PUBLISHING PTE. LTD.

International Journal of Bioprinting

*Corresponding author:
Jungmok Seo
(jungmok.seo@yonsei.ac.kr)

Citation: Kim SA, Lee Y, Park K,

et al., 2023, 3D printing of
mechanically tough and self-healing
hydrogels with carbon nanotube
fillers. Int J Bioprint, 9(5): 765.
https://doi.org/10.18063/ijb.765

Received: February 6, 2023
Accepted: April 18, 2023
Published Online: May 31, 2023

Copyright: © 2023 Author(s).
This is an Open Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: Whioce
Publishing remains neutral with
regard to jurisdictional claims in
published maps and institutional
affiliations.

RESEARCH ARTICLE

3D printing of mechanically tough and
self-healing hydrogels with carbon
nanotube fillers

Soo A Kim', Yeontaek Lee’, Kijun Park’, Jae Park'? Soohwan An3, Jinseok Oh',
Minkyong Kang’, Yurim Lee’, Yejin Jo', Seung-Woo Cho?, Jungmok Seo™**

'School of Electrical and Electronic Engineering, Yonsei University, Seoul 03722, Republic of Korea
2LYNK Solutec Inc., Seoul 03722, Republic of Korea
3Department of Biotechnology, Yonsei University, Seoul 03722, Republic of Korea

(This article belongs to the Special Issue: Convergence of 3D Bioprinting and Nanotechnology)

Abstract

Hydrogels have the potential to play a crucial role in bioelectronics, as they share
many properties with human tissues. However, to effectively bridge the gap between
electronics and biological systems, hydrogels must possess multiple functionalities,
including toughness, stretchability, self-healing ability, three-dimensional (3D)
printability, and electrical conductivity. Fabricating such tough and self-healing
materials has been reported, but it still remains a challenge to fulfill all of those
features, and in particular, 3D printing of hydrogelis in the early stage of the research.
In this paper, we present a 3D printable, tough, and self-healing multi-functional
hydrogel in one platform made from a blend of poly(vinyl alcohol) (PVA), tannic acid
(TA), and poly(acrylic acid) (PAA) hydrogel ink (PVA/TA/PAA hydrogel ink). Based on
a reversible hydrogen-bond (H-bond)-based double network, the developed 3D
printable hydrogel ink showed excellent printability via shear-thinning behavior,
allowing high printing resolution (~100 um) and successful fabrication of 3D-printed
structure by layer-by-layer printing. Moreover, the PVA/TA/PAA hydrogel ink exhibited
high toughness (tensile loading of up to ~45.6 kPa), stretchability (elongation of
approximately 650%), tissue-like Young’s modulus (~15 kPa), and self-healing ability
within 5 min. Furthermore, carbon nanotube (CNT) fillers were successfully added to
enhance the electrical conductivity of the hydrogel. We confirmed the practicality
of the hydrogel inks for bioelectronics by demonstrating biocompatibility, tissue
adhesiveness, and strain sensing ability through PVA/TA/PAA/CNT hydrogel ink.

Keywords: Hydrogels; 3D Printing; Toughness; Self-healing; Nanofillers;
Bioelectronics

1. Introduction

Bioelectronics are functional devices that integrate biomolecules and electronic
elements to measure biosignals from various parts of the human body, including the
skin, heart, spinal cord, and brain?. Thus, they are at the core of emerging applications
in the medical field such as healthcare monitoring devices, drug delivery systems, and
implantable devices**!. Despite the significance of bioelectronics in advanced healthcare
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systems, there remain some inherent dissimilarities
between rigid electronic devices and soft biological
tissues, presenting a challenge to the seamless operation of
human-machine interfaces®”). Therefore, there has been
increasing interest in the development of soft, flexible,
and stretchable electronics and robotics made from soft
materials to address these issues in bioelectronics.

Hydrogels, which are three-dimensional (3D)
crosslinked polymer networks containing large amounts
of water, have gained considerable attention for their
potential in bioelectronics®. The soft and flexible nature
of hydrogels reduces the mechanical mismatch with
human tissues, making them an attractive option for
bridging the gap between electronics and human tissues
due to their biocompatibility and flexibility in controlling
their electrical, mechanical, and biological properties!’.
However, there are still some challenges to overcome for
their widespread use in bioelectronics. The mechanical
weakness and brittleness of these water-soluble polymers
under large deformation and physical stress make them
unsuitable for most load-bearing physiological situations
and bioelectronics applications!!.

Furthermore, the lack of self-healing properties, which
is a characteristic of human tissues, can lead to irreversible
collapse during bioelectronic operations?. To address
these problems, self-healing hydrogels with reversible
networks via breakage and reformation of bonds have been
widely studied in recent years. Self-healing hydrogels that
can automatically repair themselves from external damages
have the potential to restore their original features", thus
integrating the self-healing ability into electrical devices
can extend the lifetime of the device!'"*""l.

In addition, for the successful application of hydrogel-
based bioelectronics, a fabrication method that can
produce individualized shapes and complex structures is
crucial™®l. 3D printing presents a promising solution to this
requirement as it offers the ability to produce hydrogels
with high precision and geometric freedom!”. However,
transforming bulk hydrogels into intricate designs and
patterns with high resolution (~100 um) is still a challenge
and remains in its early stages of research, hindering the
practical use of hydrogels”'?. To date, several attempts
have been made to fabricate multi-functional hydrogels
that possess 3D-printing capabilities, toughness, and self-
healing to improve their durability and practicability for
their practical use. However, it still continues to pose a
difficulty to fulfill all of those features, and in particular,
many researchers reported self-healing and tough hydrogel
electronics but have not been incorporated with 3D
printability and high resolution of printing fidelity"*. For
example, Chen et al. represented stretchable, self-healing,

and printable hydrogels, fabricated by triggering the in situ
polymerization of a polyaniline/poly(4-styrenesulfonate)
(PANI/PSS) network which exhibits the dynamic and
reversible nature of the non-covalent crosslink. Similarly,
Jin et al.?” reported on conductive and adhesive cellulose
(CAC) hydrogel ink with self-healable and printable
features mixed with tannic acid (TA) and various metal
ions. Although these multi-functional hydrogels provide
self-healing, conductive, and printable properties, they
still possess poor printing fidelity with low resolution (over
0.6 mm) and have not been extended to printing in 3D
structures. Meanwhile, Wei et al.? reported a super tough
and printable agar/polyacrylamide (PAAm)-based double
network hydrogel. The agar/PAAm hydrogel, owing to the
alginate acting as a crosslinker, exhibited suitable viscosity
as a printable ink with good mechanical properties. Despite
the improved mechanical properties®, low 3D-printing
resolution and the lack of self-healing capability limit their
practical use as 3D printable hydrogel inks.

To achieve seamless human-machine interfaces in
hydrogel-based bioelectronics, the development of multi-
functional hydrogels with all of the desired features,
including 3D printability with high resolution, toughness,
and self-healing ability, is urgently needed.

Herein, we present a novel multi-functional
hydrogel ink that is 3D printable, tough, self-healing,
and conductive. The ink is composed of poly(vinyl
alcohol) (PVA), tannic acid (TA), and poly(acrylic acid)
solution (PAA). PVA is used as the base material due to
its biocompatibility and tissue-like softness, which is
achieved through hydrogen bonding (H-bond). However,
pure PVA is mechanically weak and not printable. Thus,
TA is added as a crosslinker to form weak and reversible
H-bonds in the PVA hydrogel, and PAA is introduced
to form a double network by forming strong H-bonds.
This strong and weak crosslinking H-bond-based double
network-enabled PVA/TA/PAA hydrogel ink exhibits
3D printability, mechanical toughness, and self-healing
properties. Since TA provided sufficient crosslinking sites
for the formation of reversible H-bonds, breakage and
reformation of H-bonds could occur spontaneously even at
high temperatures (over 80°C). This enabled the proposed
hydrogel inks to be 3D printable, as they exhibited
suitable viscosity for printing under heat and maintained
a robust printed structure. The rheological behavior and
tensile tests were evaluated to optimize the printable and
mechanical properties of the PVA/TA/PAA hydrogel ink,
and it was found that the optimized ink had shear-thinning
behavior, leading to excellent 3D-printing fidelity with
high resolution (~100 pm). The hydrogel ink displayed
good toughness, with a tensile strength of ~45.6 kPa, an
elongation at break of ~650%, and Youngs modulus of
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~15 kPa. It also had self-healing properties, being able to
recover from a break within 5 min. Carbon nanotubes
(CNTs) were incorporated into the PVA/TA/PAA hydrogel
ink as nanofillers to improve its electrical conductivity, and
the applicability of the PVA/TA/PAA/CNT hydrogel ink
was confirmed through in vitro biocompatibility and tissue
adhesiveness with the chemical functionalization of the
hydrogel chain. Also, light-emitting diode (LED) lighting
tests and resistance change via a printed circuit with PVA/
TA/PAA/CNT hydrogel ink showed the possibility of a
strain sensor.

2. Materials and methods

2.1. Preparation of PVA/TA/PAA hydrogel ink

To prepare hydrogel ink, the 4000 mg of PVA (Sigma-
Aldrich, St. Louis, MO, USA, 20% w/w, Mw 89,000
98,000) powder was added to deionized (DI) water, heated
at 90°C, and continuously stirred to obtain a transparent
solution. After 20 min, TA (Sigma-Aldrich, St. Louis, MO,
USA) at different ratios (PVA: TA = 1:0.5, 1:1, and 1:2) was
added to the PVA solution and stirred for 2 h to obtain a
homogeneous PVA/TA solution. The PVA/TA solution was
then poured into a mold, pressed to be spread thinly and
widely, stored in a refrigerator at -20°C for 8 h, and thawed
at 25°C for 4 h to form a PVA/TA hydrogel. The PVA/TA
hydrogel was dried in an oven at 37°C for 1 h and annealed
at 100°C for 1 h to obtain a dry PVA/TA film. To form
the PVA/TA/PAA network, PVA/TA film was immersed
in 45 mL of aqueous acrylic acid solution (30% w/w
acrylic acid, 0.03% w/w N, N'-bis(acryloyl)cystamine,
and 0.15% w/w 2,2'-azobis(2-methylpropionamidine)
dihydrochloride in deionized water) for 2 h. The soaked
hydrogel was heated at 70°C for 30 min to form the PAA
network. To prepare the pure PVA hydrogel and PVA/
PAA hydrogel, we used a PVA hydrogel without TA but
otherwise followed the same process.

2.2, Preparation of PVA/TA/PAA/CNT hydrogel ink
The COOH functionalized CNT powder (Nano-lab, USA,
outer diameter of 30 + 15 nm, length of 1-5 um) was
dispersed in 10 mL of DI water to concentrations of 1, 3,
6, and 9 mg/mL. Each solution was sonicated at 450 rpm
for 2 h using a tip sonicator (Qsonica LLC, Newtown, CT,
USA) to obtain a homogenous CNT solution. The CNT
solution was added to the PVA/TA hydrogel and stirred
for an additional 2 h while heating at 90°C. The resulting
CNT/PVA/TA hydrogel underwent freezing at -20°C and
thawing at 25°C, and the same process was used to form
the PAA network.

2.3. Rheological characterization of hydrogel ink
The rheological properties of the hydrogel inks were
characterized using an MCR 102 Anton Paar rheometer

(Anton Paar GmbH, Austria), with a parallel plate
geometry, equipped with a 25-mm plate with a distance of
~1 mm. The shear storage modulus (G’) and loss modulus
(G") were measured with temperature scans ranging from
25°C t0 95°C at a constant shear strain of 1% and frequency
of 10 radian/s. The shear viscosity of the hydrogel was
measured in steady-state flow at a logarithmic sweep of
shear rates from 0.1 s to 100 s to investigate the shear-
thinning behavior at 85°C.

2.4. 3D printing of hydrogel ink

All printing was performed using an EZROBO-5GX 3D
printer with an AD3300C dispenser (Iwashita, Japan),
equipped with a nozzle and temperature controller. During
printing, ink was heated to 85°C using a temperature
control system and syringe heating pad, and various
nozzle sizes (600-, 400-, 200-, and 100-um size of nozzles)
were used. Printing structures were designed using Ez-
EDITOR robot communication software. The diameters
of the printed hydrogels were compared with those of the
printing nozzle using a field-emission scanning electron
microscope (FE-SEM, JSM-IT-500HR, JEOL, Japan) at
an accelerating voltage of 15.0 kV with gold sputtering to
enhance image contrasts.

2.5. Mechanical characterization of hydrogel ink

The mechanical properties of the hydrogels were
characterized using a tensile testing machine (MultiTest
2.5-DV, Mecmesin, UK) with a 50 N load cell at a speed
of 50 mm/min to determine their ultimate tensile strength
and elongation at break. The bulk hydrogel ink samples
were cut to a size of 200 mm (height) x 100 mm (width).
The printed hydrogel ink samples of 200 mm (height) x
100 mm (width) were manufactured using the above-
mentioned EZROBO-5GX 3D printer with a nozzle size
of 600 pm. For the tensile tests, at least three samples of
each type were tested and averaged to determine their
properties.

2.6. Swelling ratio measurement

The hydrogels were soaked in DI water at room temperature
to determine their swelling ratio. All hydrogel samples
were prepared with similar weights and the same pattern.
After swelling for the desired time, the swollen hydrogels
were removed from water and weighed. The weights of the
samples were recorded at 0, 30, 60, 120, 240, 480, and 960
min after removal, and the swelling ratio was calculated
using the following Equation I:

r—VVi

Swelling ratio(%) = x 100(%) )

t
where W, and W, are the weights of the initial and swollen
hydrogel, respectively.
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Figure 1. The overall characteristics of developed multi-functional hydrogel ink. (A) Schematic illustration of 3D-printable hydrogel ink material
components and the printed architecture. (B, C) Illustration of mechanically tough and self-healing properties of PVA/TA/PAA hydrogel ink. (D)
Electrically conductive performance of PVA/TA/PAA/CNT hydrogel inks through LED lighting tests.

2.7.Tissue adhesion and in vitro biocompatibility
tests

To  enable the hydrogel adhesive property,
N-hydroxysuccinimide ester (NHS) ester groups were
introduced into the hydrogel. The PVA/TA/PAA/
CNT hydrogel was soaked in a 2-(N-morpholino)
ethanesulfonic acid (MES) buffer containing 1-ethyl-
3-(-3-dimethylaminopropyl) carboiimide (0.5% w/w)
and NHS sodium salt (0.25% w/w) for 5 min at room
temperature. Adhesion tests were conducted with porcine
skin substrates, and the hydrogel was placed on the porcine
skin substrates.

For the in vitro biocompatibility test, the PVA/TA/PAA
and PVA/TA/PAA/CNT hydrogel samples were prepared
with a size of 10 mm (height) x 10 mm (width) x 1 mm
(thickness). Then, the NIH-3T3 fibroblast cells (0.5 x10°
cells per mL) were directly cultured with the prepared
hydrogel in 1 mL of DMEM supplemented with 10% bovine
calf serum and 1% penicillin-streptomycin. A viability test
was carried out using a Live/Dead kit (L3224, Invitrogen,
USA) according to the manufacturer’s instructions. To
visualize the viability of the cells, a laser scanning confocal
microscope (LSM700, Carl Zeiss, Germany) with a 10x
magnification was used.

2.8. Electrical conductivity measurement and

LED test

The electrical conductivity of the PVA/TA/PAA/CNT
hydrogel ink was measured using a modified four-point
probe method with an AC voltage (+1 V, 1000 Hz).
The conductivity was recorded using a probe station
(MST4000A, MSTECH, Korea). As with the tensile
samples, conductivity measurement samples were prepared
with dimensions of 20 mm (length) x 10 mm (width).

The bulk PVA/TA/PAA/CNT hydrogel inks were cut into
rectangular shapes, accordingly. Electrical conductivity (o)
was calculated using the following Equation II:

LxI

o=——7-—— (I1)
WxTxV

where I, V, L, W, and T are the current flowing through the
sample and the voltage, length, width, and thickness of the
sample, respectively.

The length, width, and thickness were measured using
an optical microscope (SMZ645; Nikon, Japan). To further
demonstrate the conductive features of the PVA/TA/PAA/
CNT hydrogel ink, an electronic circuit was designed to
switch on an LED (Adafruit, USA) with a printed hydrogel
asa conductor and a 30 V DC supply (RIGOL Technologies
DP832, Beijing, China).

3. Results and discussion

3.1. Multi-functional 3D-printed hydrogel ink

For reliable, long-term, and practical hydrogel-based
bioelectronics, not only must the hydrogels exhibit tough
and stretchable properties, but self-healing 3D printable
fabrication, and conductivity must also be realized.
Previously studied hydrogels mostly lack one or more of
these combined functions. Therefore, we aimed to develop
a multi-functional hydrogel that is 3D printable, tough,
self-healing, and electrically conductive on one platform
(Figure 1). As shown in Figure 1A, a 3D printable hydrogel
ink was successfully synthesized by mixing PVA, TA, and
PAA. In addition, CNT was added to the PVA/TA/PAA
ink to fabricate conductive PVA/TA/PAA/CNT inks, and
the hydrogel inks were successfully printed into various
shapes with high resolution. The resulting PVA/TA/PAA
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Figure 2. Material preparations and rheological measurements of hydrogel inks. (A) Schematic illustration of the synthesis process of PVA/TA/PAA
hydrogel inks. (B) The sample preparation of different mass ratios of PVA and TA (no TA, 1:0.5, 1:1, and 1:2). The scale bar is 5 mm. (C) Viscosity as a
function of shear rate. (D) Storage modulus (G") and loss modulus (G”) as a function of temperature. (E) Swelling ratio of printed PVA/TA/PAA hydrogel

inks in DI water.

hydrogel ink exhibited excellent mechanical properties
due to its reversible H-bond-based double network. The
combination of strong and weak H-bonds in the double
network gave the hydrogel ink tough and self-healing
properties, as depicted in Figure 1B and C.

Additionally, the CNT filler incorporated into the PVA/
TA/PAA hydrogel inks enabled electrical conductivity.
To demonstrate this conductive property, a simple LED
lighting circuit was printed using the conductive PVA/
TA/PAA/CNT hydrogel ink (Figure 1D), highlighting
the potential of hydrogel inks as soft materials for
bioelectronics.

3.2. Synthesis process of PVA/TA/PAA hydrogel ink

Figure 2A shows a schematic illustration of the PVA/TA/
PAA hydrogel ink synthesis process. PVA was chosen as
the base material owing to its excellent biocompatibility,
flexibility, and tissue-like softnessi*?. The abundant
hydroxyl groups on its backbone enable excellent water
retention, thereby improving processability'*’!. However,
as aforementioned, pure PVA hydrogel ink exhibits

poor 3D-printing performance, in that extrusion is
not continuous and uniform. Moreover, in terms of
mechanical properties, PVA hydrogels are weak which
makes them unsuitable as material for bioelectronics®".
Thus, TA was added as an effective binder to crosslink
with the PVA chain to form intermolecular H-bonds®.
TA is a natural water-soluble polyphenol compound rich
in pyrogallol and catechol groups®!. Due to the large
number of hydroxyl groups present in a TA molecule,
a weak and reversible H-bond is formed between PVA
and TA™). The weak and reversible H-bonds of TA
can effectively break and spontaneously reform; thus,
the crosslinked intermolecular structures enabled the
reformation of H-bonds after physical damage, resulting in
a self-healing capability even after subjection to heat from
printing®*?’), Thereafter, the homogeneously stirred PVA/
TA hydrogels were soaked in an aqueous PAA solution to
form double network hydrogel inks. The carboxyl groups
on the PAA chains are capable of forming strong H-bonds;
hence, strong intermolecular interactions were formed
in the PAA chains®’. In addition, N, N’-bis(acryloyl)
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cystamine in PAA solution also imparted self-healing
properties. N, N'-bis(acryloyl)cystamine acted as a
crosslinking agent with a disulfide bond®"?. Disulfide
bonds, along with hydrogel bonds, contributed to self-
healing properties as a type of reversible bond. Through
the double network of the strong H-bonds with disulfide
bond within the PAA chain and the weak H-bonds of
PVA/TA, desirable properties were obtained: the H-bond-
based double network endowed toughness via energy
dissipation mechanism that enabled maintaining strong
H-bonds from physical damage by dissipating energy as
weak H-bonds are broken, and the rapid breakage and
reformation of weak H-bonds imparted stretchability and
self-healing ability!*!.

In particular, the addition of TA was most influential in
enabling the printing of the proposed hydrogel ink. Even if
a high temperature (over 80°C) is applied to the hydrogel
ink for extruding from a precise nozzle and, consequently,
a weak bond is broken, reformation of the H-bond rapidly
occurs again immediately after deposition, enabling the
ink to maintain its robust printed structure. To investigate
the optimal composition of high-performance hydrogel
inks, inks were prepared with different mass ratios of PVA
and TA. As shown in Figure 2B, PVA/TA/PAA hydrogels
with varying PVA and TA mass ratios (no TA, 1:0.5, 1:1,
and 1:2) were successfully formulated, and their material
characteristics were investigated.

3.3. Rheological properties and swelling

behavior test

To ensure the functionality of bioelectronics through
the manufacturing of hydrogels into specific shapes and
patterns, the hydrogel inks used for printing must meet
certain requirements, including shear-thinning properties
and shape fidelity®**\. To evaluate the suitability of the
hydrogel ink for printing, the viscosity of hydrogel was
tested at different mass ratios under varying shear rates
(Figure 2C). Under heat treatment at 85°C, all tested
hydrogel inks exhibited shear-thinning behavior with high
viscosity at a low shear rate (10" s™) and low viscosity at a
high shear rate (10°s™), as a result of weak H-bond breakage.
To further assess the thermal response of the hydrogel inks,
the changes in the storage modulus (G") and loss modulus
(G") were measured with temperature changes from 25°C
to 95°C (Figure 2D). Notably, the results showed that the G’
of the PVA/PAA hydrogel without TA was larger than G”
within the tested temperature range, with G’ dominating
even at high temperature. This indicates that the PVA/PAA
hydrogel is in a gel state with elastic behavior regardless
of the temperature (within the tested range), which is
inappropriate for printing to extrude from the narrow and
fine nozzle. In addition, it showed that G’ and G” are quickly

dropped at about 80°C. Due to the absence of TA, PVA/
PAA ink, which could not form a reversible double bond,
caused breakage of crosslinking sites in it by heat, resulting
in a sharp decrease in modulus. However, the PVA/TA/
PAA hydrogel exhibited overall similar results, with
both G’' and G” decreasing continuously with increasing
temperature. The gap between G’ and G” was small and
sometimes reached equal values, indicating that the inks
were in the sol-gel state, which is suitable for printing to
effectively flow from the precise nozzle. These observations
(Figure 2C and D) suggest that PVA/TA, /PAA hydrogel
ink is the most printable of all ink compositions. Because
the ratio between PVA and TA affected the formation
of a reversible double network and crosslinking density
in the PVA/TA/PAA hydrogel ink, too low or too high
concentration of TA led to a decrease of the viscosity and
moduli. PVA/TA, /PAA hydrogel ink displayed the highest
viscosity reaching approximately 100 Pa-s at 100 s, and
the highest moduli, with both G' and G” reaching about
10 kPa at 85°C, which indicates that the ratio of 1:1 is most
suitable for the rheological property. In addition, curves
of the temperature and the angular frequency-dependent
G’ and G" of PVA/TA  /PAA hydrogel ink showed that G’
was higher than G” in all the temperature and frequency
regions. This suggests that the weak H-bonds can reform
from external stimuli, preserving the double network and
allowing the inks to maintain their structure after printing
layer by layer without collapsing (Figure 2D; Figure S1 in
Supplementary File).

The swelling tests also showed that the 1:1 ratio of
PVA and TA is optimal for the formation of a crosslinked
network. The different ratios of PVA and TA were printed
in the same structure, immersed in DI water for 960 min,
and weighed at various time points. As shown in Figure 2E,
PVA/TA, /PAA hydrogel showed almost 0% of swelling
ratio with no increase in its weight. However, PVA/ TA ./
PAA quickly expanded to a swelling ratio of 7.5% within
240 min, since too low concentration of TA does not offer
sufficient crosslinking sites to form H-bond. Meanwhile,
the weight of the PVA/TA /PAA hydrogel decreased to a
swelling ratio of -3.7% within the first 100 min and rapidly
expanded up. This is because the concentration of TA was
too high to mix homogeneously in the hydrogel network,
which led the network inside PVA/TA _/PAA hydrogel to
prevent the formation of dense crosslinking. As a result,
when the high temperature was applied to the hydrogel
and the weak bonds are broken, the reformation of the
H-bond and disulfide bond by the self-healing mechanism
does not rapidly occur. Thus, by the breakage of the
hydrogel network after printing, the aggregated TA is
released and washed out with DI water. We also calculated
the water content of hydrogel by dividing the weight of the
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dried hydrogels by the wet hydrogels; dried hydrogels were
all prepared being frozen and dried in a vacuum freeze
dryer. The water content of the printed PVA/TA/PAA
hydrogels with the mass ratio of 1:0.5, 1:1, and 1:2 was
about 70.8%, 92.4%, and 83.5%, respectively (Figure S2
in Supplementary File). The results showed less increment
of swelling ratio in higher water content, and these can
be attributed to the crosslinking density and the internal
hydrogel network. In particular, PVA/TA  /PAA hydrogel
showed high water content and non-swellable property
after immersing DI water. It indicates that hydrogel can
operate stably even in a wet environment in the application
of bioelectronics.

3.4. Printability and 2D-, 3D-printing performance

We utilized the rheological properties of the hydrogel ink
to print a certain architecture for evaluated PVA/TA mass
ratios. Figure 3A presents the results of printing fidelity
for the various hydrogel ink compositions. All inks were
printed using the same design with a 600-um diameter
nozzle, and the PVA/TA /PAA hydrogel ink produced
uniform and precise results. The filament extruded from
the nozzle was uniform, achieving a width similar to that
of the nozzle, and the designed structure was precisely
printed with a sharp edge. Its high viscosity and moduli
allowed it to maintain its structure after being extruded
from the nozzle. In contrast, the PVA/TA . /PAA and
PVA/TA ,/PAA hydrogel inks had low printing accuracy,
with the filaments not retaining their shape and the printed
structures losing their details and sharpness. As explained
above, TA did not form dense crosslinks owing to the low
concentration of TA and not homogeneously mixed in
ink due to too high a concentration of TA. Consequently,
when the ink was heated for extrusion from the nozzle and
the weak H-bonds were broken, the bonds were unable to
rapidly reform the H-bond to maintain a robust printed
structure. The high-resolution printing capability of the
PVA/TA /PAAhydrogel was demonstrated by printing 2D
shapes through 400-, 200-, and 100-um diameter nozzles
(Figure 3B) and mesh structures using a 100-pum diameter
nozzle (Figure 3C). The SEM images confirmed the high
pattern fidelity of the printed scaffolds, with a continuous
filament and precise grid. Additionally, the favorable
rheological properties of the PVA/TA /PAA hydrogel ink
allowed us to fabricate multi-layered 3D structures through
layer-by-layer stacking with a 600-um nozzle, which was
strong enough to support their own weight (Figure 3D). In
particular, all printing procedures were conducted without
any post-processing but showed high resolution and 3D
printability. Recently, Zhou et al.*® presented 3D printing
of a UV-curable elastomer with digital light processing. 3D
printing with digital light processing is a rapidly developing
area since it enables the hydrogel with high resolution

and fine printing structure. The literature showed a high
resolution (~60 pum) of the resultant printed structure with
high stretchability (stretched up to over 800%). However, it
required about 10-20 min after printing for the curing and
cleaning time, which is the typical disadvantage of digital
light processing printing that leads the process complicated
and hampers the practicality. Compared to this printing
process, the proposed PVA/TA/PAA hydrogel ink can be
efficiently printed in 3D and retain its structure without
post-process while maintaining mechanical properties
including toughness, stretchability, and self-healing
ability. Furthermore, regarding the resolution of hydrogel,
PVA/TA/PAA hydrogel has a high printing performance
compared to other studied printable multi-functional
hydrogels®..

3.5. Mechanical and self-healing properties of
PVA/TA/PAA hydrogel ink

To minimize the mismatch between human tissue and
electronic devices, it is important for the mechanical
properties of the hydrogels used to be similar to those of
human tissue while still being strong enough for long-term
bioelectronics functionality™. The mechanical properties
of the hydrogel inks with different PVA to TA ratios
(1:0.5, 1:1, and 1:2) were evaluated through tensile tests.
Figure 3E shows the typical stress-strain curve for each
ratio of the printed hydrogel. It is apparent that there is a
trade-off between toughness and stretchability; as the TA
ratio increases, elongation increases but maximum tensile
strength decreases (Figure S2 in Supplementary File). For
low TA ratios (PVA/TA, ,./PAA), crosslinking sites cannot
be sufficiently formed in the hydrogel network, resulting in
poor stretchability. In addition, for high TA ratios (PVA/
TA ,/PAA), the hydrogel network does not homogeneously
mix with TA, causing it to aggregate and reduce toughness
(Figure S3 in Supplementary File). The PVA/TA /
PAA hydrogel ink was found to have the most balanced
mechanical properties, offering both high toughness and
stretchability. Its maximum tensile strength and elongation
at break were 45.6 kPa and 656%, respectively. Then, the
mechanical properties of the printed PVA/TA /PAA
hydrogel ink were compared to those of the bulk hydrogel
(Figure 3F). As shown in Figure 3G, the maximum
tensile strength of the bulk and printed hydrogel is not
significantly differed and showed both high toughness
with stretchability. Despite the heat applied to the hydrogel
for printing, the printed hydrogel showed high toughness
and elongation at break up to 600%. However, Young’s
modulus of printed hydrogel was decreased compared to
the bulk hydrogel. This is attributed to the dehydration of
hydrogel after printing (Figure S4 in Supplementary File).
When a hydrogel is dehydrated, as its volume decreases,
the hydrogel shrinks and the network of the hydrogel
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Figure 3. Printability and mechanical properties of hydrogel inks. (A) Photographic images of printing filament and printed structure with different
mass ratios of PVA and TA. (B) 2D-printing performance of various shapes with PVA/TA /PAA hydrogel inks through 400-, 200-, and 100-pm diameter
nozzles, and SEM images. (C) Printed meshes structures of 2D printing and SEM image. (D) 3D-printed hydrogel by stacked structure. (E) Stress—strain
curves of each ratio of printed hydrogel inks. (F) Optical image of the bulk and printed PVA/TA  /PAA hydrogel mechanical properties. (G) Stress-strain
curves of the bulk and printed PVA/TA /PAA hydrogel ink. (H) Photographs of the self-healing hydrogel. (I) Self-healing efficiency of the hydrogel as a
function of healing time (n = 3: n is the sample size). (J) Stress—strain curves of self-healed hydrogel for each time point. (Scale bar: 5 mm for (B), 100 pum
for SEM image of (B), 500 pm for (C), 5 mm for (D), 10 mm for (F), and 7 mm for (H)).

is pulled closer, which can lead to a decrease in Young’s
modulus. But it still showed tissue like Young’s modulus
(~15 kPa), which falls within the range exhibited by soft
tissue (10-100 kPa) and is suitable for implementation in

bioelectronics!”.

Further, the evidence of the self-healing ability of both
thebulk PVA/TA  /PAAhydrogelsisdisplayedin Figure 3H.
For better visualization, a self-healing test was conducted
using PVA/TA  /PAA hydrogel dyed with rhodamine
B, and the two separated hydrogel samples were placed
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together. The samples were brought into contact, and after
3 min, they had self-healed to form an integrated structure
and could withstand stretching, and also the printed
PVA/TA, /PAA hydrogels displayed self-healing ability
within 3 min (Figure S5 in Supplementary File). Then,
by comparing the original maximum (N) tensile strength
and the tensile strength after self-healing (N’), the self-
healing efficiency of the bulk hydrogel, (N’/N) x100 (%),
was calculated at various time points (Figure 3I). It
revealed a 30% recovery in 30 s, and the healing efficiency
increased dramatically as the time increased, showing self-
healed 80% after 5 min. Figure 3] is the results of strain-
stress curve tested with the hydrogels after self-healing
times at 30, 60, 180, and 300 s. As previously explained,
this rapid autonomous self-healing ability is a result of
the weak H-bond formation of TA in the PVA/TA/PAA
network and the disulfide bond within PAA, which enables
the breakage and reformation of reversible bonds®!.
Afterward, the maximum tensile tests after self-healing
in 180 s with different value of pH and temperature were
also investigated (Figure S6 in Supplementary File). The
pH did not significantly affect the self-healing property,
which is due to the non-swellable characteristics of PVA/
TA,,/PAA hydrogel, as confirmed in the previous swelling
ratio test. Meanwhile, when the strain-stress curve tests of
the hydrogel according to temperature were conducted, it
showed that the higher the temperature applied, the lower
the tensile strength of the hydrogel, but the better the
stretchability. It elongated to 890% when heated to 85°C.
As shown in Figure 2D of the rheological property, when
the temperature is applied, the storage and loss modulus
of the hydrogel decreases. Hydrogels with a lower storage
and loss modulus tend to be more stretchable, as they can
dissipate less energy and withstand larger deformation.

3.6. Synthesis process and characterization of PVA/
TA/PAA/CNT hydrogel ink

Electrically conductive hydrogels using various types
of conductive materials such as carbon nanotube-based
and graphene-based materials have been developed for
bioelectronics®. However, one of the main challenges
of the incorporating such nanoparticles or nanotubule-
doped hydrogels is achieving a homogeneous dispersion
of the particles within the hydrogel matrix*’l. Aggregation
of the particles hinders the dense crosslinking within the
hydrogel matrix, which leads to poor mechanical properties
and rheological properties, thus preventing the tough,
self-healing, and printable hydrogel implementation. In
addition, some nanoparticles, such as certain types of metal
nanoparticles, have been shown to have toxic effects on
tissues!"!], therefore not suitable for biomedical applications.
To address these problems, we attempted to realize a tough,
self-healing, and printable conductive hydrogel ink using

our proposed hydrogel in combination with additional
CNT fillers. Compared to previously reported hydrogel
with multi-functionality (Table S1 in Supplementary File),
the proposed hydrogel, which implemented the features of
conductivity, toughness, stretchability, self-healing ability,
and 3D printability in one platform showed excellent
performance especially in self-healing with rapid recovery
and printability with high resolution.

CNT functionalized with a carboxyl group was used
since it is water soluble and can be distributed within our
PVA, TA, and PAA-based hydrogel network via H-bond
through their carboxyl and hydroxyl groups'*?. As shown
in Figure 4A, the carboxyl functionalized CNT with DI
water was sonicated and poured into the PVA/TA hydrogel
at a mass ratio of 1:1. PAA was then introduced into the
PVA/TA/CNT hydrogel to obtain the PVA/TA/PAA/
CNT ink. To prove whether the CNT was mixed into the
PVA/TA/PAA hydrogel without significant impairment of
existing features, the rheological properties of an ink with
CNT concentration of 6 mg/mL were investigated in terms
of its printability and mechanical properties. It exhibited
a shear-thinning effect in which viscosity decreased as
the shear rate increased and both G’ and G” decreased
monotonously as temperature increased, with similar
values of G and G” (Figure S7 in Supplementary File).
Based on these rheological measurements, the printability
of PVA/TA  /PAA/CNT hydrogel inks was verified by
examining printing fidelity using nozzles of various
diameters and successfully printed a 3D structure through
layer-by-layer stacking (Figure S8 in Supplementary
File). The mechanical properties of bulk PVA/TA /PAA/
CNT hydrogels with CNT concentrations of 0 (without
CNT), 1, 3, 6, and 9 mg/mL were also verified as shown in
Figure 4B. The measured stress—strain curves represented
that as CNT incorporation increased, the maximum tensile
strength improved while the elongation at break was
reduced. Although the stretchability of the hydrogel was
weakened compared to without CNT hydrogel, the results
showed a consistent tendency that the tensile strength was
enhanced according to the CNT concentration. It indicates
that the CNTs were homogeneously dispersed inside the
PVA/TA/PAA hydrogel network without breaking the
crosslinking structure. In addition, it presents that the
mechanical properties can be tuned by the concentration
of CNTs. Then, the self-healing behavior was further tested
and displayed in Figure S9 (Supplementary File). The
samples were attached for 3 min (180 s), and they showed
successfully self-healed to form an integrated structure and
could withstand stretching. Compared to without CNT
hydrogel, as expected, it showed higher tensile strength
while the value of elongation at break decreased. Then,
to investigate the potential applicability of PVA/TA/PAA/
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Figure 4. Electrically conductive hydrogel inks. (A) Schematic illustration of the synthesis process of PVA/TA/PAA/CNT hydrogel inks. (B) Stress—strain
curves of PVA/TA/PAA/CNT hydrogel with varying CNT concentration. (C) Conductivity as a function of CNT concentration. (D) Schematic illustration
of tissue adhesive property of the hydrogel treated with NHS. (E) Photographs of PVA/TA/PAA/CNT hydrogel adhesion on porcine skin. (F) Fluorescent
images of in vitro biocompatibility test after 1, 3, and 5 days. (G) The percentage of cell viability of in vitro biocompatibility test of the hydrogel (ns: no

significant differences; n = 3; n is the sample size for each group).

CNT hydrogel ink, the conductivity of these hydrogel inks at
CNT concentrations of 1, 3, 6, and 9 mg/mL was measured
to determine whether the conductivity is sufficient to
sense electrophysiological signals from the human body
(Figure 4C). The results showed a conductivity of ~0.95 S/m
at CNT concentration of 6 mg/mL, which is sufficient,
given that the conductivity of human tissue is in the
range of 0.3-0.7 S/m'**. Since the CNT concentration of

6 mg/mL showed the most balanced characteristics, which
have high conductivity with good mechanical properties,
further experiments were conducted with PVA/TA /PAA/
CNT hydrogels with the CNT concentration of 6 mg/mL.

3.7.Tissue adhesion and in vitro

biocompatibility tests

Conformal contact between tissue and electric devices is
required for the stable and efficient operation of body signal
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transmission. To accurately achieve the human-machine
interface, not only flexible, stretchable, and self-healing
features but also adhesion capabilities play a very significant
role. Recently, Iversen et al.'*! presented a flexible, wearable
smart patch with Polydimethylsiloxane was defined as PDMS
(PDMS) substrate and CNT electrode for pH and hydration
sensing. Although they confirmed the pH and hydration
sensing ability, they did not feature adhesion functionality
which is crucial to wearable sensors. Thus, to enhance the
wearability of PVA/TA/PAA/CNT hydrogel, additional
surface functionalization via chemical treatment was treated.
NHS was introduced on the PAA chain in hydrogel since
it has abundant carboxyl groups, which enable the surface
having amine groups including tissue to covalently bond*!.
After the contact between the NHS-treated hydrogel and the
tissue, the two surfaces are strongly bonded after pressing
for 5 min (Figure 4D). As shown in Figure 4E, the PVA/TA/
PAA/CNT hydrogel was successfully attached to porcine
skin, and also PVA/TA/PAA hydrogel showed strong
adhesion (Figure S10 in Supplementary File).

An in vitro biocompatibility test of the hydrogel was
also conducted to verify its toxicity for reliable applications
to humans. PVA/TA/PAA/CNT hydrogels with NIH 3T3
fibroblasts were incubated in a cell culture media for
5 days, and a live/dead assay was carried out after 1, 3,
and 5 days in culture. As shown in Figure 4F, most cells
remained alive (green fluorescence) that no obvious cell
death was observed on the hydrogel, suggesting excellent
biocompatibility. The cell viability tests also showed that
no significant differences existed between fibroblasts with
the hydrogel and the control group for 5 days (Figure 4G),
and as expected, PVA/TA/PAA hydrogel also showed non-
toxicity (Figure S11 in Supplementary File). We confirmed
that the proposed hydrogel is biocompatible with tissue
and is a safe material for the application.

3.8. Applications of 3D-printed hydrogel: LED
lighting test and strain sensing

Figure 5A presents photographs of the circuits printed
with PVA/TA/PAA/CNT hydrogel. The printed circuits
enable visualization of the proposed hydrogel inks
electrically conductive property through the illumination
of an LED. With a printed circuit and power source, the
LED bulb was successfully switched on, and when the
circuit was physically cut, the LED turned off. However,
when the split circuit was put together, the LED turned on
instantly through self-healing of the printed hydrogel, and
in stretching, the brightness of the light was maintained.
Then, as shown in Figure 5B, electrochemical tests were
conducted to evaluate the relation between electrical
resistance and mechanical deformations. The real-time
resistance measurement of the cutting and contacting

process revealed that resistance immediately recovered
to the initial value after self-healing, which was possible
because the reversible network within the hydrogel allows
rapid rearrangement of the conductive pathway of the
hydrogel. Moreover, conductive hydrogels are suitable
for application in resistivity sensors owing to their high
sensitivity to mechanical deformation (Figure 5C). As
shown in Figure 5D, the relative resistance change ratio
upon strain change, AR(R-R )/R %100 (%), was measured,
where the gauge factor (GF) is defined as (AR/R ) x100/e.
It presented a high GF of 1.356 for 0-300% strain and a
GF of 4.457 for 300-400% strain, indicating its comparable
performance to the previously reported hydrogel-based
strain sensor!***.,

Furthermore, the change in resistance of the printed
PVA/TA/PAA/CNT hydrogel ink was evaluated in response
to different mechanical inputs, including compression,
tension, and stretching. The relative resistance change
ratio upon deformation was measured, and the results
for compression, tension, and stretching are shown in
Figure 5E. The resistance signal was read and recorded by
an electrometer, while the printed circuit was in the bending
and stretching conditions. As in the earlier experiment,
the PVA/TA/PAA/CNT hydrogel sample was printed
with dimensions of 100 mm (height) x 200 mm (width)
using a 600-pum-diameter nozzle. The compressive, tensile
bending, and stretching resistance change ratios reached
approximately 30%, 10%, and 100%, respectively. From the
electrical performance investigation, we conclude that the
hydrogel could be utilized as a strain sensor to accurately
detect body movements.

4, Conclusion

In this study, we developed a 3D-printable, tough, self-
healing, and electrically conductive hydrogel made from
PVA, TA, and PAA. The PVA/TA/PAA hydrogel ink
has improved mechanical properties and self-healing
capabilities compared to traditional hydrogels due to its
double network structure based on reversible hydrogen
bonds. TAactsasacrosslinker,formingweakhydrogenbonds
on PVA chains, while PAA forms strong hydrogen
bonds to create a double network. The PVA/TA  /PAA
ink has impressive toughness, stretchability, and self-
healing properties. In addition, the developed hydrogel
ink showed excellent printability with a 3D-printing
structure and high resolution (~100 um), compared to
existing tough and self-healing hydrogels that are not
3D-printed and have low resolution. Rheological tests
were performed to assess the suitability of the hydrogel
ink for 3D printing and showed that the PVA/TA /
PAA ink has ideal properties for precise 2D/3D printing.
Additionally, we successfully added CNT fillers to the
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Figure 5. (A) LED lighting tests under self-healing and stretching via the printed circuit with conductive hydrogel inks. (B) Real-time resistance
measurement through the cutting and self-healing process of the hydrogel. (C) Schematic illustration of the hydrogel for resistive strain sensing. (D)
Relative resistance changes of the hydrogel as a function of applied strain. (E) Strain sensing through resistance change.
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