 3D printing of a test hydrogel. Using
magnetic and conductive nanofillers during 3D printing would
benefit magnetic or electric field-assisted 3D printing, enabling
the spatial alignment of the nanofillers during filament extru-
sion. Surprisingly, robotically coupled six-axis dynamic 3D print-
ing is fascinating for developing wearable electronic chips and
devices with complex designs. Thus, integrating various physical
stimuli, future research must focus on fabricating intelligent and
3D printable hydrogel inks for wearable bioelectronics.

Multimodal Therapy Using Bioelectronics: Most of the con-
ductive Nanomaterials display multiple stimuli-responsiveness.
For example, GO, rGO, and functionalized CNTs exhibited good
near-infra-red (NIR) responsive properties upon stimulation with
laser light (e.g., 808 nm or 1064 nm). Similarly, carbon dots exhib-
ited superior excitation-dependent fluorescence emission prop-
erties, which could be used to fabricate glowing hydrogels for
biosensing applications. Magnetic nanoparticles (paramagnetic
SPIONs and ferromagnetic MNPs) exhibit magnetic and photo-
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acoustic (PA) stimuli-responsive properties. MXene is a novel
carbon material class that displays NIR and piezoelectric prop-
erties. Therefore, by combining one or more stimuli, the de-
veloped nanocomposite hydrogels can release various bioactive
molecules (e.g., protein, growth factors, drugs, and many others)
through bioelectronics devices.

7.2.3. Antificial Intelligence (Al) and Machine Learning

With modern computing technology and machine learning algo-
rithms, tissue engineering and regenerative medicine have con-
siderably changed. The intelligent management and processing
of electronic data with advanced Al-based biosensors enabled
rapid interpretation and diagnosis of several diseases. The Al-
based technology is mainly divided into three subcategories: 1)
information collection in the form of sound, imaging, or any
other stimuli, 2) external signal conversion into an electronic
signal, and 3) data processing, interpretation based on a pre-
designed algorithm and cloud storage. Conventional 3D printing
technology mainly relies on hydrogel printing and mathemati-
cal calculation of 3D printing performances, which is practically
unreliable and time-consuming. Besides, the Al-based innova-
tive system can detect and diagnose the 3D printing process pre-
cisely with the help of a multi-axis camera module equipped with
computers. Recently, a variety of machine learning tools, such as
Principle Component Analysis (PCA), Multiple Regression Test
(MRT), Support Vector Machines (SVMs), and Artificial Neural
Networks (ANN) are frequently programmed with Al-enabled
biosensors for precise decision-making for medical doctors to for-
mulate medication to the patients. An author should study the
cited literature for more details regarding the AI and machine
learning of biosensors.737°] Another essential tool highly re-
quired in healthcare and medicine is the use of cloud comput-
ing. Most bioelectronics devices accumulate bid data, including
multiple medical images, streaming, and raw values; manual in-
terpretation of those data is impossible. To address this issue,
cloud computing and storing big data generated from the wear-
able device is highly desirable (Figure 28b). Nevertheless, many
more challenges in developing 3D-printed wearable electronics
must be clarified before clinical application. Looking forward, we
hope that the fabrication of smart bioelectronic devices, reducing
all the challenges mentioned above, will revolutionize medical
nano-biotechnology.

Exploring Advanced Human—Machine Interfaces: The inven-
tion of the human—machine interface system (HMIS) has revo-
lutionized various cutting-edge technologies in biomedical fields,
especially in artificial organ development, such as bionic hands,
prosthetics, and neural interfaces, enabling scientists and clini-
cians to understand the interaction between machines and the
human body. In order to optimize operational efficiency, power
consumption, and multitasking capabilities, it is essential to
miniaturize the human-interactive device and streamline its ar-
chitectural design. Nevertheless, current human-interactive tech-
nologies include a range of sensors that are physically linked
to microprocessors. These sensors facilitate the transmission of
information collected from the environment (input) to displays
for user perception. Soft electroactive and biocompatible hydro-
gels can bridge electronic signal generation and the human body
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surface in this context. Therefore, future research must focus on
developing novel bioactive hydrogels that can be used as a sensory
layer for the human body’s stimulus recognition towards preci-
sion medicine.
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