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Composite Hydrogels
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Adrian Dervan, Igor V. Shvets, Plamen Stamenov, Wenxin Wang, Fergal J. O’Brien,

Jonathan N. Coleman, and Valeria Nicolosi*

Functional conductive hydrogels are widely used in various application
scenarios, such as artificial skin, cell scaffolds, and implantable bioelectronics.
However, their novel designs and technological innovations are severely
hampered by traditional manufacturing approaches. Direct ink writing (DIW)
is considered a viable industrial-production 3D-printing technology for the
custom production of hydrogels according to the intended applications.
Unfortunately, creating functional conductive hydrogels by DIW has long been
plagued by complicated ink formulation and printing processes. In this study,
a highly 3D printable poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)-based ink made from fully commercially accessible raw
materials is demonstrated. It is shown that complex structures can be directly
printed with this ink and then precisely converted into high-performance
hydrogels via a post-printing freeze-thawing treatment. The 3D-printed
hydrogel exhibits high electrical conductivity of #2000 S m~", outstanding
elasticity, high stability and durability in water, electromagnetic interference
shielding, and sensing capabilities. Moreover, the hydrogel is biocompatible,
showing great potential for implantable and tissue engineering applications.
With significant advantages, the fabrication strategy is expected to open up a
new route to create multifunctional hydrogels with custom features, and can
bring new opportunities to broaden the applications of hydrogel materials.

1. Introduction

Hydrogels are polymer networks contain-
ing a large amount of water, which have
attracted significant attention across vari-
ous engineering disciplines due to their bio-
compatibility and broadly tunable physic-
ochemical properties.'>] Despite remark-
able advances, the current manufacturing
and processing of functional hydrogels rely
mainly on conventional techniques (e.g.,
casting, modeling, and subtractive manu-
facturing), which have severely hampered
the development of technological innova-
tions using hydrogel materials.[®) There-
fore, it is desired to develop custom fab-
rication of hydrogels, which means that
the hydrogels should be fabricated in a
controllable way to possess specific com-
position, geometry, structure, and perfor-
mances according to the intended appli-
cation scenarios. Different from conven-
tional techniques, additive manufacturing,
also known as 3D printing, has been
considered a viable industrial technology
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for the cost-effective, precise, and reproducible production of

materials with features tailored to real needs of users.[®’] Hith-
erto, various 3D-printing techniques, such as digital light pro-
cess (DLP),[®9] stereolithography,!1% two-photon polymerization
(TPP) microfabrication,!l and direct ink writing (DIW)!'%13]
have been developed for the custom fabrication of hydrogel de-
vices. Among them, DIW is most suitable for creating functional
hydrogels, as it does not require nonfunctional components (e.g.,
photosensitized monomers for DLP and TPP) that may affect the
functionality of the printed devices.['*] However, to enable suc-
cessful 3D printing of functional hydrogels by DIW, precursor
inks should be modified to possess suitable rheological proper-
ties (e.g., high viscosity, proper moduli, and shear-thinning be-
havior). Besides, efficient post-printing treatments are generally
required for converting the printed soft ink filaments into in-
tegrated hydrogels while not affecting the shape fidelity of the
printed structure. These requirements are a major obstacle to re-
alizing the full potential of DIW for functional hydrogel manu-
facturing.

Conducting polymers, such as poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS),
exhibit unique advantages because of their combination of
intrinsic electrical conductivity and other advantageous proper-
ties derived from the polymeric nature (e.g., good mechanical
properties, stability, and biocompatibility), demonstrating great
potential for various applications including energy storage,!!>1¢]
flexible electronics,!1718] sensing,!®] and electromagnetic in-
terference (EMI) shielding.?2!] In particular, PEDOT:PSS has
excellent hydrophilicity, and is easily soluble in aqueous media
to form viscous inks that can be directly used for DIW.[!}] When
the PEDOT:PSS inks are properly designed to have the right rhe-
ological properties, they can exhibit favorable 3D printability.!'3]
However, the printed pristine PEDOT:PSS hydrogels still suffer
from inferior conductive and mechanical properties. The exis-
tence of hydrophilic and insulative PSS component guarantees
easy solution processability of PEDOT:PSS but inevitably leads to
low conductivity of the printed devices.['*'>] Some efficient post-
treatments (e.g., thermal annealing) can remove the PSS phase
to restore the high conductivity and improve the mechanical
properties.*1°] However, the shape and structure of the printed
devices are severely affected due to the fast compositional and
morphological changes, resulting in low printing fidelity.[+2022]
To date, a general 3D-printing strategy that allows the pre-
cise and scalable production of high-performance conductive
PEDOT:PSS-based hydrogels by DIW is still highly required.
Furthermore, such a strategy must involve fully commercially
accessible raw materials and simple fabrication, which are
necessary for the progress from the laboratory to commercial
applications.

Here, we demonstrate that the goals aforementioned can be
easily achieved by developing 3D printable PEDOT:PSS-based
inks containing carbon nanotubes (CNTs) as both ink modi-
fier and functional additive. By adding freeze-dried PEDOT:PSS
(Clevios PH1000, Heraeus) into commercially available aqueous
CNTs dispersions (Tuball, OCSiAl), we show that highly print-
able inks suitable for DIW can be simply formulated at low
PEDOT:PSS concentrations (>20 mg mL~! PEDOT:PSS), with-
out using any organic solvent. Through a post-printing freeze—
thawing treatment, the printed objects can be directly and pre-
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cisely converted into high-performance functional hydrogels, in
which the CNTs arrange themselves into the polymer matrix
to form a unique reinforced conductive network, ensuring out-
standing electrical conductivity and mechanical properties. The
resulting composite hydrogel has a very high conductivity of
~2000 S m~!, good stability and durability in water, and excellent
elasticity with a recoverable strain of 80% and fatigue resistance,
which further enable outstanding EMI shielding and pressure
sensing capabilities. Moreover, the 3D-printed composite hydro-
gel is highly biocompatible and can provide a neurotrophic envi-
ronment to support sensitive neuronal cell growth, demonstrat-
ing strong potential for implantable and tissue engineering ap-
plications.

2. Results and Discussion

Figure 1a illustrates the preparation process of the 3D print-
able composite inks from the freeze-dried PEDOT:PSS and CNTs
dispersions by wet milling. The freeze-dried PEDOT:PSS is hy-
drophilic and can be rapidly infiltrated by the aqueous CNTs dis-
persions (Figure S1, Supporting Information). After mixing and
grinding in the mortar, paste-like inks were obtained. Since all
the raw materials are commercially available, the ink prepara-
tion strategy is readily scalable to enable large-scale production.
The prepared inks were stored at a low temperature (=4 °C) be-
fore use and exhibited a long shelf life (more than 6 months)
(Figure S2, Supporting Information). In addition, the aqueous
ink does not contain any organic solvents and harmful additives,
which greatly simplifies the ink preparation process and would
reduce the issues linked to the ink storage, transportation, and
printing processes. The printability of the inks was then inves-
tigated by studying their rheology. Figure 1b shows that all the
inks have a distinct shear-thinning behavior, which is necessary
for smooth extrusion during DIW. Note that the apparent vis-
cosity of the composite ink is orders-of-magnitude higher than
that for pure polymer ink at the same PEDOT:PSS concentration.
This desired enhancement of viscosity and the significant shear-
thinning behavior are likely to be due to the reversible hydro-
gen bonding and physical interactions (e.g., chain entanglement)
among the components with high aspect ratios.[”*) Correspond-
ingly, using the CNTs dispersion to dissolve the PEDOT:PSS also
brings a remarkable increase in the moduli and yield stress of
the resulting composite inks, which ensures that the deposited
ink filaments can maintain their stable shape without collapsing
during the printing process (Figure 1c,d). To visualize this, both
the pure polymer ink and composite ink were deposited on a plas-
tic substrate by extrusion from a common syringe (Figure 1e).
It was observed that the filaments of the pure polymer inks ex-
truded from a syringe rapidly merged and spread on the substrate
(Figure 1e-1,1I), whereas the composite inks showed a good shape
fidelity (Figure le-III-V). These results confirmed the satisfac-
tory 3D printability of the composite ink even at low PEDOT:PSS
concentrations. Since the ink rheology can be easily tuned by
changing the PEDOT:PSS concentration, further solvent evap-
oration steps commonly used for concentrating the ink can be
avoided, greatly simplifying the ink formulation.?*]

With the prepared highly printable composite ink (40 mg mL™!
PEDOT:PSS, 2 mg mL™' CNTs), freestanding 3D composite
structures with complex shapes can be directly and accurately
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Figure 1. Design of 3D printable composite inks for additive manufacturing. a) Preparation process of the composite inks for DIW. b—d) Rheological
properties (viscosity, moduli, yield stress) of different inks (the polymer and composite inks were termed as P, and P,-C, respectively, where x represents
the PEDOT:PSS concentration (mg mL™") in the ink and C indicates the use of CNT dispersion to dissolve the PEDOT:PSS, respectively). e) Photographs

of different inks.

printed by DIW at ambient conditions with a high printing speed
of 20 mm s~' (Figure 2a—d). The printed structures can remain
stable after printing due to the modified rheology of the compos-
ite ink. The microstructure of the 3D-printed objects after freeze
drying was revealed by scanning electron microscopy (SEM) im-
ages. Figure 2e shows the surface morphology of a freeze-dried
3D-printed microlattice, from which an overhanging microstruc-
ture and a highly open porous surface of the printed filaments are
observed. Furthermore, the cross-sectional SEM images clearly
show that the CNTs are uniformly and homogenously dispersed
in the cell walls, which could serve as a secondary conducting
network to endow the reinforced composite with improved con-
ductive properties (Figure 2f,g). It is worth noting that although
the as-printed objects can retain their integrated structures and
geometrical features after printing, they are very fragile. This
is due to the highly reversible interactions between the compo-
nents. These reversible interactions are crucial to achieve the
shear-thinning behavior of the ink and prevent the printed struc-
ture from collapsing after printing. However, they are not strong
enough and unable to provide satisfactory mechanical proper-
ties (e.g., flexibility and elasticity) for the printed objects. Be-
sides, the as-printed devices still contain electrically insulating
PSS and other additives (carboxymethyl cellulose, CMC, from the
CNTs dispersion) used to improve the solution processability of
PEDOT and CNTs, which significantly hinder the interdomain
charge carrier transport, resulting in poor conductivity. Thus, in
order to satisfy the requirements of practical functional applica-
tions, proper post-printing treatments are required to convert the
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printed objects into integrated hydrogels, ensuring satisfactory
electrical conductivity and mechanical properties.

In general, the conversion of the printed gel-like PEDOT:PSS-
based objects into robust hydrogels relies on a gelation pro-
cess, and the improvement of conductive properties can be
achieved by removing the excess PSS phase while increasing
the crystallinity of the PEDOT phase.l?2*] However, commonly
used post-treatment methods such as acid-assisted hydrother-
mal and thermal annealing processes,!*!! can efficiently remove
the PSS phase and enable enhanced interfacial interactions but
would also affect the shape and structure of the resultant PE-
DOT:PSS materials due to the drastic reaction and rapid com-
positional change during the treatments. This inevitably leads
to low shape fidelity when these methods are directly applied to
printed objects. In the present work, a freeze—thawing treatment
was employed to enable the precise conversion of the printed
PEDOT:PSS-based devices into robust hydrogels, which can fa-
cilitate the gelation of the printed devices while preventing their
deformation, simultaneously ensuring efficient performance im-
provement and high printing fidelity (Figure 2h). In a typical pro-
cess, the printed object was first frozen at —20 °C after print-
ing. During this step, ice would grow in the object and the
solid components can be extruded and densified by the ice crys-
tals to form a skeleton structure. Then, the frozen device was
quickly transferred into a low-concentration H,SO, solution for
thawing, enabling mild gelation and initial solidification of the
printed structure. The printed object after the freeze-thawing
process exhibited a greatly improved structural robustness
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Figure 2. 3D printing of composite inks and post-printing treatments. a—d) Photographs of printed architectures. e-g) SEM images of freeze-dried
printed microlattice architecture. h) Post-treatment process for converting the printed devices into robust hydrogel devices while enabling high-shape
fidelity. i) Printed hydrogel microlattice after the post-printing treatment. j) SEM images of the printed hydrogel, showing that its microstructure is not

affected after the post-printing treatment.

and can be easily handled. Finally, the thawed object was treated
with high-concentration H,SO, to further dissolve the PSS and
additives, and to increase the crystallinity of the PEDOT phase,
ensuring a strong gelation and an enhancement of the mechan-
ical and electrical properties of the hydrogel. It can be clearly
observed that both the gross geometry and structure of the
printed hydrogel were not significantly affected during the post-
treatments (Figure 2h). The obtained hydrogel is robust and
retains the highly open porous structure with the CNTs ho-
mogenously distributed in the cell walls (Figure 2i,j). There-
fore, with the assistance of the post-printing freeze-thawing
treatment, the printed PEDOT:PSS-based devices can be suc-
cessfully converted into robust hydrogel devices with high
shape fidelity.

To further ascertain the gelation mechanism, X-ray photoelec-
tron spectroscopy (XPS) was employed to reveal the composi-
tional evolution of the samples during the post-treatment. In the
high-resolution S 2p spectra, two dominating peaks at 164 and
168 eV can be observed for the as-printed composite samples,
which are associated with the PSS and PEDOT phases, respec-
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tively (Figure 3a).[5] After the post-treatment, the peak intensity
ratio of PSS:PEDOT was significantly decreased, indicating that
the PSS component was partially removed.!* The successful par-
tial removal of PSS was further confirmed by the C 1s spectra.
Figure 3b shows that the H,SO,-treated composite hydrogel pos-
sesses a much higher areal ratio between the C-O/C-S peak and
the C-C/C=C peak than the as-printed composite samples, cor-
responding to a higher concentration of PEDOT with respect to
PSS.12627] In addition, the H,SO, treatment combined with the
freeze-thawing strategy can effectively induce the gelation of the
CNTs-based dispersions (Figure S3a, Supporting Information).
After freezing the CN'Ts-based dispersion, thawing the frozen ob-
ject in low-concentration H,SO,, and immersing the thawed ob-
jectin concentrated H,SO,, a freestanding 3D CN'Ts-based archi-
tecture can be obtained. The XPS results demonstrated that the
intensity ratio of the carbon to oxygen peaks increased from 1.04
to 1.66 after the post-treatment (Figure S3b—d, Supporting Infor-
mation), which can be attributed to the removal/carbonization
of the CMC components by the H,SO, treatment. This is also re-
flected by the morphological change observed in the SEM images
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Figure 3. Gelation mechanism. a) S 2p and b) C 1s XPS spectra of different samples. ¢) SEM images showing the morphology of CNTs/CMC film before
and after H,SO, treatment. d) Schematic illustrating the gelation process of the printed device during the post-printing process.

and the conductivity variation (Figure 3c and Figure S4, Support-
ing Information).

Therefore, based on the above analysis, the gelation mecha-
nism of the printed composite hydrogels can be hypothesized,
as schematically shown in Figure 3d. First, the freezing process
enables the growth of ice crystals in the printed object, and the
solid components are extruded and densified at the boundaries
between ice crystals, resulting in the formation of a stable skele-
ton structure. This was verified by the SEM images of the freeze-
dried sample shown in Figure 2f. Then, diluted H,SO, slowly
diffuses into the frozen structure during the thawing process,
mildly and partially removing the PSS components. This has
the effect of enhancing interactions between the closely packed
components in the skeleton and initially solidifying the printed
hydrogel structure. Finally, the concentrated H,SO, treatment
further increases the crystallinity of PEDOT and removes the
excess insulating polymer components (PSS and CMC), ensur-
ing stronger interfacial interactions between the electrically con-
ductive PEDOT chains and CNTs and enabling the formation
of more efficient electron transfer pathways in the resultant hy-
drogel. Importantly, due to the pre-solidification effect achieved
by the freeze—-thawing process, volume shrinkage of the printed
structure during the high-concentration H,SO, treatment can
be effectively prevented. In short, using the proposed ink de-
sign and post-printing protocols, highly conductive and robust
PEDOT:PSS composite hydrogels can be precisely fabricated by
DIW. These hydrogels can perfectly preserve the printed shape
and structure after the post-printing treatment, exhibiting high
shape fidelity.

In addition to H,SO,, the successful conversion of the printed
composite objects into hydrogel devices can also be achieved fol-
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lowing the freeze-thawing protocol with the assistance of other
solvents, such as HCI, ethylene glycol (EG), and formic acid. De-
spite their poor PSS extraction ability, these solvents can induce
phase separation between PEDOT and PSS and conformational
changes of the PEDOT chains,[?*?82] which can strengthen the
m-stacking interactions between the conductive PEDOT chains
and provide more physical crosslinks,!133] resulting in success-
ful gelation and enhanced mechanical and conductive proper-
ties of the PEDOT:PSS-based hydrogels. In particular, even the
nonacidic EG can induce the gelation of the printed PEDOT:PSS-
based objects via the freeze—thawing process, resulting in inte-
grated hydrogels. By selecting proper concentrations of the above-
mentioned solvents, satisfactory shape fidelity was also achieved
after post-treatments (Figure S5, Supporting Information). SEM
images showed the porous nature and the homogenous distribu-
tion of CNTs in the cell walls of the composite hydrogels treated
by different solvents were not affected (Figure S5, Supporting
Information), confirming that the post-printing freeze—thawing
strategy is a powerful method for realizing the printing appli-
cations of PEDOT:PSS-based materials. Although H,SO, treat-
ment has been considered the most effective way for enhanc-
ing the conductivity of PEDOT:PSS materials, handling concen-
trated H,SO, is dangerous and may pose unnecessary risks.
Thus, this finding could provide safer alternative manufacturing
routes. It is worth noting that the ink design and 3D-printing
protocol is also versatile, and other functional additives (e.g., sil-
icon particles) can be easily incorporated into the composite ink
to provide additional properties of the printed devices, which
would significantly broaden the potential functional applications
of the 3D-printed composite materials (Figure S6, Supporting
Information).
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Figure 4. a) Electrical conductivities and water contents of hydrogels treated by H,SO, with different concentrations. b) Photographs of the hydrogel
as a conductor to light up an LED bulb. ) Electrical conductivity and dimension variations of the printed hydrogel sample after immersing in water.
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of 30%. h) The ultimate stress and relative height of the printed hydrogel for 100 compression cycles. i) Photographs showing the compressibility of the

printed hydrogel before and after the post-printing treatment.

Having appropriate conductive and mechanical properties is
a perquisite for the hydrogels to be used for functional appli-
cations. After post-printing treatments, the printed hydrogels
showed significantly improved electrical conductivity and struc-
tural robustness. Previously, PEDOT:PSS/MXene hydrogels with
good conductive properties have been fabricated by DIW.I2I
However, the commercial readiness level of MXene still needs to
be further promoted and the spontaneous oxidation of ordinary
MXene cannot be completely avoided. In comparison, CNTs, as
a carbon material, have unique advantages as functional fillers
in PEDOT:PSS due to their abundance, mature synthesis, out-
standing electrical properties, and especially excellent stability,
which are the key to large-scale production and commercial ap-
plications. Through the freeze-thawing and H,SO, treatments,
the 3D-printed PEDOT:PSS composite hydrogels can exhibit a
high electrical conductivity of ~2000 S m~! with a water content
of 96.0 wt% (Figure 4a). Figure 4b shows the printed hydrogel
circuits, which can light up a light-emitting diode (LED) bulb un-
der a low voltage of 3V, verifying their high conductivity. More
importantly, due to the stability of the components and the ro-
bustness of the structure, the printed hydrogels also exhibited
excellent long-term stability and antiswelling ability in wet envi-
ronments. After being immersed in water for more than a month,
the hydrogels can perfectly keep their shape without observable
decrease of their conductivity (Figure 4c). In addition, the printed
composite hydrogels are flexible and stretchable with an ultimate
tensile strain of 10.2%, and can keep their conducting function
unaffected even under large deformations (Figure 4d,e). These
results confirmed the reliability of the printed composite hydro-
gel for long-term practical applications.
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Another key requirement for practical applications is that the
hydrogels should be elastic, such that the hydrogels can with-
stand deformations to ensure structural integrity during use and
respond to external stimuli. The mechanical properties of the
3D-printed hydrogels were then systematically investigated by
performing compression tests. The as-printed samples are very
fragile due to the inadequate interfacial interactions existing be-
tween the components (Figure 4i). In striking contrast, the com-
posite hydrogels obtained after the post-treatments exhibited out-
standing elasticity. Figure 4f shows the compressive stress—strain
curves of the printed composite hydrogel at strains of 10%, 20%,
30%, 40%, 50%, 60%, 70%, and 80%, respectively. In the loading
process, the hydrogel is densified, squeezing out the water. While
in the releasing process, the hydrogel can rapidly recover its orig-
inal shape even from large strains and reabsorb the surround-
ing water (Figure 4i). The hydrogels also present satisfactory fa-
tigue resistance and can be repeatedly compressed without ob-
servable fracture during the cyclic loading processes (Figure 4g).
The height of the hydrogel remained nearly the same as the orig-
inal value (residual strain ~9%) after 400 cyclic compressions at
a strain of 30%, while the ultimate stresses only decreased by
4.8% after 100 cycles and 11% after 400 cycles (Figure 4h), indicat-
ing the stable elasticity of the hydrogel. The outstanding elastic-
ity can be attributed to the interconnected porous structure and
the synergistic effect between the PEDOT:PSS and CNTs. With
the formation of a unique binary-network structure (Figure 2j),
the CNTs networks that are uniformly embedded in the PE-
DOT:PSS cell walls could effectively reinforce the hydrogel and
enable efficient load transfer upon deformations, resulting in
high elasticity.31-3

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB017 SUOWIWOD SA a1 3(dedldde 8L A peusenob a1e sajolie VO ‘85N JO Sa|n. 10y A1 8UIIUO AB]IAA LD (SUOIPUOD-PUR-SLLIBYWIOD AS | 1M ARe.d1jBull[UO//SdhL) SUORIPUOD pue SWie | 8u8es *[£202/0T/20] uo AkidiTauluo A(1M 9e]i0D AluuiL JO A%iqi Aq 96THTZ202 WiPe/Z00T OT/I0p/Wod A8 | im Afe.d 1 jpuluoy/:sdiy Wwolj pepeojumod ‘L€ ‘€202 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
UNCTIONAL
MATERIALS

T

www.advancedsciencenews.com

www.afm-journal.de

100 100 100 — d 100— —
a —m— As-printed sample H,SO treated hydrogels C Immersing in water High EMI shielding performance
—8—H,SO,-treated hydrogel Bending (480 pm) 804 [ ] A This work
801 801 801 (280pm) o ® @ o @
=, 2, _ 88 ¢ § - ®
) o o 25 B o 60 L 2
T, 60 T 60 cE ~ A v
w L w 8 X w A }
@« Sample thickness: 280 ym | @ n 3555 5 D404 — A 0
S 404 S 404 s XX K% XX s Filler type
c & ] 3 X w M Graphene ~
20 P — . 20{  Sample thickness 1 : Miens -
—@—-170 ym —9—480 um W Liquid metal
~@-280 um —A—840 um 0 #_conductive polymer| Thin thickness
0 T T T 0 T T T T T T
8 9 0 11 12 8 9 10 11 12 6 5 4 3 2 1 0
Frequency (GHz) Frequency (GHz) Thickness (mm)
04 0O4{m 4
© . f L 9 [ Polymer = 12001 g Polymer @ 0.015-{ [EX] Polymer
® » B S, =257% kPa 8 [ Composite = [ Composite g [ Composite
204 GF=224 -204 € 15 5
° . § sk 2 9004 s
9 i S 15 < = i
X i) .. Compression lT Recovery ‘i\; -404 . § E g 0.010
g 2 ] £ 109 5 6004 =
< u & 2 g
s 3 8 0.005
4 E 54 % 300 5
S,=0.76% kPa S B 2
gL i )
- - . - i . ; ! i 0 i . ! . 0.000-
0 5 10 15 20 Day 0 Day 3 Day 0 Day 3 After 7 days
Pressure (kPa) Cell metabolic activity LDH cytotoxicity
C i [ 4 H k 900+ . 25000
R omposite : J z [ Polymer [ Composite
Voo R ) N Dendrites S * sioie B
¥ uclei 5 L E
;o ; 3 600 . £
B Nuclei & L1500 2
N £Y.. @ o
/ Neute g Neurite length g £
$ g g 10000 5
E 300- 2
= ©
% 5000 °
=5
=z
0 T T -0
After 7 days

Figure 5. EMI shielding, sensing, and biocompatible properties. a) EMI SE of as-printed sample and corresponding hydrogel after post-treatment.
b) EMI SE of H,SO,-treated hydrogels with different thicknesses. ¢) EMI SE of hydrogels after repeated 90° bending deformation and immersing in
water for a long time. d) Comparison of the EMI shielding performance of the hydrogel with other polymer-based composites. The changes of electrical
resistance as functions of e) compressive strain (inset: schematic illustrating the sensing mechanism) and f) pressure of the hydrogel. g) Metabolic
activity (left), total cellular DNA (middle) and LDH cytotoxicity assay (right) of neurons grown directly on different hydrogels. Fluorescence microscopy
images of stained neurons grown on h) PEDOT:PSS (polymer) and i) PEDOT:PSS/CNT (composite) samples. j) Schematic illustrating the neuron
structure. k) Count of nuclei visible and total length of neurites extended by cells on different samples after 7 days.

With the fast development of wireless communication and
high-power electronics, high-performance EMI shielding mate-
rials are urgently needed for controlling the electromagnetic ra-
diation interference that seriously affects the normal operation
of sensitive electronic apparatus and systems.3*37] Although the
conductivity of the printed composite hydrogel is lower than
that of some representative EMI shielding materials (e.g., MX-
ene film, graphene film, and metal foil), its conductive na-
ture and high water content can still provide strong conductive
and polarization losses to attenuate the incident electromagnetic
waves, ensuring outstanding EMI shielding performance.[33-411 A
280 um thick composite hydrogel exhibits an EMI SE of 56.8 dB
with a strong absorption behavior (Figure 5a and Figure S7, Sup-
porting Information), which satisfies the requirements of most
commercial applications (>20 dB).** Increasing the hydrogel
thickness enables the efficient enhancement of the EMI shield-
ing performance. A superior EMI SE of 76.4 dB can be achieved
when the thickness of the hydrogel is 840 um (Figure 5b). More-
over, due to their good structural robustness and superb sta-
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bility, the hydrogels present stable EMI shielding performances
even after repeated bending cycles or immersing in water for a
long time, highlighting their reliability for practical applications
(Figure 5c). Note that a slight deviation in the EMI SE values of
the sample was observed, which should be due to the analyzer
limitations and sample installation. Since the deviation is less
than 5%, the EMI SE was considered not to have changed sig-
nificantly. As shown in Figure 5d and Table S1 in the Support-
ing Information, our PEDOT:PSS/CNTs composite hydrogels ex-
hibit both high EMI SE and thin thickness, and are comparable
to other state-of-art polymer-based EMI shielding materials. Al-
though excellent EMI shielding performances of polymer com-
posites have been achieved in previous work,!***#’] their fabrica-
tion still mainly relies on traditional manufacturing strategies,
such as casting and molding, which would inevitably limit their
applications in situations where fast prototyping or complex de-
sign of the shields are needed. Besides, the traditional subtractive
manufacturing processes can easily cause damage to soft materi-
als, especially when fabricating miniaturized devices. Thus, the
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3D printing of EMI shields that goes beyond the usual manufac-
turing protocols has great potential to meet the ever-escalating
design demands of modern devices.[*?! Compared with conven-
tional EMI shielding solutions, our high-performance compos-
ite hydrogels that are compatible with the 3D-printing technique
present unique advantages. This means that customized EMI
shielding solutions could be created to precisely fit the users’ real
needs, and to widen their applications for next-generation appli-
cations.

In addition to providing efficient EMI shielding functions,
the printed composite hydrogels can be utilized as piezoresistive
pressure sensors because of their combination of conductive na-
ture, elasticity, and porous structure (Figure 5e, inset).[*¥] When
external pressure is applied to the hydrogel, the deformation of
its porous structure results in an increased contact area of the
cell wall, leading to electrical resistance changes.[*”) Meanwhile,
when the pressure is released, the porous structure can spring
back to its original state due to the elasticity, enabling the recov-
ery of the resistance. As a result, the hydrogel can stably and re-
peatedly respond to external pressure stimuli. Figure 5f presents
plots of resistance change against compressive strain of the
printed composite hydrogel, and the gauge factor can be deter-
mined as 22.4 within the strain range of 0-3%. The compressive
force-induced deformation of the porous structure enables the
hydrogel to exhibit a pressure sensitivity of 25.7% kPa~!, and
the hydrogel can stably respond to cyclic compressing-releasing
with different pressures (Figure 5f and Figure S8, Supporting
Information). The sensitivity then decreased to 0.76% kPa~! un-
der higher pressures because the conductive pathway would ap-
proach saturation upon continuous pressing. It is worth noting
that the HCl-treated hydrogels with inferior electrical conductiv-
ity have a lower EMI SE (42.4 dB at a thickness of 290 pm) but
a much higher pressure sensitivity of 85.5% kPa~! (Figure S9,
Supporting Information). This is because the conducting net-
work of the HCl-treated hydrogels with lower conductivity is sup-
posed to be easier to change its structure upon compression
than the H,SO,-treated hydrogels, resulting in higher pressure
sensitivity.[’*5!] These composite hydrogels are soft and have sim-
ilar moduli to human tissues, thus holding great potential for
wearable and implantable applications.

Considering the potential applications of printed compos-
ite hydrogels as implantable devices and bioelectronics, we
also investigated their biocompatibility by directly growing neu-
rons on the hydrogels and assessing their morphology, cell
metabolic rate, total cellular DNA, and cytotoxicity in vitro. The
printed pure PEDOT:PSS hydrogels were used as a control be-
cause PEDOT:PSS materials have been previously proved to be
biocompatible.533] Cell metabolic activity results indicated no
significant difference between groups after 24 h. The metabolic
rate increased in both groups, but the metabolic rate of cells on
pure PEDOT:PSS was significantly higher than that of cells on
composite hydrogel (Figure 5g, left), suggesting that cells are less
stressed on the composite samples. Total cellular DNA remained
almost consistent across groups at different time points, indi-
cating that the population of the adherent cells was well main-
tained on both PEDOT:PSS and composite hydrogels (Figure 5g,
middle). Lactate dehydrogenase (LDH) cytotoxicity testing fur-
ther showed no difference in levels between the two groups after 7
days (Figure 5g, right). Therefore, the obtained composite hydro-
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gel well maintained good biocompatibility despite the addition
of CNTs to improve ink rheology and hydrogel performance. In
addition, confocal microscopy images showed both the polymer
and composite hydrogels can support the survival and growth of
neurons (Figure 5h,i). The cells grown on the hydrogels exhib-
ited healthy neuronal morphologies, with long neurites observed
extending between cells (Figure 5j), indicating that the hydro-
gels can provide a neurotrophic environment that encouraged
the neurite outgrowth. Interestingly, although both hydrogels can
support cell growth, the cell viability and proliferation were better
on the composite hydrogel, as verified by the number of nuclei
and the fractional area stained with g-III tubulin (Figure 5k and
Figure S10, Supporting Information). Moreover, the total neurite
length was significantly increased on the composite hydrogels
with a value 0of 13215.3 + 2916.7 um, which is significantly higher
than 7588.7 + 1319.4 um on the PEDOT:PSS hydrogels, suggest-
ing that the composite hydrogel can effectively promote neuron
and neurite growth. This effect on neuronal growth and devel-
opment is likely due to the interaction of the neurons with the
CNTs embedded in the composite, which has been observed to
promote markers of neuronal development in other studies.l>*>¢!
Therefore, with the combination of the promising properties,
customizability, and excellent biocompatibility, the 3D-printed
composite hydrogels also hold great potential for implantable and
tissue engineering applications.

3. Conclusion

In summary, we presented a simple and effective ink preparation
and 3D-printing method for the customizable and reproducible
fabrication of multifunctional conductive polymer composite hy-
drogels based on fully commercially available raw materials. The
facile ink preparation and solid printing processes also allow that
functional additives can be easily incorporated into the hydrogels
to broaden their potential applications. The printed composite
hydrogels exhibited high water content, good electrical conduc-
tivity, outstanding elasticity, and favorable biocompatibility, and
can provide efficient EMI shielding and pressure-sensing func-
tions. We believe this work will bring new opportunities to func-
tional conductive hydrogels and facilitate their development from
the laboratory to commercial applications in wearable and im-
plantable devices, soft robotics, and bioelectronics.

4. Experimental Section

Preparation of 3D Printable Composite Ink: All reagents were used
as received without further purification. The PEDOT:PSS was obtained
by freeze-drying the commercially available PEDOT:PSS solution (Clevios
PH1000, Heraeus Electronic Materials). The CNT aqueous dispersion
(0.2 wt% CNT in water, ~0.3 wt% CMC as a surfactant stabilizer) was sup-
plied by Tuball, OCSiAl. The freeze-dried PEDOT:PSS was then mixed with
the CNTs dispersion in a mortar by grinding. Finally, the resulting paste-
like ink was collected and stored in a fridge at 4 °C before use. The pure
PEDOT:PSS ink was obtained by adding the freeze-dried PEDOT:PSS into
deionized water followed by vortex mixing. The silicon-containing ink was
obtained by adding the silicon particles and the freeze-dried PEDOT:PSS
to the CNTs dispersion, followed by grinding in a mortar. The details of
different inks with various PEDOT:PSS mass ratios are presented in Table
S2, Supporting Information.

3D Printing and Post-Printing Treatments:  The 3D-printing process was
conducted on a benchtop 3D printer (nano3Dprint). The patterns were
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designed and converted into G-code by commercial software, Shapr 3D
and Simplify3D, respectively. After printing, the printed objects were first
frozen at —20 °C. Then the frozen objects were transferred into 5 M H,SO,
or HCl at room temperature to initiate a mild gelation. After thawing,
the freestanding gel-like objects were immersed into high-concentration
H,SO, (18.4 m) or HCl (12 m) at room temperature for 24 h. Finally, the
as-obtained hydrogel objects were washed and dialyzed in deionized wa-
ter to remove the acid. All the resulting hydrogels were stored in water at
room temperature.

Characterization: The rheological behaviors of the composite inks
were tested on a Discovery HR-2 Rheometer (TA Instruments) with a steel
parallel-plate geometry (8 mm diameter) at 20 °C. All samples were al-
lowed to rest for 30 min prior to testing. Morphologies and microstruc-
ture of the samples were observed by a Zeiss Ultra Plus SEM (Carl Zeiss,
Germany). The electrical resistance was measured by a two-point probe
method (Keithley 2400) and the electrical conductivity was calculated us-
ing the equation ¢ = L/(RA), where R, L, and A are the electrical resis-
tance, the length, and the conductive path area of a hydrogel, respectively.
The solid content was obtained by calculating the weight ratio of the as-
obtained hydrogel and the corresponding freeze-dried aerogel. In order
to measure the volume variation of the composite hydrogel, a cuboid
sample was printed. And the volume variation (%) was determined by
(V,—Vp) X 100%/V,, where V, is the volume of the as-obtained hydro-
gel and V, is the volume of the hydrogel after being immersed in water
for x days. Tensile and compressive properties were studied with a Zwick
Z0.5 Proline Tensile Tester. The electromechanical properties of the pres-
sure sensor were tested using a Keithley KE2601 source meter controlled
by LabView software in conjunction with the universal tester. EMI shield-
ing performances were measured by a Rohde & Schwarz ZVB 20 vector
network analyzer with a waveguide method in the frequency range within
8-12 GHz.

Biocompatibility of Hydrogels:  SH-SY5Y human neuronal cell line cells
(CRL-2266, ATCC) were seeded and grown directly on printed hydrogels.
Briefly, the cells were first grown and seeded in a medium consisting of
Dulbecco’s modified Eagle medium/nutrient mixture F-12 (Sigma-Aldrich)
with 10% fetal bovine serum (Biosera), 1% penicillin/streptomycin (Scien-
Cell), and 1% L-glutamine (Sigma-Aldrich). Cell metabolic rate and total
cellular DNA were assessed using an Alamar Blue assay kit (Invitrogen)
and a Pico Green dsDNA assay kit (Invitrogen), respectively. Cytotoxic-
ity was assessed using a CyQuant LDH assay kit (Invitrogen). For neurite
outgrowth experiments, the growth medium was exchanged to differen-
tiation media after 24 h, consisting of Neurobasal Medium (Gibco) with
1% penicillin/streptomycin, 1% Glutamax (Gibco), 2% B27 (Gibco), and
0.003% ATRA (Sigma-Aldrich). The neurons were then allowed to grow for
6 days in this medium. Thereafter, samples were immersed in 10% forma-
lin for 30 min at room temperature and washed with phosphate buffered
saline (PBS). Neurons were immunostained with anti-rabbit g Tubulin 111
Antibody (1:1000, T2200, Sigma-Aldrich) in 0.1 m PBS with 0.2% Triton-
X100 (PBT) at 4 °C overnight. Samples were then washed with PBS (x3)
and secondary immunostained with a Goat Anti-Rabbit 555 secondary an-
tibody (1:1000, A32732, Invitrogen). Following this, samples were washed
with PBS (x3), and neuronal nuclei were stained with 4’,6-diamidino-2-
phenylindole (Thermo Fisher Scientific). The samples were imaged using
a Zeiss 710 NLO confocal microscope to assess neurite outgrowth. Out-
growth was assessed using Image] software and an established Neurite-
Tracer plugin for automated neurite outgrowth analysis. Cell nuclei were
counted and total neurite length per image was measured and used to
calculate average neurite length per cell. This was averaged across four
images per sample to return an average value for each sample.

Statistical Analysis:  For biological characterizations, all results repre-
sented at least three repeated individual experiments (N > 3) with at least
three technical replicates per experiment (n > 3). Data sets were tested
for normality using the appropriate tests (Shapiro—-Wilk, Kolmogorov—
Smirnov) and statistically assessed using parametric (t-test, one-way anal-
ysis of variance) or nonparametric (Mann—Whitney) tests where appro-
priate. Statistical analysis was carried out using GraphPad Prism (v8.0.1)
software and all values were represented as the mean and error bars as
the standard error of the mean (SEM).
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