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Abstract

Native tissues are affected by the microenvironment surrounding the tissue, including
electrical activities. External electrical stimulation, which is used in replicating
electrical activities and regulating cell behavior, is mainly applied in neural and cardiac
tissues due to their electrophysiological properties. The in vitro cell culture platform
with electrodes provides precise control of the stimulation property and eases the
observation of the effects on the cells. The frequently used electrodes are metal or
carbon rods, but their risk of damaging tissue and their mechanical properties that are
largely different from those of native tissues hinder further applications. Biocompatible
polymer reinforced with conductive fillers emerges as a potential solution to fabricate
the complex structure of the platform and electrode. Conductive polymer can be
used as an ink in the extrusion-based printing method, thus enabling the fabrication
of volumetric structures. The filler simultaneously alters the electrical and rheological
properties of the ink; therefore, the amount of additional compound should be precisely
determined regarding printability and conductivity. This review provides an overview
on the rheology and conductivity change relative to the concentration of conductive
fillers and the applications of printed electrodes. Next, we discuss the future potential
use of a cell culture platform with electrodes from in vitro and in vivo perspectives.

Keywords: Extrusion-based printing; Conductive filler; Tissue engineering;
Rheology; Conductivity

1. Introduction

Tissue engineering has expanded human knowledge and the ability to regenerate
and reconstruct human organs. In addition, advancements in tissue engineering
have enabled the fabrication of tissues that mimic the original tissue function in the
in vitro analysis and the transplantation of engineered tissues. Recent studies have
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suggested that recapitulating the physical and chemical
microenvironment of the tissue enhances the performance
of the engineered tissues!"!. The Electrophysiology of tissue
has caught attention as an important property,* because
the tissue functions are regulated by their own or innervated
nerve’s electrical activities. External electrical stimulation
induces the depolarization of the cell membrane, and
the modification of the intracellular dynamics and ion
concentration. Intracellular activities contribute to changes
in the morphology of cells and the secretion of proteins or
hormones, which affect cell behaviors, such as migration™,
proliferation®”!, differentiation®, and maturation®'".
The in vitro cell culture platform integrated with
electrodes has emerged as a promising approach to exert
electrical stimulation and has been shown to demonstrate
meaningful results; however, the exact mechanisms of
each cell function modulation have yet to be delineated.
In addition, the electrical stimulation properties used in
in vitro culture platform should be optimized. Direct
current and alternating current influence cells with
different mechanisms, and the voltage, current, frequency,
pulse width, and duration affect the viability and behaviors
of the cell™. Therefore, controlled microenvironment and
optimized electrical stimulation properties have always
been an essential goal for the optimization of stimuli and
precise analysis.

In general, in vitro cell culture platforms for electrical
stimulation comprise two electrodes, which are placed
into the aqueous media, as shown in Figure 1A. The
external stimulator applies a constant voltage or current
to the electrodes, while the tissue is cultured between
the electrodes, where the electrical field is exerted. The
electrodes are frequently composed of biocompatible
metals (e.g., platinum"'*"l or titanium!) or carbon
rods!'?. However, metal electrodes have arisk of irreversible
faradaic reactions due to their low charge injection
capacity!®'”], while carbon rods might rupture, generating
harmful carbon particles due to their brittleness. In
addition, the high mechanical properties and brittleness of
the metal and carbon electrodes have been vital drawbacks
for various applications with different sizes and designs.
To address the current challenges in developing advanced
electrical stimulation systems with high versatility, three-
dimensional (3D) printing technology is exploited as the
standard fabrication method with high spatial resolution
that can apply various inks!*..

Compositeink provideshigh flexibility in achieving various
needs as ink for extrusion-based printing. The incorporation
of insoluble fillers (e.g., nanoparticles, nanotubes, and fibers)
into the composite ink affects the printability, mechanical and
structural properties, and conductivity™”. Among various

types of composite inks, conductive ink fabricated by blending
conductive fillers into biocompatible polymers has been
proposed as a novel material for biocompatible electrodes.
The high capacitance and elasticity potentiate the conductive
ink as a safe electrode material with a low risk of damage to the
electrode and tissuel*?. The conductive fillers not only affect
the conductivity of the polymers but also their rheological
properties and printability. In general, a high concentration of
fillers results in high conductivity, instead of low printability
due to high viscosity and clogging of the nozzle. As high
conductivity is preferable to reduce the effect of leakage
current, determining an appropriate concentration of fillers
is essential to achieve the best conductivity and printability.
However, the nonlinear characteristic of conductivity and
their relationship with the filler morphology makes predicting
the optimum concentration of fillers difficult.

Increasingly, many studies on 3D volumetric tissue
structures have been published, and 3D volumetric
structures are known to be able to better replicate the
tissue microenvironment compared to 2D structures®?¥,
Commonly used platforms could not exert even electrical
stimulation to 3D structures, thus lowering the reproducibility
and consistency of the results. 3D printing with conductive
ink facilitates the adjustment of printed features with electrode
size, shape, number, and chamber size and shape. The assembly
of bioink and conductive ink is assisted by multi-material
3D printing, which can simultaneously construct intricate
structures with multiple nozzles and inks®. Therefore, ink
with conductive fillers play a critical role in 3D printing due
to its high conductivity, printability, and biocompatibility with
variable rheological properties.

First, this review discusses the mechanism of the
rheology and conductivity change with the introduction
of the filler. Next, we summarize some applications of
conductive ink with different fillers, such as metals, carbon-
based materials, and MXene. Lastly, this review examines
the current state and proposes future directions on
electrode integrated tissue culturing platforms fabricated
ion using conductive ink for electrical stimulation or
sensing of engineered tissue.

2. Basic properties of ink with fillers for the
extrusion-based printing process

2.1. Understanding rheological properties as criteria
of the extrusion process

The extrusion-based printing process requires precise
manipulation of printing parameters (e.g., nozzle
size, pressure, and feed rate) for high accuracy and
reproducibility®. The decision of parameters largely
depends on the rheological property of the ink.
Furthermore, the rheological property of the ink
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contributes to alleviating clogging during printing and
shape fidelity after printing.

The ink experiences high shear stress during the
printing process and there is no shear stress after printing.
The ink’s behavior can be analyzed in terms of the resistance
to deformation depending on shear stress, called viscosity,

0
derived from Newtons law of viscosity, T=(Ma—u] (271,
y

Materials that have a constant viscosity u independent

of the shear stress are called Newtonian materials, while
materials in which the viscosity differ in accordance with
the shear stress are called non-Newtonian materials™!.
The viscosity of a shear-thickening material increases with
shear stress, while the viscosity of a shear-thinning material
decreases with shear stress™®! (Figure 1B). Shear-thinning
materials have a prominent advantage in extrusion-based
printing as the shear stress during the extrusion process
decreases the viscosity, facilitating its flow out from the
nozzle. After extrusion, the material recovers its viscosity,
resulting in high fidelity in the printed result.

Similarly, the complex modulus quantifies the
viscoelastic behavior, which describes both the viscous
and elastic behaviors under deformation™!. Complex
modulus comprises the storage (G’) and loss modulus
(G”)B. The storage modulus measures the stored energy,
which represents the material’s elastic behavior, while the
loss modulus measures the energy dissipated through
heat, which represents the material’s viscous behavior.
The tan J value is defined as the ratio of the loss modulus
over storage modulus (G”/G’), which indicates whether a
material is elastic (tan & < 1) or viscous (tan & > 1)B%, The
modulus varies with conditions such as the shear stress or
temperature. The complex modulus shows the behavior
of the material concerning the shear stress and time.
Thixotropy represents the rheological property, in which
the viscosity of a material recovers over time®".. Figure 1C
shows the common complex modulus of a thixotropic
material with respect to time, and Figure 1D shows the tan
d value with applied shear stress. The thixotropic behavior
affects the hardening of the ink after printing and increases
the printing fidelity.

2.2. Understanding the property of a filler and the
forces between fillers

Biocompatible polymers are frequently used as the base
material for bioelectronic devices. To meet the myriad
properties of natural tissue, the properties of polymers
are modified by adding fillers (Figure 2A). The introduced
fillers can upregulate the mechanical properties and provide
electrical conductivity. Fillers with high conductivity have
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Figure 1. (A) Typical design of an electrical stimulation system with
metal rod, (A) reproduced from Ref.!"! under Creative Common License,
(B) Three types of fluids in terms of viscosity, (C and D) Commonly
examined rheological properties with respect to time.

diverse sizes and aspect ratios, ranging from nanometer
scales to micrometer scales, spherical to rods or platelets.
The aspect ratio is the largest characteristic length divided
by the opposite length; the aspect ratio of a cylinder is
defined as L/D and that of a platelet is defined as D/L
(Figure 2B). The distance between particles, which
depends on the concentration of the filler greatly affects the
properties of an ink. The interparticle distance (denoted as
H in Figure 2B) typically has a value of several nanometers
for an ink with a high concentration filler.

The properties of the ink rely on the interactive forces
between particles or between particles and the ink®?. The
colloidal interactions are the dominant force when the
concentration is high and the particles are sufficiently close.
The Van der Waals force acts as an attractive force between
particles® that are closer to several nanometers. A high
aspect ratio (>1,000)®% and low particle size contribute
to an increase in the contact site and the Van der Waals
force®. The attractive depletion force develops when the
filler is large and dispersed in the ink with non-adsorbing
small molecules®®!. The electrostatic force is a repulsive
force when the fillers have a charge®™ and the behavior
of fillers is determined by the correlation between three
forces (Figure 2C).

3. Properties of ink with conductive fillers
for extrusion-based printing process

3.1. Modifying rheological and electrical properties
with filler supplement

The addition of fillers modifies the inks rheological
properties. The attractive force between particles
constructs a 3D structural linkage within the ink and
upregulates the ink’s viscosity with the filler at low shear
stress. When shear stress is applied, the bond between
particles “slips” to another particle®®. This “slip” modifies
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the distance between particles and breaks down the linkage,
leading to low viscosity. In addition, viscous interactions,
which represent the friction between particles and the
surrounding matrix, overwhelm the colloidal interactions.
Fillers with a high aspect ratio have a larger surface area,
which results in high friction and viscosity compared to
the fillers with a low aspect ratio”. After printing, the
particles reform their bonds and retain their viscosity.
The alteration of the rheological property enhances the
shear-thinning behavior of the material and yields high
printability and fidelity in the printed product®®..

The conductivity of the ink increases proportionally
with the concentration of the conductive fillers. High
conductivity contributes to low-energy dissipation and
reduces the leakage current and tissue damage®!. Electrons
and ions move with an electrical field, causing an electrical
conduction in conductive ink. The conductivity of metals
or carbon originates from mobile electrons, which is
known as electronic conductivity. When electrolytes are
included in the material, the charges can be transferred
through ions, which is known as ionic conductivity™!.
The electronic conductivity originates from the network
formed by the conductive fillers with the interactive
forces. In a high concentration of filler, direct contact
between fillers works as a conductive path™. However,
it is known that direct contact is not the main root of
conductivity. Meanwhile, in the part, where fillers do not
directly contact with each other, electrons pass through
the polymer by the quantum tunneling effect, hopping
over the non-conductive polymer!*!. The main charge
transport mechanism is known to be electron tunneling
in a percolated network!*?. Percolation theory implies that
the rigid network of the conductive path is formed over
percolation threshold concentration. The conductivity is
calculated using the empirical equation™;

o=0,(V-V.)

=)

—¢

' Polymer
~ - Filler
. ® .. (& '®
+ - - + s . °
+ - - + . . .
+ - - + . s .
I = - I K ., .o
+ - - + . o
+ - = + - .
Van der Waals Electrostatic Depletion

Figure 2. (A) Conductive fillers are blended in polymer. Properties of
fillers (B) and forces between fillers (C).

Where o is the conductivity of the ink, V is the
volume fraction of filler, V_ is the volume fraction of
filler at the percolation threshold, and ¢, and t values are
determined analytically. The equation is only valid when
the concentration is greater than the percolation threshold
concentration. Figure 3 shows a typical conductivity
increase of ink with conductive filler. The conductivity
rapidly increases around the percolation threshold and
saturates beyond that. Therefore, the percolation threshold
is an important criterion in the selection of filler and their
concentrations.

The rheology and conductivity of the ink differ greatly
in proportion with concentration, particle size™, and
aspect ratio" of the filler. For example, when using a filler
with a high aspect ratio, the percolation threshold will be
low due to the large contact surface. The ink will show low
printability due to the highly attractive forces between
the fillers. Therefore, a relatively low concentration of
filler should be chosen for the ink to be easily extruded,
with conductivity reaching the saturation value (over the
percolation threshold). In addition, a high concentration
of fillers is known to decrease cell viability™!. Hence, one
should decide the required conductivity of the bioelectronic
device and the printing process and then choose the
appropriate filler and ink concentration considering the
cell viability.

3.2. Various methods for preparing conductive ink

The printability and reproducibility depend not only on
the property and concentration of the filler but also on
the ink’s dispersion state. Uneven dispersion of the ink
leads to nozzle clogging and low-quality printing results.
The fillers inside the polymer tend to aggregate due to the
interactive forces between particles!*®. This aggregation
increases the minimum distance between the agglomerate,
thus increasing the percolation threshold concentration
and lowering the conductivity of the ink at the same
concentration*. In addition, Brownian interactions

Percolation threshold

Conductivity

Concentration

Figure 3. The conductivity increases with concentration.
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dominate the behavior of inks with low concentration
and low viscosity®®, and if gravitational forces exceed
the Brownian forces, the fillers will sediment during the
procedure. This section describes the commonly used
methods to achieve an even distribution of fillers.

3.2.1. Physical method

The simple way to mix filler with polymer is through
mechanical mixing with a stirrer. A solvent is usually
added to the polymer and filler, as the composite usually
has high viscosity during the stirring process. Although
a large, low-aspect-ratio filler can be dispersed evenly
inside a polymer via mechanical mixing, fillers with a
high aspect ratio, such as carbon nanotubes (CNTs),
showed piles of agglomerates even after the mixing
process ended and tended to reaggregate!®!. Fillers with
a high aspect ratio tend to have higher interactive forces
due to the high surface area as discussed before. Energy
higher than the interactive forces should be transmitted
to break down the agglomerate. The sonication method
applies ultrasound waves through the composite and
exfoliates the agglomerates. However, extensive or long
exposure to sonication may cause fracturing of the filler,
diminishing the mechanical and electrical properties®®?.
In addition, increases in temperature may affect the
material’s properties. Therefore, the sonication power and
the on/off interval should be adjusted specifically for the
filler.

3.2.2. Chemical method

The difference in the polarity of the filler and the polymer
hinders the blending of the filler and enhances the
reaggregation tendency during the curing process. Adding
surfactant considering the chemical bond with the base
polymer and the composites helps even out the distribution,
leading to high printability and conductivity. Gold
nanorods (GNRs) tend to aggregate due to the attractive
interactions between particles. Cetyltrimethylammonium
bromide (CTAB) is a commonly used surfactant, although
it exhibits toxicity to cells and tissues. Zhu et al. coated
gelatin methacryloyl (GelMA) on a CTAB bilayer
to fabricate GelMA-coated GNRs (G-GNRs)PY. The
conductive ink produced by mixing G-GNR filler with an
alginate prepolymer solution showed cytocompatibility
and enhanced electrical signal transmission between
cardiac cells. Likewise, CNT also showed a tendency to
aggregate due to the Van der Waals forcel!. Surfactants
such as sodium dodecyl sulfate can be used to achieve
better dispersion®®?. Similarly, surface modification
through chemical functionalization plays a crucial role
in steady dispersion®. Ravanbakhsh et al. dispersed
multiwalled carboxylic (-COOH) functionalized CNTs

with triton X-100 as a surfactant to prevent the generation
of agglomerates>.

4. Various types of conductive fillers and
applications in extrusion-based printing

4.1. Metal fillers

Metal nanomaterials show high conductivity and are used
as conductive filler. Gold and silver nanoparticles (AgNPs)
have been commonly used to create flexible electronics,
and their use has been expanded for bioelectronics.
However, their high cost and the high-temperature
sintering process”®?! have been main drawbacks for their
implementation in the 3D printing platforms. Recently,
zinc (Zn) has been adapted as a novel electrode material
on the basis of its sufficient levels of biodegradability and
biocompatibility®®. The biocompatibility of polymers,
concentration of filler, conductivity and rheological
properties, synthesis method, and the application of each
type of filler are discussed below (Table 1).

4.1.1. Silver-based printing ink

Silver has high electrical conductivity and stability in
water and is used for diagnostic and therapeutic purposes.
Ahn et al. dispersed AgNPs with mean size of 20 nm into
poly(acrylicacid) by sonication process'™!. The conductivity
of the 70 wt% ink was 107 S/m after annealing for 30 min at
250°C, almost reaching the conductivity of bulk silver (10°
S/m). The elastic modulus of the ink increased from 10 Pa
to 10* Pa with a concentration of the filler from 60 wt% to 75
wt% and a viscosity as around 10-100 Pa-s. A high elastic
modulus enabled the printing of the structure of several
layers with high fidelity. Furthermore, the structure can be
built vertically at any angle (e.g., overhanging electrode).

Britton et al. used silver nanowires (AgNW) as a filler
in the base polymer w-pentadecalactone-co-e-decalactone
copolymer (PDL)®*l. AgNW has a high aspect ratio
with an average diameter of 30 nm, an average length of
100 - 200 pm. Due to the high aspect ratio, the PDL/AgNW
ink showed a low percolation threshold concentration of
0.4 wt% and high storage modulus of >10° Pa at 2 wt%. The
sheet resistance of the ink was around 320 €/sq. The strain
gauge of PDL/AgNW ink was printed and embedded in
pristine PDL film, and the biocompatibility study showed
the reduction of astrocyte area, which is activated by the
foreign body reaction.

4.1.2. Zn-based printing ink

Zn is a biodegradable and biocompatible material used
for biomedical applications. Farizhandi et al. blended Zn
particles (<44 um) in poly(glycerol-co-sebacate) acrylate
(PGSA) and chemically sintered Zn particles with acetic
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Table 1. Type of conductive fillers and the properties of ink

Filler Polymer Concentration ~ Method Conductivity Application Ref.
Metal Silver nanoparticles Poly(acrylic acid) 70 wt% Sonication 107 S/m Self-supporting [57]
microelectrodes
Silver nanowires w-pentadecalactone-co-¢- 2 wt% - 320 Q/sq Strain biosensor [58]
decalactone copolymer
Gold nanoparticle GelMA 0.1 mg/ml - 0.82+0.07 S/m  Conductive scaffold  [67]
Zinc particles poly(glycerol-co-sebacate) 70% Chemical 1.6886+0.4310 S/m Conductive ink [59]
(<44 pm) acrylate sintering
Carbon  MWCNT Gellan Gum >30 wt% Sonication 5030 S/m Strain gauge [52]
SWCNT GelMA 37.5 wt% DNA 128+15S/cm  Strain gauge [68]
surfactant 3D conductive
sonication construct
SWCNT Cellulose nanofibrils/ 20 wt% Pluronic 213.2 S/m Conductive scaffold  [69]
alginate F-127
surfactant
sonication
Graphene flake Polylactic-co-glycolide 75 wt% Sonication 800 S/m Conductive ink [64]
Graphene oxide Polyvinyl alcohol 7 mg/ml - 100 S/m Conductive ink [65]
Reduced graphene Agarose 1.5 mg/ml Thermal 2.07 S/m Bioelectrodes Strain  [70]
oxide annealing Sensors
Electrochemically PDMS submicrobeads 0.83 vol% - 0.06 S/m Wearable tactile [66]
derived graphene oxide sensors
Graphite PDMS 45 wt% - ~30 S/m Heart patches with [71]
built-in electronics
Carbon black Thermoplastic 25 wt% - 84.1 S/m Strain gauge for [72]
polyurethane cardiomyocyte
Mxene Metal carbide GelMA 0.1 mg/ml - 0.94 S/m Conductive scaffold  [67]
(Ti3C2Tx)
Metal carbide Superabsorbent polymer 290 mg/ml Mechanically - Micro- [73]
(Ti3C2Tx) beads stirring supercapacitors

GelMA: Gelatin methacryloyl, PDMS: Polydimethylsiloxane, SCNT: Single-walled carbon nanotubes, MCNT: Multi-walled carbon nanotubes

acid®. The PGSA/Zn ink did not show high conductivity
(1072 S/m) even at the high concentration ratio of 70%.
The SEM image showed low network formation between
Zn particles. After chemical sintering, the conductivity
of PGSA/Zn ink drastically increased to >1.5 S/m for a
concentration ratio of >60%. The chemical sintering formed
a physical network between Zn particles, leading to high
conductivity and low percolation threshold concentration.
The average viscosities of PGSA/Zn ink of 50%, 60%, and
70% concentration are 52.62 Pa-s, 73.36 Pa-s, and 139.90
Pa-s, respectively, which makes extrusion difficult. After the
chemical sintering process, the average viscosities dropped
to 23.68 Pa-s, 27.87 Pa-s, and 35.59 Pa-s, respectively. The
reduction of viscosity may be due to the agglomeration of
the Zn particles, decreasing the interactive force between
particles. The PGSA/Zn ink showed biocompatibility
in vitro and in vivo, and degraded rapidly on the 1% day,
but slowly afterward due to the hydrophobicity of PGSA.

These properties show the potential of the fabrication of
implantable flexible electronic devices.

4.2, Carbon-based composite
4.2.1. CNT-based printing ink

CNT is a promising conductive filler with high conductivity
and a high aspect ratio. According to the orientation of the
hexagonal structure, CNTs have three different structures,
namely, armchair, zigzag, and chiral®. The armchair
structure shows high conductivity, while the zigzag and
chiral structures show semi-conductive behavior. Simulation
result has indicated that the composite with armchair CNTs
showed a conductivity of six orders of magnitude, which is
higher than that of the composite with zigzag-type CN'Ts(!.
CNT can also be divided into single- (SWCNT) and
multi-walled CNT (MWCNT), which differ in terms of
the diameter of the structure. The structural difference
contributes to a difference in the required energy for the
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distribution and percolation threshold concentration.
Pidcock et al. dispersed MWCNT into gellan gum (GG)",
which is a linear, anionic polysaccharide and has been
approved by both the US Food and Drug Administration
and the European Union for medical usagel®. The
biocompatible property of GG allows the use of wearable or
transplantable strain gauges. The research team dispersed
the ink at the ratio of 1:10-1-5:10-1 (indicating 1 mg/mL
of MWNT and 0.1-0.5 mg/mL of GG) and 2:10-1-2:10-15
(indicating 1-15 mg/mL of MWNT and one-fifth of GG)
with ultrasonication and analyzed the viscosity and the
conductivity. The viscosity of 2:10-1 is comparable to that
of water (~1 mPa-s) at all shear rates. The viscosity of
2:10-15 at a low shear rate is 1000 mPa-s, which is more
than twice higher than that of 4 mg/mL GG. However, the
viscosity decreases to around 200 mPa-s at a high shear rate,
similar to that of 4 mg/mL GG. This observation supports
the enhancement of shear-thinning behavior with the
introduction of filler. The strain gauge with a gauge factor
value of around 15 can be fabricated using the ink.

Pedrotty et al. mixed SWCNTs in nanofibrillated
cellulose with the surfactant Pluronic FI127 at a
concentration of 1.9 wt%!®*. The complex modulus NFC/
SWCNT ink implied elastic behavior (tan § < 1) below
100 Pa and viscous behavior (tan § > 1) over 100 Pa, proving
shear-thinning behavior for extrusion-based printing. The
decrease in viscosity in response to the shear rate verifies
this property. The conductivity of the NFC/SWCNT
was around 43 S/m. The NFC/SWCNT ink is printed on
biocompatible BNC film and attached to the ventricle
incision; the conductive patch proved the ability to restore
the conductive velocity of the heart.

4.2.2. Graphene-based printing ink

Graphene is a single layer of carbon sheet with high
conductivity and mechanical properties. Jakus et al
fabricated a 3D printable graphene (3DG) composite by
combining 75 wt% graphene flakes with biocompatible
and Dbiodegradable polylactide-co-glycolide (PLG)™".
The solvent was evaporated in a sonicating bath until the
viscosity reached 30 Pa-s. The 3DG showed high fidelity
that could stack >700 hundred layers and conductivity
of >800 S/m after annealing. However, the hydrophobic
property of graphene hinders its biomedical and
implantation applications. Therefore, graphene oxide
(GO), oxidized graphene that includes oxygen functional
groups, or reduced graphene oxide (rGO), which is redoxed
GO for its desired properties is used instead. Garcia-
Tundn et al. generated a water-based paste with GO and
various materials (e.g., polymers, ceramics, and steel).
GO suspension showed shear-thinning behavior when
diluted in water at 0.1 — 0.6 vol%. The storage modulus

rapidly increased with the GO concentration >2 vol% to
the printable range and showed shear-thinning behavior.
The research team hypothesized that some GO flakes
roll up at high concentrations, enhancing their elastic
properties by forming strong network. The GO ink showed
conductivity of around 100 S/m with and without additional
components such as F127. Similarly, Shi et al. formulated
aqueous ink with electrochemically derived GO (EGO)
and polydimethylsiloxane (PDMS) submicrobeads®!. The
PDMS/EGO ink showed shear-thinning behavior, proven
by viscosity decrease with shear rate, and complex modulus.
Due to its thixotropic and viscoelastic properties, ink can be
printed with a small inner nozzle diameter (50 pm). After
the annealing process, EGO deoxygenated and covered
the PDMS submicrobeads, increasing the conductivity
(0.06 S/m for 0.83 vol%).

4.3. MXene-based printing ink

After the introduction of graphene, the potential of 2D
materials has caught the attention of research community.
A novel 2D material called MXene is fabricated from
the MAX phase, composed of Mn+1AXn, where M is a
transition metal, A is an A group (mostly IITA and IVA
group) element, X is Cand/or N,and n=1,2,3"%. The A layer
can be etched out using an acid such as hydrofluoric acid,
leaving the Mn+1Xn layer. MXenes show extraordinary
mechanical and electrical properties. Among various
types of MXenes, Ti,C,Tx, where Tx represents the surface
terminators (e.g. OH, O,, or F), is known to be non-
toxic™l. Boularaoui et al. used low-concentration GelMA
hydrogels as a polymer, and Ti,C,Tx MXene as a filler
to create a conductive compositel®”.. The ink containing
0.05 mg/mL MXene showed high cell viability after day 7,
although the cell viability of 0.1 mg/mL MXene dropped
on day 7. The ink showed shear-thinning behavior with a
slight increase in viscosity at a low shear rate as expected.
The conductivity of the ink was around 0.65 S/m and
0.94 S/m at 0.05mg/mL and 0.1 mg/mL, respectively,
which is comparable to the conductivity of the electroactive
tissues (0.4 — 0.9 S/m). Orangi et al. dispersed Ti,C,Tx
MXene and super absorbent polymer beads with DI water
and 3D-printed micro-supercapacitors”. The ink showed
shear-thinning behavior and the storage modulus larger
than the loss modulus (tan d < 1), making the ink printable
and sustaining the structure without additive at room
temperature. The printed structure exhibited outstanding
areal capacitances and maximum energy density due to the
high electrical conductivity of MXene.

5. Electrode integrated cell culture platform

The extrusion-based printing technology facilitates the
embedding of the electrode inside the base polymer
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due to its self-healing behavior”. When the electrode
is exposed to the surrounding circumstances, it suffers
from current leakage, protein fouling, and corrosion,
thus reducing the electrode’s efficiency and lifecycle>”7],
The passivation by encapsulating the electrode prevents
direct contact with outer environments, decreasing the
threat of damage to the electrode and tissuel”®. Electrodes
can be used either for electrically stimulating the tissues
or sensing the electrical properties of tissues. Mature
cardiomyocyte shows spontaneous beating behavior and
electrical signals related to the calcium ion transient™.
Asulin et al. fabricated a cardiac patch with built-in
electronics that can sense signals and stimulate the tissue
at the same time”!. The serpentine electrode was printed
with PDMS ink with 45 wt% graphite filler that has a
conductivity of around 30 S/m. The serpentine structure
was selected to reduce the destruction of the electrode by
contraction or elongation. The electrode was embedded
in PDMS with the surfactant for the hydrophilic property
and the cell-laden omentum-based hydrogel surrounds
the entire structure. Six electrodes were embedded except
for the two ends for the contact and two electrodes
were completely exposed to apply an electric field to
the engineered tissue. After 7 days of culturing cardiac
cells derived from induced pluripotent stem cells,
the extracellular potential signals were verified to be
similar to those of neonatal ventricular cardiomyocytes.
Furthermore, electrical stimulation of 1 or 2Hz, 7 V,
50 ms-long pulses were applied. The contraction of
the engineered tissue synchronized with the electrical
stimulation proved the ability to control the tissue.

The electrodes can also be used as strain gauges, as
the strain affects the distance between the fillers®. The
embedded strain gauge minimizes the reaction with
the media and the signal noise. Lind et al. printed an
embedded strain gauge with TPU ink dispersed with 25
wt% carbon black fillers (CB: TPU)". The Microgroove
PDMS layer was printed above for the biocompatible
environment and alignment of cardiomyocytes. The
polyamide ink dispersed with silver flake fillers (Ag: PA)
was printed afterward for contact between the strain
gauge and the wire. As the THF solvent was left inside the
CB: TPU ink, the viscosity was dependent on the solvent
evaporation and did not show shear-thinning behavior.
Meanwhile, Ag: PA ink has tan d < 1 at low strain and tan
& > 1 at high strain, showing high printability and fidelity
when stacked. The conductivity of the CB: TPU ink was
84.1 S/m, while the conductivity of the Ag: PA ink was
around 1.53-10° S/m. As cardiomyocyte maturates, the
tissue contracts and rolls up the entire platform, leading
to the relative resistance change in the strain gauge. The
value and the frequency of the relative resistance change

peek was recorded in real-time to analyze the drug’s effect
on the engineered tissue.

6. Future applications

Electrical stimulation has been adopted as a promising
technique for controlling cell behavior. It has been mainly
applied to neuronal, cardiac, and muscular tissues that
show spontaneous electrical activity. Recently, electrical
stimulation has been applied to other tissues, such as skin,
and in bone regeneration, accelerating the healing process
by elevating cell proliferation and enhancing antimicrobial
properties®®#2. Furthermore, with increasing studies
about the relationship between endocrine cells and the
innervation of neurons, the response of pancreatic [3-cells
to electrical stimulation has been explored!®. Various tissue
types, signal transduction pathways, and ion transients
should be further studied and the electrode integrated cell
culture platform can be a major tool for investigating cells’
responses.

The versatility of the material and the extrusion-based
printing process potentiates the application for complex
circuits for drug delivery induced by electrical fields.
A drug delivery device is composed of complex circuit
connecting sensors, electrical sources, and electrodes®.
In addition, removing the need to replace, new batteries
during surgery has prompted the conception of wireless
designs that transport energy through electromagnetic
waves!®#%. Sun et al., showed that the 3D circuit design can
be directly printed, demonstrating its ability to fabricate
intricate circuits®”. In summary, 3D printing technology
and conductive ink may contribute to the fabrication
of a closed-loop drug delivery device that mimics the
homeostatic regulation of human body™!, paving the way
for a new generation of therapeutic devices.
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