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Abstract

Recently, the 3D printing of conductive hydrogels has undergone remarkable advances in the fabrication of complex
and functional structures. In the field of neural engineering, an increasing number of reports have been published

on tissue engineering and bioelectronic approaches over the last few years. The convergence of 3D printing methods
and electrically conducting hydrogels may create new clinical and therapeutic possibilities for precision regenera-
tive medicine and implants. In this review, we summarize (i) advancements in preparation strategies for conductive
materials, (i) various printing techniques enabling the fabrication of electroconductive hydrogels, (iii) the required
physicochemical properties of the printed constructs, (iv) their applications in bioelectronics and tissue regeneration
for neural engineering, and (v) unconventional approaches and outlooks for the 3D printing of conductive hydrogels.
This review provides technical insights into 3D printable conductive hydrogels and encompasses recent develop-
ments, specifically over the last few years of research in the neural engineering field.
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1 Introduction

Versatile devices and materials have been developed
for the precise diagnosis and treatment of neurologi-
cal diseases, such as neurodegenerative disorders (e.g.,
Parkinson’s disease and Alzheimer’s disease), neu-
romuscular diseases, and spinal cord and peripheral
nerve injuries [1-5]. Considering the electrophysiologi-
cal functions of the brain and nerve tissues, electrically
conductive materials, such as metals, carbon materi-
als, and conductive polymers, have been widely used to
provide tissue-mimetic environments to cells and effec-
tively stimulate or monitor signals from tissues [4-8].
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However, most conductive materials have mechanical
stiffness, low hydrophilicity and weak tissue adhesion,
which are incompatible with soft nervous tissues [9, 10].
For instance, their high stiffness mismatching to soft bio-
logical tissues can cause acute inflammation and serious
fibrosis upon in vivo implantation of the materials, lead-
ing to tissue engineering failures [11]. In addition to that,
the neuronal cells cannot be favorably grown or differ-
entiated on such stiff and conductive materials. The cells
respond and adjust to their microenvironment, and their
differentiation is strongly favored on the scaffold materi-
als with brain-like soft modulus of 100—-500 Pa [12] where
cellular focal adhesion and the length of neurites increase
[13]. Therefore, to resolve the physicochemical mismatch
of conductive materials, tissue-mimetic hydrogels with a
large amount of water can be combined with them. Such
conductive hydrogels have been continuously developed
for electroactive tissue engineering, tissue repair, stimuli-
responsive drug delivery platforms, tissue interfacing,
soft bioelectronics/robotics, and wearable/implantable
sensors, owing to their tunable electrical conductivity
and tissue-like mechanical properties [9, 10, 14-21].
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Meanwhile, along with recent developments in preci-
sion medicine approaches, 3D printing techniques such
as laser-based systems through the photopolymerization
pathway, nozzle-/syringe-based extrusion systems, and
jetting-based systems have been extensively used in the
biomedical field over the past 10 years [22-24]. Repre-
sentative examples are the 3D/4D printing of biodegrad-
able scaffolds (e.g., polycaprolactone) for post-seeding of
cells [25-29] and 3D bioprinting with cell-encapsulated
inks [30-32]. To date, most printing approaches have
focused on tissue engineering to fabricate “artificial
organs” with personalized sizes and dimensions [33, 34].
In the next biomedical revolution, such printing tech-
niques can be applied to the manufacturing of bioelec-
tronics, electric circuit boards, robotics, and biosensors
[35-39]. Therefore, conductive hydrogels are good can-
didates for ink materials that can be implanted in vivo.
Nevertheless, challenges remain for the use of conductive
hydrogels as printable inks with high shape fidelity owing
to the requirements for the mechanical or chemical
properties of the materials for numerous printing tech-
niques. Although extensive research has been conducted
on “3D printing” and “electrically conductive hydrogels”
separately, the combined approaches of both have only
increased recently.

In this comprehensive review, we summarize (i)
advances in the preparation strategies of conductive
hydrogels, (ii) various 3D printing techniques enabling
the fabrication of electroconductive objects, (iii) the
physicochemical properties of the conductive hydrogel
inks required, (iv) their applications to bioelectronics and
tissue regeneration for neural engineering, and (v) out-
look to progress in printing of conductive hydrogel.

2 Conductive hydrogel fabrication
Hydrogels that have higher electrical conductivity than
normal hydrogels are typically considered conductive
hydrogels. Normal hydrogels also have electrical conduc-
tivity owing to their tissue-like ion-rich environment [9].
Intrinsically conductive materials have been commonly
used to establish hydrogel matrix with high conductiv-
ity. The addition of conductive materials to the hydro-
gel matrix generates additional and efficient conductive
pathways to transfer electrical signals through the hydro-
gel matrix and consequently enhance the conductivity of
the hydrogel matrix.

In this section, conductive hydrogel fabrication
approaches using conductive materials and percolation
strategies to achieve higher conductivity are discussed.

2.1 Conductive filler additive manufacturing
The addition of conductive materials, such as metals and
conductive polymers, to the hydrogel matrix typically
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improves its conductivity. Herein, we discuss representa-
tive conductive materials to be embedded and additional
methods to effectively fabricate conductive hydrogels.

2.1.1 Metals

Metals are widely used because of their high conductivity
and can be embedded into the polymeric network to fab-
ricate conductive hydrogels. Gold [15, 40—45] is the most
commonly used metal owing to its high biocompatibility
and electrochemical stability under physiological condi-
tions, and other metals that are used are silver [44], iron
[44], eutectic gallium indium (EGaln) [46, 47], and 2D
transition metals (e.g., MXene and MoS,) [48, 49]. Metals
can be incorporated into a hydrogel matrix in two ways.
The first method is the “in situ” generation of nanopar-
ticles from metal ions (Fig. 1a). Metal ions are prepared
separately using metallic compounds such as AgNO;,
HAuCl,, and FeCl; and incorporated into the hydrogel
through swelling [43] or mixed with a hydrogel precur-
sor solution [44, 45]. After incorporation, the metal ions
are reduced by the addition of a reducing agent [43—45]
or backbone polymers that are served as reducing agents
[50], forming nanoparticles in the hydrogel. The second
method is simple mixing of complete metal nanomate-
rials, such as nanoparticles, nanowires, and nanosheets,
generated using different physical and chemical methods,
such as electrochemical changes, chemical reduction, and
photochemical reduction [51]. Typically, metal nanoma-
terials are mixed with a hydrogel precursor solution and
crosslinked to form a stable hydrogel (Fig. 1b) [15, 40—42,
46-49]. Thus, the colloidal stability of metal nanomate-
rials is essential and requires an additional coating layer
(Fig. 1b) [15, 40-42, 47]. In addition, the zeta potential
of nanomaterials and hydrogel backbone polymers affect
the dispersion of nanomaterials in the precursor solu-
tion and the electrical stability after crosslinking. The
metal fraction plays a critical role in the entire crosslink-
ing of conductive hydrogels. In general, a higher frac-
tion of metal not only enhances the conductivity but also
increases the viscosity of the solution and the modulus of
the hydrogel [40-42, 49]. Additionally, other properties,
such as pore size and gelation kinetics, can be differed by
adding the metals [42, 49].

2.1.2 Carbon-based materials

Carbon-based materials such as carbon nanotubes
(CNTs) and graphene are synthetic materials from natu-
ral graphite. They are of interest for fabricating conduc-
tive hydrogels because of their high conductivity and
stability in wet environments. However, the hydropho-
bic nature of CNTs and graphene is the main problem
in the fabrication of hydrogel composites because they
are insoluble and agglomerate in water. The presence of
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Fig. 1 lllustration of various conductive hydrogel fabrication strategies by the addition of conductive materials. a Addition of metal nanoparticles
using in situ metal ion reduction. Reproduced with permission from [45], copyright Elsevier, 2016. b Gold nanorod (GNR) addition using

surface coating. Gelatin methacryloyl (GelMA)-coated GNR (G-GNR) has a colloidal stability and can be added to a photocurable GelMA

solution. Reproduced with permission from [41], copyright John Wiley and Sons, 2017. ¢ Addition of multi-walled CNT (MWCNT) by using
surface-functionalized CNT. Polydopamine (PDA)-coated MWCNT is soluble and mixable with photocurable poly(citrate-maleic)-e-polylys

ine (PME) and poly(ethylene glycol) diacrylate (PEGDA) solution. In addition, PDA coated MWCNT can be stabilized with the addition of PME.
Reproduced with permission from [58], copyright Elsevier, 2022. d Conductive hydrogel fabrication using GO. GO can be mixed with a precursor
solution and dispersed in a polyacrylamide (PAAm) hydrogel network. Reduction can be achieved after crosslinking to improve the conductivity.
Reproduced with permission from [57], copyright Elsevier, 2017. e Conductive polymer addition using in situ monomer polymerization. The aniline
monomer can be mixed with a glycyrrhizic acid (GL) solution, and ammonium persulfate (APS) causes the in-situ generation of conductive PANI

in a hydrogel matrix through aniline polymerization. Reproduced with permission from [76], copyright American Chemical Society, 2022. f Direct
addition of the conductive polymer to the precursor solution. PEDOT:PSS can be dispersed in aqueous solution and easily mixed with photocurable
GelMA solution. Reproduced with permission from [78], copyright American Chemical Society, 2018
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functional groups such as carboxyl groups on the sur-
faces of CNTs and graphene makes them soluble in water
and provides colloidal stability during fabrication; there-
fore, surface-functionalized CNTs and graphene oxide
(GO) are typically used to fabricate conductive hydro-
gels [52—-57]. In addition, other CNT-stabilizing methods
using a polydopamine coating (Fig. 1c) [58—-60], amphi-
philic cellulose nanocrystals [61], and silk sericin [62]
have been reported. Thus, a uniformly dispersed carbon-
based material stably contributes to electrical conduction
through the hydrogel matrix. Additionally, the variation
in the CNT conductivity after functionalization has not
been particularly considered; however, GO has a rela-
tively lower conductivity than graphene. Thus, a reducing
process after gel formation [54, 57] (e.g., use of reduced
GO (rGO) instead of GO) [55] has been used to increase
hydrogel conductivity (Fig. 1d). A high fraction of car-
bon-based materials results in conductive hydrogels with
high conductivity and mechanical strength [53-58, 61—
65], which also increases the viscosity of the precursor
solution [56, 65]. However, such high contents of carbon-
based materials can potentially show high cytotoxicity.
According to many reports regarding in vitro studies
using carbon materials, they easily generate reactive oxy-
gen species (ROS) depending on concentration and treat-
ment time [66, 67]. To decrease a potential toxicity of the
carbon materials with high concentrations (e.g., higher
than 10 pg/mL), a biocompatible surface modification
strategy, such as typical PEGylation, can be adopted [68,
69]. In addition, the shape and aspect ratio of the carbon
materials are importantly considered for in vivo implan-
tation. Chong et al. have reported that graphene quantum
dots—which have small size of 3 nm—show much better
biocompatibility than GO in mice model [70]. Poland et
al. have also demonstrated that long multi-walled CNTs
with the length of longer than 20 um are not favorably
phagocytized and accumulated in the biological tissues
when compared to that of short ones, leading to less tox-
icity [71]. Taken together, ideal design of the conductive
hydrogels with carbon materials requires consideration
of versatile variables such as a type of carbon materials,
shapes, aspect ratio, and surface functional groups for
further biomedical applications.

2.1.3 Conductive polymers

Conductive polymers are m-bond-rich polymers,
including polypyrrole (PPy), polyaniline (PANI), and
poly(3,4-ethlyenedioxythiophene) (PEDOT), that exhibit
electrochemical stability in physiological environments.
In addition, electrons can be transferred along a poly-
mer chain by the delocalization of n-bonded electrons,
and this chain-dependent conduction preserves the con-
ducting properties while utilizing versatile materials.
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Therefore, conductive polymers are commonly used in
the fabrication of conductive hydrogels. Two methods
can be used to add conductive polymers to the hydro-
gel matrix: in situ polymerization of a monomer [72-76]
and mixing after stabilization using an additional dopant
[77-85]. Conductive polymers are hydrophobic materi-
als; therefore, they form large aggregates and are difficult
to disperse homogeneously in hydrogels. Thus, mono-
mers such as pyrrole and aniline are typically dispersed
in the hydrogel matrix and polymerized through oxidant
treatment (e.g., FeCl; and ammonium persulfate) after
hydrogel crosslinking (Fig. 1e) [72-74]. Otherwise, con-
ductive polymers can be stabilized in an aqueous solution
after doping. Poly(styrenesulfonate) (PSS)-doped PEDOT
(PEDOT:PSS) is a representative doped form, and other
doping methods, such as dopamine-doped PPy, have
been reported [83]. These stabilized conductive polymers
are easily mixed with the hydrogel precursor solution and
used to fabricate conductive hydrogels (Fig. 1f) [77-85].
Conductive polymer additives form interconnected con-
ductive pathways in the hydrogel matrix, enabling the
transfer of electrons through it. Similar to metal- and
carbon-based additives, the fraction of conductive poly-
mers plays a critical role in the electrical and mechanical
properties of conductive hydrogels, and higher fractions
increase the conductivity, modulus, and viscosity.

2.2 Conductive network formation

Although the addition of conductive materials provides
a certain degree of electrical properties to the hydrogels,
they still exhibit a much lower conductivity (< 1 S/m)
than the original conductive materials (> 100 S/m). This
is because numerous small isolated conductive domains
covered by an insulating domain are formed in the
hydrogels, inhibiting charge transfer over the matrix.
Herein, we discuss a fabrication strategy to form a well-
connected percolating conductive network.

2.2.1 Pure conductive polymer hydrogel

Fabricating conductive hydrogels with only conductive
polymers minimizes the fraction of insulating domains
and enhances the continuity of the conductive domains
in the hydrogel matrix. However, conductive polymers
are typically difficult to use as hydrogel backbone poly-
mers because of their hydrophobic nature. They form
agglomerations instead of uniform networks; therefore,
hydrogels with high water content and low modulus are
difficult to be achieved.

Recently, various pure conductive polymer hydro-
gel fabrication methods have been reported using
PEDOT:PSS with additives such as acids [86], ionic
liquids [87], and secondary dopants (e.g., dimethyl
sulfoxide (DMSO) [88-90], ethylene glycol [90], and
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4-dodecylbenzenesulfonic acid (DBSA) [91, 92]). Fre-
quently, the additive support conformation changes
from PEDOT:PSS colloidal particles to physically inter-
connected networks during the dry-annealing pro-
cess, and more interconnections between the PEDOT
polymers are generated than in the process without
additives (Fig. 2a). After washing and re-swelling this
PEDOT:PSS film, PEDOT:PSS hydrogels with high sta-
bility and conductivity are formed [86—90]. In contrast,
PEDOT:PSS films without additives exhibit fragmen-
tation [88] and conductive path failure because of gap
generation after swelling [87]. Additionally, an increase
in the PEDOT to PSS ratio by the removal of PSS,
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which means a decrease in the insulating domain in the
hydrogel matrix when using acid and ionic liquids as
additives, has been reported [86, 87]. The concentration
of the additive significantly affects the hydrogel prop-
erties, and an optimization process is required. After
the optimization process, the PEDOT:PSS hydrogel fre-
quently exhibits ultrahigh conductivity (conductivity >
800 S/m), high water content (> 80 wt%), and low mod-
ulus (< 5 MPa for DMSO and < 50 kPa for others) [86—
90]. Moreover, in situ conductive hydrogel fabrication
can be conducted using DBSA as an additive, which is
useful for injection and printing (Fig. 2b) [91, 92].
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Fig. 2 lllustration of conductive network formation strategies for high conductivities. a, b) Pure conductive polymer hydrogel fabrication

using an additive. a DMSO addition supports formation of physically interconnected PEDOT:PSS network during dry-annealing. Reproduced

with permission from [88], copyright Springer Nature, 2020. b DBSA micelle addition causes rearrangement of PEDOT:PSS colloidal particles

and formation of a physically interconnected conductive hydrogel network within few minutes. Reproduced with permission from [91], copyright
John Wiley and Sons, 2019. ¢ Percolating conductive network hydrogel fabrication from a pure conductive polymer hydrogel. The monomer,
crosslinker, and initiator can be infiltrated into the pure conductive polymer hydrogel and cause secondary network formation while maintaining
primary percolating conductive network. Reproduced with permission from [93], copyright Springer Nature, 2018. d Fabrication of a percolating
conductive network hydrogel from non-conductive hydrogel. PEDOT:PSS can be dispersed in the precursor solution. After crosslinked PVA network
formation using glutaraldehyde (GA), acid treatment causes the rearrangement of PEDOT:PSS colloidal particles and formation of a secondary
percolating conductive network. Reproduced with permission from [99], copyright John Wiley and Sons, 2022. e Spatial separation of conductive
nanocomposite using microgel. Ag nanoparticles are only produced on the surface of the microgel through in situ reduction and a densely
packed Ag nanoparticle percolating network is produced after microgel assembly. Reproduced with permission from [100], copyright John Wiley
and Sons, 2019. f Spatial separation of conductive nanocomposite using freezing. CNT and GO are located in the surrounding region of ice crystal
during freezing. This improves the percolating conductive network and can be maintained by crosslinking at ambient conditions. Reproduced

with permission from [102], copyright John Wiley and Sons, 2022
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2.2.2 Percolating conductive nanocomposite network
formation
Pure conductive polymer hydrogels have many advan-
tages owing to their excellent electrical properties, but
they exhibit low stretchability and difficulty in han-
dling without fracturing. Treatment with Triton X-100
to enhance the stretchability of pure conductive poly-
mer hydrogels has been reported, but the stretchability
was still insufficient (< 60%) [90]. In contrast, conduc-
tive materials with non-conductive polymers, such as
poly(vinyl alcohol) (PVA) and polyacrylic acid (PAAc),
typically exhibit high stretchability (> 100%) and stable
mechanical properties but lack electrical properties.
Recently, various methods have been reported to bal-
ance the electrical and mechanical properties of con-
ductive hydrogels. The main objective of these methods
is to improve the interconnections between conductive
nanocomposites dispersed in a non-conductive polymer
hydrogel matrix and to generate percolating conduc-
tive nanocomposite networks. This percolating conduc-
tive network minimizes the conductive path failure by
insulating the domain and increasing the conductiv-
ity of the matrix. The first involves the fabrication of a
conductive hydrogel from a pure conductive polymer
hydrogel (Fig. 2c). Monomers such as acrylic acid can
penetrate a pure conductive polymer hydrogel, and an
interpenetrated non-conductive network is generated
after polymerization. This process affects the conduc-
tive polymer network but maintains a percolating con-
ductive network with high conductivity (> 20 S/m) and
improved mechanical properties (stretched over 100%)
[93, 94]. In other methods, percolating conductive net-
works are generated from conductive nanocomposites.
When using conductive polymers, percolating conduc-
tive networks can be generated and improved by the
addition of ethylene glycol [95, 96], crosslinkers such as
phytic acid, which act as anchoring points for conduc-
tive polymers [18, 97, 98], and acid treatment (Fig. 2d)
[99]. Such chemical treatment for formation of percola-
tion path in the hydrogel results in volumetric shrink-
age of the hydrogels capable of exhibiting a more densely
packed structure [99]. That is, this shrinkage can increase
the ratio of the conductive domain to the non-conductive
domain (e.g., non-conductive polymers, water), which
helps achieving high conductivity. In addition, micropat-
terning strategies have been reported to generate perco-
lating conductive networks using metal nanoparticles,
CNT, and GO. First, microgels (hydrogel microparticles)
are used to embed conductive nanocomposites on a sur-
face (Fig. 2e) [100, 101]. After the microgels are assem-
bled, a spatially defined percolating conductive network
is formed through the microgel surfaces. Therefore, con-
ductive hydrogels fabricated using this method exhibit
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higher conductivity than normal bulk conductive hydro-
gels [100]. The second strategy uses spatial rearrange-
ment of conductive nanocomposites through freezing
(Fig. 2f) [102]. During the freezing of the aqueous solu-
tion, ice crystals are formed, and conductive nanocom-
posites are located in the region surrounding the ice
crystals. A percolating conductive network is formed by
this special arrangement and is maintained by crosslink-
ing after removal of the ice crystals [102]. Additionally,
the amounts of metal nanoparticles, CNT, and GO are
frequently limited during conductive hydrogel fabrica-
tion owing to their intrinsic mechanical properties. In
contrast, liquid metals such as EGaln are relatively free
from this problem owing to their intrinsic softness and
stretchability. Recently, a strategy to assemble liquid
metal particles in a hydrogel polymer matrix with ultra-
high conductivity (> 1,000,000 S/m), high stretchability
(> 700%), and low modulus (< 200 kPa), even after the
addition of 74.4 v/v% liquid metal, was reported [37].
After embedding the liquid-metal particles into the poly-
mer matrix, the acoustic field generates liquid-metal nan-
oparticles at the particle surfaces. These nanoparticles
interconnect with nearby particles to form percolating
conductive networks.

3 Printing techniques for conductive hydrogel ink
Conventional methods for fabricating conductive
hydrogel structures by molding, solvent treatment, and
annealing are limited by low resolution, poor interfacial
bonding, complex post-processing steps, and environ-
mental hazards. Hence, 3D printing offers a potential
solution to overcome these challenges by enabling pre-
cise control over the shape, size, and functionality of con-
ductive hydrogel structures. Particularly, considering that
one of the most important applications using 3D printing
is tissue engineering, the biological tissues have intrin-
sic function based on coherent cell-to-cell communica-
tions within 3D objects geometries. In comparison with
2D structures, such 3D geometries distinctively affect
cellular behavior, such as migration, differentiation, and
proliferation [103]. Additionally, recent approaches for
fabricating 3D bioelectronics to stably stimulate the tis-
sues and record their electrophysiological signals can be
deliberately achieved through versatile 3D printing tech-
niques [104]. These 3D printings in bioelectronics field
offer freedom of design in 3D space [89] and facile and
scalable formation of dense interlayer with electrical con-
nectivity that is crucial for neural electrode performance
[105].

Recent advancements in 3D hydrogel-printing tech-
nology have enabled the precise fabrication of conduc-
tive hydrogels with complex geometries, creating new
avenues for a wide range of biomedical applications. To
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ensure successful printing of the construct, an optimal
hydrogel ink that is tailored to a specific printing tech-
nique should be prepared. The properties of the hydro-
gel ink are governed by the type and degree of polymer
interactions within the network; therefore, design fac-
tors, such as resolution and crosslinking methods, are
of utmost importance. For the ink to solidify into the
intended architecture, the mechanical and chemical
properties of both the precursors and post-print appli-
cations should be considered. Therefore, the selection of
an appropriate crosslinking method is critical. Current
state-of-the-art printing mechanisms can be divided into
two categories: viscoelasticity-dependent and static-state
printing (Fig. 3). In this section, the various crosslinking
mechanisms and printing techniques required to obtain
the desired mechanical and chemical properties of the
printed constructs are discussed.

3.1 Viscoelasticity-dependent printing

Hydrogels are soft, tissue-like materials with a high-water
content, which contributes to their unique viscoelastic
characteristics and shear-thinning behavior. Thus, the
non-Newtonian trait of a hydrogel, in which the viscos-
ity decreases with increasing shear or stress, enables
the movement of the hydrogel through smaller confined
spaces such as needles, thereby enabling the hydrogel
to be extrudable for use in injection ink. Viscoelasticity-
dependent printing techniques involve inkjet printing
and extrusion-based printing, which rely on the viscosity
of the ink to control the printing process.

3.1.1 Inkjet printing

Inkjet printing is a popular method in which small ink
droplets are used to create high-resolution structures
on various substrates. The inkjet printing of hydrogels
depends on the small droplets formed by the pressure
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pulse at the nozzle. The size and velocity of the drop-
lets are controlled by adjusting the pressure pulse and
nozzle size. Inkjet printing has several advantages over
other printing techniques, including the ease of hydro-
gel preparation and suitable viscosity. This reduces the
complexity of the printing process and makes it more
cost-effective for bioelectric applications, including tissue
engineering [106] and biosensing [107-109]. Therefore,
these viscoelasticity-dependent inkjet printing can be
particularly viable when cells are encapsulated within the
ink to be used as a bioink [110]. Owing to the relatively
low shear stress on cells during printing, high cell viabil-
ity and ion functionality are achieved for the bioprinting
of neural tissues [111, 112]. Inkjet printing can also be
used to fabricate biosensors by depositing biomolecules
on conductive substrates with high electrochemical
activity [39, 113].

However, inkjet printing also has limitations such as
limited printing resolution, the relatively unstable nature
of the hydrogel ink, and the necessity for post-processing
or for a sacrificial layer. The printing resolution is limited
by the size of the droplets, which depends on the vis-
cosity of the hydrogel ink and the nozzle diameter. For
a higher resolution, low-viscosity inks and small noz-
zles are required, but they may compromise the stability
and uniformity of the droplets [114]. Therefore, further
research is required to optimize the printing parameters
and ink formulations to improve the printing resolution,
speed, and stability of the printed structures.

3.1.2 Extrusion-based printing

Injectable hydrogels are commonly encapsulated in
syringes and can be used for diverse biomedical applica-
tions. One such application is direct ink writing (DIW).
DIW enables in situ writing of ink at a specific site. Jin
et al. demonstrated a conductive on-tissue DIW hydrogel
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Fig. 3 Schematic of 3D printing techniques to fabricate conductive hydrogels. a Viscoelastic-dependent printing of conductive hydrogel ink
containing conductive particles or conductive polymers (inkjet or extrusion). b Static-state printing via photopolymerization of conductive hydrogel

ink (DLP or SLA)
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ink composed of multiple hydrogen bonds between the
cellulose backbone, tannic acid, and a metal-phenol
coordinate network between the tannic acid and metal
ions [44]. In another study by Jiang et al., which is more
closely related to 3D printing, the authors demonstrated
the fabrication of a tailored hydrogel structure using
a freeze-and-thaw process following the DIW of PVA
and carrageenan hydrogel ink [115]. As such, DIW and
extrusion-based printing are used interchangeably by
researchers [116—119]. However, in most cases, DIW can
be used as a preliminary procedure for testing the inject-
ability and facile printability of complex geometries [80,
120-123].

Extrusion-based printing is one of the most widely used
printing techniques for fabricating 3D conductive hydro-
gel structures. Stable and complex printed structures
with high resolution can be achieved by controlling the
polymerization of the conductive components and opti-
mizing the viscoelasticity of the ink [124, 125]. Recent
approaches to the extrusion-based printing of conduc-
tive hydrogels utilize self-healing properties to stabilize
post-printing structures [126, 127] or tough conductive
hydrogels (TCHs) assisted by an in situ photo-crosslink-
ing strategy to reinforce the modulus of the printed
structures [128]. The main advantages of extrusion-
based printing are its simplicity, versatility, low cost, and
potential to upscale structures. However, the resolution
of extrusion-based printing is limited to ~100 um, which
largely depends on the inner diameter of the extrusion
needle, and constructs with a height require printing in
a support bath and sacrificial layers [129]. Furthermore,
determining the optimal rheological properties requires a
rigorous trial-and-error process. Despite these disadvan-
tages, extrusion-based printing is favored by research-
ers of conductive hydrogel ink for its potential to create
unique and complex structures like hollow tubules, pyra-
mid, ear, and hourglass shapes and its relatively fewer
limitations in utilizing the ink [130, 131]. Extrusion-
based printing of conductive hydrogels can be applied to
fabricate the objects for spinal cord injury [132], artificial
epidermis [133, 134], glucose sensor [36], and strain sen-
sor [118, 135-139].

3.2 Static-state 3D printing

Static-state 3D printing technologies are used to cre-
ate 3D objects by curing materials through vat polym-
erization (visible light [140] and laser or UV [141-143]).
Thus, lithography-based printing of hydrogels is a ver-
satile technique that employs photoreactive moieties in
the polymer network to fabricate high-resolution pat-
terns and structures with precise control over the archi-
tectural design and even the spatial distribution of the
hydrogel ink. Among the various printing techniques that
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stationarily print polymerized products, stereolithogra-
phy (SLA) and digital light processing (DLP) are two of
the most prominent irradiation techniques used.

3.2.1 Stereolithography

SLA uses ultraviolet light to trace the shape of each layer,
and the reacted photocurable moieties crosslink to a des-
ignated pattern in each layer. SLA techniques have many
advantages, such as high accuracy, which can be con-
trolled by the laser spot size and z-axis step increase of
each layer [144]. However, brittleness and poor tough-
ness owing to an inhomogeneous polymer architecture
and high crosslink density are significant limitations of
SLA. In light of these limitations, Keate et al. reported
micro-continuous liquid interface production (pCLIP)
SLA technique to build myoblast promoting scaffolds
[145], and Hui et al. reported on the SLA-based 3D
printing of conductive silver—hydrogel circuits embed-
ded within an alginate—polyacrylamide hydrogel matrix
as a sacrificial bed [146]. SLA has advantages such as
high resolution, high speed, and a wide range of print-
able materials, allowing its usage in versatile applications,
such as human-machine interface [147, 148]. However,
a post-printing procedure is essential because of the
shrinkage or weakening of the print, which makes it chal-
lenging to fabricate highly reproducible samples [149].

3.2.2 Digital light processing

DLP is similar to SLA; it is a fast lithography process that
projects light over an entire cross-sectional layer simul-
taneously. In DLDP, a thin layer of photocurable resin that
lies between the bottom of a printed piece and an opti-
cally transparent window is photo-cured. The projector
dictates the shape of each level using a digital mirror.
After each level is printed, the printed piece is moved up
by a thick layer. DLP-based 3D printing can be used to
assemble conductive hydrogels for flexible sensors [143,
150, 151] and electrochemical biosensors [152]. Zhu et al.
developed a DLP 3D printing method using PEDOT:PSS-
PAAm as the conductive ink and poly(2-hydroxyethyl
acrylate) as the insulating ink to print electroluminescent
devices and capacitive sensors with a strong interface
[153]. In another example, Ge et al. developed a highly
stretchable hydrogel from a photopolymerized acryla-
mide— poly(ethylene glycol) diacrylate (PEGDA) DLP
construct for use as a strain sensor [154].

A major disadvantage of static-state printing methods
is the toxicity caused by the ROS generated during the
curing of photoreactive materials, which limits their bio-
medical applications in vivo. In addition, both SLA and
DLP face challenges such as low conductivity, poor inter-
facial bonding between different materials, limited mate-
rial selection, low mechanical strength, shrinkage during
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curing, and toxicity. Therefore, current approaches for
static-state 3D printing of conductive hydrogels require
further improvements in terms of material design, fabri-
cation process, and device integration.

4 3D printable conductive hydrogel ink properties
In addition to conductivity, applications in neural engi-
neering require biointerfaces with native tissue-like
mechanical properties (e.g., degradability, mechanical
stiffness, and adhesion) (Fig. 4). However, many current
approaches to engineering such a biointerface often face
trade-offs between conductivity and mechanical proper-
ties. Therefore, the balance between the physical and con-
ductive properties that can provide a biocompatible and
stable implant for long-term use should be considered.

4.1 Biocompatibility

Biocompatibility refers to the ability of a material to inter-
act with biological tissues and systems without causing
adverse effects such as inflammation, toxicity, or immune
rejection. Obtaining minimal or nonexistent immune
responses is essential for cell growth or survival and thus
for designing neural tissue engineering (Fig. 4). Biocom-
patibility is influenced by various factors such as material
composition, surface mechanical properties, electrical
properties, and degradation behavior. Therefore, the bio-
compatibility of 3D printed conductive hydrogel should
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be evaluated in vitro and in vivo prior to their clinical
application.

4.1.1 Toxicity of conductive additives

The toxicity of an engineered conductive hydrogel struc-
ture can result from aggregates or ROS generated from
tissue-material abrasion via mechanical mismatch or
from cytotoxic moieties such as aldehydes or metal ions,
respectively [155—157]. Therefore, the biocompatibility of
conductive additives is a general concern in bioelectron-
ics. Carbon-based additives such as graphene and CNTs
are popular conductive hydrogel solutions that increase
the conductivity [101, 158, 159]. However, the brittle
and sharp surfaces of these additives are known to cause
inflammation and oxidative stress in the surrounding
cells, limiting their use in tissue engineering applications
[66, 160, 161]. Although there have been biocompatible
applications of these additives at low concentrations in
reduced amounts, percolation problems resulting from
low volume decrease the conductivity of the hydrogel
[162]. Similarly, metal-based additives, such as Ag and
Pt, are also known to cause oxidative stress. Therefore,
hydrogels with high volumetric capacitances induced by
functionalized or modified additives are a current trend
in neural engineering [163]. For example, Deo et al.
recently reported a nanoengineered 3D printable hydro-
gel ink from thiolated gelatin and molybdenum disulfide
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(MoS,) owing to its high biocompatibility, conductiv-
ity, and fabrication capability for complex 3D structures
[49]. In addition, nanoengineered MXene hydrogels have
recently been developed for 3D printing applications
[120, 164]; however, only a few reports have discussed
their potency in neural tissue engineering [165]. Finally,
the soft and flexible mechanical properties of liquid met-
als have also been investigated for their potential to mini-
mize adverse cytotoxicity [46, 47, 166]. However, their
biocompatibility for neural tissue engineering has not yet
been confirmed.

Conducting polymers such as PANI [167], PPy [168-
170], and PEDOT:PSS [35, 171-173] are used within
hydrogels to improve their conductivity while preserv-
ing biocompatibility. These organic-based additives
chemically interact with polymer chains such that they
are homogenously mixed into the conductive ink for 3D
printing. Overall, conductive additives that interpen-
etrate biocompatible polymers remain the most widely
used approach in neural tissue engineering applications.
For example, hyaluronic acid was reported to inhibit glial
scar formation after brain damage, thereby preventing
fibrous tissue ingrowth at an injury site [174]. Neverthe-
less, by ensuring biocompatibility, 3D printed conductive
hydrogel offer several advantages for neural engineer-
ing in terms of biodegradability, flexibility, porosity, and
tunability.

4.2 Degradability

One of the advantages of hydrogel-based implants is their
degradability and resorption in the respiratory system. A
clinical study on biodegradable and nondegrading con-
duits found that degradation improved nerve growth
and function [175]. Healthy tissue is regenerated at the
site of the implant as the hydrogel degrades, providing
space for the infiltration of the building blocks. As hydro-
gel degradation is cleavage of bonds and shortening of
polymer chains, it depends on the polymer chain length
and concentration, type and degree of crosslinking, and
in vivo conditions (Fig. 4). Controlling its degradability is
often difficult because of complex physiological functions
when applied to the body. Furthermore, for successful
tissue remodeling in tissue engineering applications, the
neuronal cell proliferation rate must match the hydrogel
degradation kinetics. Therefore, the degradation mecha-
nisms of hydrogels must be considered for the specific
characteristics of the target tissues [176] or coexist with
stable performance [138].

4.2.1 Hydrolysis

Hydrophilic polymer chains are prone to hydrolysis,
which involves the cleavage of ester or amide bonds
due to their affinity to water [148, 177]. Hydrolytic
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degradation is common in hydrogels in which the poly-
mers are often hydrophilic. Therefore, controlling the
hydrophilicity of the overall hydrogel network enables
the modulation of the degradation behavior as well as the
investigation of other controlled releases of small compo-
nents [141]. Dutta et al. achieved degradation-controlled
osteogenesis within a 3D printed GelMA-PPy-Fe con-
ductive gel by tightly crosslinking the network for nutri-
ent uptake by cells [128].

4.2.2 Enzymatic degradation

Enzymatic degradation is specific to hydrogels created
from biopolymers such as chitosan, hyaluronic acid, col-
lagen, and gelatin, which react with specific matrix met-
alloproteinases (MMPs). These enzymes that participate
in enzymatic degradation include lysozymes, hyaluroni-
dases, collagenases, and proteases [178—181]. Enzymatic
degradation occurs by cleavage of the polymer chains
at the target site encoded with a specific enzyme. After
degradation, smaller polymer fragments are either safely
absorbed by cell or transported through the bloodstream
and cleared from body through the renal excretion [182].
However, enzymatic degradation often causes uncon-
trolled degradation of the hydrogel structure. Deo et al.
observed resistance to enzyme degradation in gelatin-
containing conductive hydrogels. Overall, they demon-
strated that the crosslinking of gelatin hydrogels by MoS,
resulted in structural stability under both hydrolytic and
enzymatic conditions for a prolonged period [49].

4.3 Mechanical stiffness

The mechanical properties of the hydrogels with similar
modulus matching to the tissues are key features for sup-
porting the cells to be encapsulated or surrounded. In
2006, Engler et al. reported that stem cell fates are dic-
tated by mechanical cues [183]. It is important to engi-
neer appropriately the matrix stiffness for maturation of
neural stem cells in an aspect of their morphology, exten-
sion, and branching [184, 185]. Particularly, the extracel-
lular matrix-like microenvironment provided by hydrogel
scaffolds can direct either cell-cell or cell-matrix inter-
actions for the development of desirable neuronal func-
tions [186]. Thus, controlling a hydrogel’s modulus to
match the modulus of the surrounding tissue without
compromising its electrical and biological properties will
improve the signaling and transport of different cytokines
and growth factors for neural tissue engineering, particu-
larly in regenerative medicine.

4.3.1 Swelling

Typically, hydrogels are susceptible to swelling, and
uncontrollable swollen networks can lead to irreversible
damage to their structural integrity (Fig. 4). In addition,



Kim et al. Nano Convergence (2023) 10:41

the increased thickness due to swelling applies pressure
to the contacting tissue and impedes blood flow, causing
secondary complications. However, controlling the swell-
ing ratio may enhance the degree of drug delivery and cell
differentiation by providing a loose network for cytokine
and cell infiltration in tissue-engineering applications.
Therefore, it is necessary to modulate swelling resist-
ance to humid physiological environments relevant to its
function. Swelling resistance is the ability of a hydrogel to
resist deformation and volume changes when immersed
in an aqueous environment of the human body, and
the degree of resistance depends on the physicochemi-
cal interactions in the hydrogel network. A common
method to increase resistance to swelling is to increase
the concentration and crosslinking amount of the hydro-
gel network to make it dense. Hydrogels with multiple
crosslinks via ionic interactions [80, 159, 187], metal-
ion coordination bonding [188], or covalent crosslinking
[189, 190] provide flexible and tunable mechanical prop-
erties that enable the swelling ratio to be adjusted for
specific applications.

4.3.2 Porosity
The porosity of a hydrogel is related to its permeability
across the hydrogel. Small pore sizes reduce permeabil-
ity and recovery is slowed, whereas large pore sizes can
lead to instability and failure, and small nutrients, such as
oxygen and growth factors, must be able to infiltrate deep
within the hydrogel network to promote homogeneous
functions and regeneration [171]. Distler et al. reported
on the fabrication of a 3D open-porous electrically con-
ductive scaffold for tissue engineering and observed that
the porous structure increased the cell-seeding efficiency
along with electrical cell stimulation functionality [126].
From an engineering perspective, the porosity can
influence the mechanical stiffness of conductive hydro-
gels in two ways: by affecting the stress distribution
and by providing channels for fluid flow. On one hand,
porosity can reduce the mechanical stiftness of conduc-
tive hydrogels by creating defects and cracks in the net-
work, which can lower the stress-bearing capacity and
fractures. On the other hand, porosity can increase the
mechanical stiffness of conductive hydrogels by facilitat-
ing fluid drainage and relieving internal pressure, which
can prevent swelling and enhance elasticity. Therefore,
porosity should be optimized to balance these effects
and achieve the desired mechanical stiffness for different
applications.

4.4 Adhesion

For stable electrical flow between a conductive hydrogel
and biological tissue, strong and stable adhesion is essen-
tial for the accurate transfer of electrical stimulation and
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recording at the tissue—scaffold interface. In this section,
we discuss the physical and chemical adhesion mecha-
nisms that are considered when functionalizing conduct-
ing hydrogels with adhesive properties (Fig. 4).

4.4.1 Physical interactions

Physical interactions refer to non-covalent forces that
mediate the adhesion between conductive hydrogels and
substrates such as tissues. These intermolecular interac-
tions include van der Waals forces [191], electrostatic
forces [192], hydrogen bonding [36, 136, 139, 192, 193],
and mechanical interlocking [194] that contribute to
adhesion (e.g., polymer chain entanglement on tissue
surface) and self-healing properties of hydrogel. These
forces depend on the surface properties of both the
hydrogel and tissue, such as roughness, charge, polar-
ity, and porosity. Conformal physical interactions result
in mechanical modulus matching. For example, rougher
surfaces can increase the contact area and interlock-
ing between the hydrogel and tissue, thereby enhancing
adhesion strength and conformability [194]. Similarly,
charged surfaces can induce electrostatic attraction or
repulsion at the interface depending on their relative
polarity [157, 195].

4.4.2 Chemical bonds

Chemical interactions refer to the covalent bonds that
form between conductive hydrogels and tissue owing to
biological factors or external chemical precursors, and
these covalent bonds include cis-diol bonds, ester bonds,
amide bonds, disulfide bonds, and click chemistry [134,
142, 193, 196-198]. These bonds are more specific but
provide stronger adhesion energy than previously men-
tioned physical interactions. For example, conductive
hydrogels containing functional groups (e.g., catechol or
aldehydes) which can form covalent bonds with the tis-
sues, show strong adhesiveness. Catechol groups inspired
by marine mussels’ adhesion and tannic acid derived by
plant extracts react with amino acid residues present in
the tissues (e.g., lysine and cysteine) via Michael addition
or Schiff’s base formation [44, 73, 83, 199]. Also, alde-
hyde-containing hydrogels can form imine bonds with
amino groups on tissue surface through Schiff’s base for-
mation [47, 199].

5 Application

5.1 Neural tissue engineering

In the process of neuronal cell growth and differentia-
tions, endogenous bioelectrical signaling has been known
as a crucial factor to enhance the patterning and forma-
tion of the synapse [200, 201]. Conductive hydrogels, as
a scaffold, mimic the electrophysiological environment of
the neuronal tissues and help improve bioelectrical signal
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propagation between cells [15]. For example, conduc-
tive hydrogels composed of PPy, PEDOT:PSS, and CNT
increase cell adhesion and proliferation [73, 79, 95, 202,
203] and promote neuronal differentiation of stem cells
[102, 169, 203-206]. Tringides et al. demonstrated that
conductive viscoelastic alginate hydrogels with CNT
and graphene trigger greater differentiation from neural
progenitor cells (NPCs) to neuron, astrocytes, or myeli-
nating oligodendrocytes than those in non-conductive
hydrogels [102]. Also, when the conductive hydrogels
are in vivo implanted to injured sites of the neuronal tis-
sues, neural tissue regeneration is improved [11, 40, 48,
54, 58, 195, 207, 208]. Zhou et al. developed tannic acid-
doped PPy hydrogels for enhancing spinal cord repair
[11]. Locomotor activity of mice was evaluated 6 weeks
after spinal cord injury, and conductive hydrogel scaf-
fold implantation enabled faster and better restoration
of locomotor activity. Recently, the significance of bio-
mimetic structures for the regeneration of neural tissues
such as the spinal cord and sciatic nerves has emerged.
The implementation of an anisotropic structure and
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heterogeneity of the white and gray matter of the spi-
nal cord promotes regeneration in the spinal cord injury
model [209, 210] and nerve guide conduits with porous,
multichannel structures exhibit effective peripheral nerve
regeneration [211-214]. Therefore, interest in 3D print-
able conductive hydrogel inks has increased to achieve
the synergistic effect of conductive hydrogels and biomi-
metic structures for neural tissue engineering. For exam-
ple, Gao et al. printed a PEDOT-containing conductive
hydrogel ink with neural stem cells (NSCs) into a parallel
linear pattern to mimic the anisotropic structure of the
spinal cord and implanted it into a rat spinal cord injury
model (Fig. 5a) [215]. A 3D printed conductive hydrogel
scaffold promoted NSC differentiation into myelinated
neuron and exhibited a more effective spinal cord regen-
eration than previous result from their research group
using non-conductive hydrogel scaffold (Fig. 5b) [216].
Serafin et al. applied a 3D printable conductive hydrogel
to a spinal cord injury model, which exhibited superior
axonal growth [171]. 3D printable conductive hydrogels
are also useful for cell-patterned in vitro models. For
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example, Kuzmenko et al. printed conductive hydrogels
on non-conductive hydrogels and showed that neuro-
blastoma cells prefer to grow on conductive hydrogel sur-
faces [202].

5.2 Bioelectronics
Conductive hydrogels have emerged as promising can-
didates for bioelectronics with potential applications
in neural engineering. However, significant challenges
remain for the manufacturing of hydrogel-based devices
owing to their complicated mold-casting process.
Although conductive hydrogels offer the advantage of
being implantable in vivo without tissue damage, chal-
lenges remain in directly writing complex circuits owing
to their low tissue adhesion and heterogeneous mechani-
cal properties. Therefore, in recent years, printable con-
ductive hydrogels have been developed to combine the
advantages of hydrogels and conductive polymers for
bioelectronic applications. These hydrogels can be fab-
ricated using various printing techniques, as discussed
previously, into flexible and biocompatible devices that
can be used in neural engineering applications, such as
nerve regeneration using biochemical and bioelectrical
delivery from 3D co-axial printed chips for proliferation
and differentiation (Fig. 6a) [217] or 3D printed skin-like
stress/pressure sensors [218].

Similarly, 3D printed conductive hydrogels have
been shown to provide electrical and mechanical cues
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to modulate neural activity and growth, as well as to
record neural signals with high sensitivity and resolu-
tion. For example, Krishnadoss et al. fabricated a 3D
printed multilayer scaffold from choline/GelM A hydro-
gels, which exhibited bio-interfacing feasibility for
bioelectronics in tissue injury [219]. Tissue repair is a
key research area in bioelectronics because electrical
stimulation to facilitate neuron growth [220] or stem
cell differentiation [196] is most compatible with con-
ductive hydrogels. A silver nanowire and methacrylate
alginate-based electrical hydrogel patch (ePatch) by
Wang et al. exhibited rapid wound closure owing to the
migration of proliferative cells in response to electrical
stimulation [221].

Another key research area in bioelectronics is the
recording of electrophysiological signals. A bioelectrode
is a device that enables the transfer of electrical charge
between an electrode and an electrolyte, such as a biolog-
ical tissue or fluid. Bioelectrodes are widely used in elec-
trophysiological studies to measure the electrical activity
of cells, tissues, and organs. One of the main challenges
of bioelectrodes is overcoming the double-layer capaci-
tance formed at the interface between the electrode and
tissue. However, because of the water-rich and polymeric
nature of hydrogels, 3D printed bioelectrodes with con-
ductive hydrogels generate volumetric capacitance com-
pared with conventional metallic electrodes with areal
capacitance, which ultimately decreases the interfacial
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impedance, thereby enhancing the performance of the
bioelectrode at the interface [9].

In addition to their high conductive performance,
hydrogel electrodes have advantages in terms of bio-
compatibility, flexibility, and adhesion to tissues, ena-
bling high sensitivity to various electrophysiological
signals, such as electromyograms (EMGs) and electro-
cardiograms (ECGs) [222]. For example, a DLP-printed
PEDOT:PSS hydrogel was recently used for EMG and
ECG recordings [96]. Similarly, PVA/borax/PEDOT:PSS
hydrogel electrodes were used as epidermal patches for
ECG and EMG monitoring [223] and extrusion printed
PEDOT:PSS/rGO electrode arrays were used for EMG
and ECG measurements [224]. In another study, triple-
network crosslinked hydrogel electrodes composed of
PVA, sodium alginate, and PAAm were used for EMG,
ECQG, respiration, and joint monitoring [166].

In addition to EMG and ECG signals, other elec-
trophysiological signals such as electrocorticograms
(ECoGs), electrooculograms (EOGs), and electroen-
cephalograms (EEGs) can be recorded using 3D printed
conductive hydrogels. For example, Won et al. reported
a water-stable, digital light patterned PEDOT:PSS hydro-
gel neural electrode, which can be used for neural signal
recording and stimulation over 6 months (Fig. 6b) [35].
In another work, PEDOT:PSS crosslinked with PEGDA
and alginate has been used to fabricate self-adhesive
and conductive hydrogel electrodes for EOG recording
[225]. Additionally, pSLA-printed hydrogel strain sensors
were used for recording EOG and EEG signals [226]. In
addition to previously mentioned monitoring, real-time
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recording or stimulation is possible with conductive
hydrogel. Long-term stable ECoG array developed sepa-
rately by Zheng et al. and Yuk et al. successfully recorded
bioelectronic response from brain (Fig. 7) [89, 92, 227].

Purely conductive hydrogel-based electrodes may have
limitations in bioelectronics owing to their uncontrolla-
ble degradability, swelling, and lack of flexibility. There-
fore, several novel regeneration interfaces that combine
other classes of materials with hydrogels have been
developed. For example, Cao et al. reported diabetic
wound healing using a combination of electrospun pol-
yurethane nanofibrous membranes and a 3D extrusion-
printed choline/GelMA hydrogel [228]. Chronic wound
healing was observed owing to the regulated release
of doxorubicin from the fabricated conductive wound
dressing. In a nerve application study, Hiendlmeier et al.
demonstrated peripheral nerve stimulation via a SLA-
fabricated 4D cuff electrode that had a bilayer of flexible
substrate and hydrogel [229]. In the field of bone regener-
ation, Li et al. 3D printed a bioactive prosthetic interface
with a titanium alloy and a conductive supramolecular
hydrogel composed of PVA, chitosan, agarose, and silver
nanowires to improve osteoporosis [230]. Therefore, for
long-term applications and biocompatibility, conductive
hydrogels may be combined with other materials to gain
advantages such as the malleability of conductive hydro-
gels into 3D printing and the lasting structural conform-
ability of elastomers or ceramics. In conclusion, either in
pure hydrogel or in combination approaches, printable
conductive hydrogels are promising materials for devel-
oping advanced neural interfaces and therapies.
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6 Outlook

In conductive hydrogel printing for versatile neural engi-
neering, it is generally understood that the quality of 3D
printed structures largely depends on the chemical com-
position of the hydrogel. Therefore, while many studies
have focused on materials associated with 3D printable
structures, studies related to selection of optimal printing
strategies have not been considered as significant. A few
novel engineering methods for printing the structures
of conductive hydrogels include combined strategies or
augmentation of conventional methods. Orthogonal pho-
tochemistry-assisted printing (OPAP), developed by Wei
et al., combines 3D extrusion printing with visible-light
photogelation to print TCHs that can be used for hydro-
gel arrays [189]. Ahn et al. utilized air-pressure-assisted
pen-nib printing for novel approach to printing electron-
ics [231]. Silva et al. introduced a unique electro-assisted
hydrogel deposition of PEDOT and alginate droplets
based on electrochemical reactions (Fig. 8a) [232]. Peng
et al. demonstrated the co-axial 3D printing of conduc-
tive and degradable GO-PPy-alginate chips for skin
neuronal differentiation. The shell ink (GPA-SDF-1) was
fabricated by anchoring SDF-1 chemokine to GO-PPy
in alginate ink while the core ink (CGP/bFGF-pDNAs)
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was made by conjugating GO with PEI (polyetherim-
ide), transfected with bFGF-pDNA (plasmid DNA), and
crosslinked with MMP-2 (matrix metalloproteinase-2)
sensitive peptide sequences. The core—shell structure
from co-axial printing was stimulated with bioelectri-
cal signal and showed differentiation and maturation of
MSCs (mesenchymal stem cells) to functional neuronal
cells (Fig. 8b) [217]. Beyond unconventional printing
techniques described above, the conductive materials to
be loaded in the hydrogel ink can be newly designed for
further neural engineering. Using laser irradiation, gra-
phitization of various organic materials (e.g., polydopa-
mine and lignin) and thermal annealing of PEDOT:PSS
can be induced [35, 233, 234]. Furthermore, photother-
mal energy caused by laser irradiation can generate selec-
tive conductive path within the hydrogel inks, realizing
delicate 3D printing of bioelectronic devices [35, 234].
Regarding these, Miyakoshi et al. developed a hydrogel
capacitor through laser-induced lignin graphitization in
agarose hydrogel, and Won et al. reported PEDOT:PSS
patterning based on laser induced photothermal energy
from gold nanoparticles [35, 234]. To sum up, the 3D
printing of conductive hydrogels has recently led to
remarkable advances in the fabrication of complex and

P/G-stat|

v ¢

——
A4

)

Fig. 8 Unconventional printing techniques for conductive hydrogels. a Electro-assisted printing via controlled electrochemical reactions: (i)
printing mechanism and (i) printing set-up with P/G-stat (potentiostat/galvanostat). Reproduced with permission from [232], copyright Springer
Nature, 2022. b 3D co-axial printed chip for skin nerve regeneration in wound: (i) ink materials and preparation, (ii) co-axial printing of core-shell
microfiber. Reproduced with permission from [217], copyright John Wiley and Sons, 2020
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functional structures. Novel 3D printing strategies can
solve the limitations of conventional methods such as
printing resolution, biocompatibility, and functionality.
These printing strategies have the potential to revolu-
tionize and ultimately contribute to the development of
a toolbox for designing conductive hydrogels for bioel-
ectronics as well as advanced tissue engineering appli-
cations. In the near future, such 3D printed conductive
hydrogels would be promising as a tool to electrically
stimulate on neural tissues, record their electrophysio-
logical signals with high signal-to-noise ratio and provide
neural tissue-mimetic scaffold with improved therapeutic
efficacy. Toward clinical translation, the 3D-printed con-
ductive objects, or the conductive hydrogel inks by them-
selves might allow future close-looped neuroprosthesis
capable of stimulation, recording, and restoration of the
electrophysiological signals from human body stimulate
and can be utilized as therapeutic platform for spinal
cord and peripheral nerve.
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