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3D printing of conducting polymers
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Conducting polymers are promising material candidates in diverse applications including
energy storage, flexible electronics, and bioelectronics. However, the fabrication of con-
ducting polymers has mostly relied on conventional approaches such as ink-jet printing,
screen printing, and electron-beam lithography, whose limitations have hampered rapid
innovations and broad applications of conducting polymers. Here we introduce a high-
performance 3D printable conducting polymer ink based on poly(3,4-ethylenediox-
ythiophene):polystyrene sulfonate (PEDOT:PSS) for 3D printing of conducting polymers. The
resultant superior printability enables facile fabrication of conducting polymers into high
resolution and high aspect ratio microstructures, which can be integrated with other mate-
rials such as insulating elastomers via multi-material 3D printing. The 3D-printed conducting
polymers can also be converted into highly conductive and soft hydrogel microstructures. We
further demonstrate fast and streamlined fabrications of various conducting polymer devices,
such as a soft neural probe capable of in vivo single-unit recording.
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onducting polymers, a class of polymers with intrinsic

electrical conductivity, have been one of the most pro-

mising materials in applications as diverse as energy sto-
rage!, flexible electronics?, and bioelectronics?, owing to their
unique polymeric nature as well as favorable electrical and
mechanical properties, stability, and biocompatibility. Despite
recent advances in conducting polymers and their applications,
the fabrication of conducting polymer structures and devices have
mostly relied on conventional manufacturing techniques such as
ink-jet printing*-®, screen printing’, aerosol printing8-10, elec-
trochemical patterning!!-13, and lithography!4-16 with limita-
tions and challenges. For example, these existing manufacturing
techniques for conducting polymers are limited to low-resolution
(e.g., over 100 um), two-dimensional (e.g., low aspect ratio) pat-
terns, and/or complex and high cost procedures (e.g., multi-step
processes in clean room involving alignments, masks, etchings,
post-assemblies)*>7-14-16 (Supplementary Table 1), which have
hampered rapid innovations and broad applications of conduct-
ing polymers. Unlike these conventional approaches, three-
dimensional (3D) printing offers capabilities to fabricate micro-
scale structures in a programmable, facile, and flexible manner
with a freedom of design in 3D space!”!8 (Supplementary
Table 1). For example, recent developments of 3D printable
materials such as metals!%20, liquid metals?!, hydrogels®2-23, cell-
laden bioinks?4-26, glass?’, liquid crystal polymers?3, and ferro-
magnetic elastomers?® have greatly expanded the accessible
materials library for 3D printing. While intensive efforts have
been devoted to 3D printing of conducting polymers, only simple
structures such as isolated fibers have been achieved3-32 owing
to insufficient 3D printability of existing conducting polymer
inks.

Here we invent a high-performance 3D printable ink based on
one of the most widely utilized conducting polymers poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) to
take advantage of advanced 3D printing for the fabrication of
conducting polymers. To achieve favorable rheological proper-
ties for 3D printing, we develop a paste-like conducting polymer
ink based on cryogenic freezing of aqueous PEDOT:PSS
solution followed by lyophilization and controlled re-dispersion
in water and dimethyl sulfoxide (DMSO) mixture. The resultant
conducting polymer ink exhibits superior 3D printability
capable of high resolution (over 30 um), high aspect ratio
(over 20 layers), and highly reproducible fabrication of con-
ducting polymers, which are also readily integratable with other
3D printable materials such as insulating elastomers by
multi-material 3D printing. Dry-annealing of the 3D-printed
conducting polymers provides highly conductive (electrical
conductivity over 155Scm~!) and flexible PEDOT:PSS 3D
microstructures in the dry state. Moreover, the dry-annealed
3D-printed conducting polymers can be readily converted into a
soft (Young’s modulus below 1.1 MPa) yet highly conductive
(electrical conductivity up to 28 Scm~!) PEDOT:PSS hydrogel
via subsequent swelling in the wet environment. We further
demonstrate a facile and streamlined fabrication of various
functional conducting polymer devices by multi-material 3D
printing, including a high-density flexible electronic circuit and a
soft neural probe capable of in vivo single-unit recording.

Results

3D printable conducting polymer ink. Conducting polymers are
typically used in the form of liquid monomer or polymer solution
whose fluidity prevents their direct use in 3D printing>>33. In
order to endow rheological properties required for 3D printing to
conducting polymers, we develop a simple process to convert a
commercially available PEDOT:PSS aqueous solution to a high-

performance 3D printable ink (Fig. 1 and Supplementary Fig. 1).
The pristine PEDOT:PSS solution exhibits a dilute dispersion
of PEDOT:PSS nanofibrils (Fig. 1a, d) with low viscosity (below
30 Pas). Inspired by 3D printability of concentrated cellulose
nanofiber suspensions343>, we hypothesize that a highly con-
centrated solution of the PEDOT:PSS nanofibrils can provide a
3D printable conducting polymer ink, due to the formation of
entanglements among PEDOT:PSS nanofibrils (Fig. 1b). To test
our hypothesis, we first isolate PEDOT:PSS nanofibrils by lyo-
philizing the pristine PEDOT:PSS solution. In order to avoid
excessive formation of PEDOT-rich crystalline domains among
PEDOT:PSS nanofibrils due to slow ice crystal formation during
lyophilization at high temperature3®, we perform lyophilization in
a cryogenic condition (i.e., frozen in liquid nitrogen). The isolated
PEDOT:PSS nanofibrils are then re-dispersed with a binary sol-
vent mixture (water:DMSO = 85:15 v/v) to prepare concentrated
suspensions.

With increasing concentration of the PEDOT:PSS nanofibrils,
the suspensions gradually transit from liquids to thixotropic 3D
printable inks (Fig. 1g-j) due to the formation of reversible
physical networks of the PEDOT:PSS nanofibrils via entangle-
ments within the solvent (Fig. le). We perform small angle X-ray
scattering (SAXS) and rheological characterizations to quantify
microscopic and macroscopic evolutions of the conducting
polymer ink with varying concentrations of the PEDOT:PSS
nanofibrils, respectively (Fig. 1k-o0). The SAXS characterizations
show that the average distance between PEDOT-rich crystalline
domains L (d-spacing calculated by the Bragg expression L = 2n/
Gmax) decreases with an increase in the concentration of
the PEDOT:PSS nanofibrils (16.1 nm for 1 wt% and 7.0 nm for
10 wt%), indicating closer packing and higher degree of
interactions between the adjacent PEDOT:PSS nanofibrils in
more concentrated inks (Fig. 1k).

Rheological measurements of the conducting polymer inks
clearly show the transition from low viscosity liquids (low
concentration PEDOT:PSS nanofibrils) to physical gels (high
concentration PEDOT:PSS nanofibrils) with characteristic shear-
thinning and shear-yielding properties for 3D printable inks!81?
(Fig. 11-o and Supplementary Fig. 2). The low viscosity and low
yield stress of the conducting polymer inks with low PEDOT:PSS
nanofibril concentrations (1-4 wt%) cause lateral spreading of
3D-printed inks on the substrate (Fig. 1g, h, m, 0). On the other
hand, the conducting polymer inks with too high concentrations
of PEDOT:PSS nanofibrils (above 8 wt%) start to clog printing
nozzles due to the formation of large aggregates of PEDOT:PSS
nanofibrils (Fig. 1j, m, o). Hence, we find that the intermediate
range of PEDOT:PSS nanofibril concentrations (5-7 wt%)
provides optimal rheological properties and 3D printability
(Fig. 1i, m, o). The 3D printable conducting polymer ink can
be stored under ambient conditions over a month without the
significant change in rheological properties and printability
(Supplementary Fig. 3). After 3D printing, we dry and anneal
the 3D-printed conducting polymers to remove solvents (water
and DMSO) and facilitate the formation of PEDOT-rich crystal-
line domains and subsequent percolation among PEDOT:PSS
nanofibrils33 (Fig. 1c, f) (see Methods for details). The resultant
dry pure PEDOT:PSS can also be readily converted into stable
pure PEDOT:PSS hydrogels (equilibrium water contents ~ 87%)
by swelling in a wet environment33.

3D printing of conducting polymers. Superior printability of the
conducting polymer ink allows various advanced 3D printing
capabilities including printing of high resolution, high aspect
ratio, and overhanging structures (Fig. 2). To demonstrate high
resolution printing in microscale, we print meshes of the
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Fig. 1 Design of 3D printable conducting polymer ink. a, b, Pristine PEDOT:PSS solution (a) can be converted into a 3D printable conducting polymer ink

(b) by lyophilization in cryogenic condition and re-dispersion with a solvent.

¢, 3D-printed conducting polymers can be converted into a pure PEDOT:PSS

both in dry and hydrogel states by dry-annealing and subsequent swelling in wet environment, respectively. d CryoTEM image of a pristine PEDOT:PSS
solution. e CryoTEM image of a 3D printable conducting polymer ink. f TEM image of a dry-annealed 3D-printed conducting polymer. g-j Images of re-
dispersed suspensions with varying PEDOT:PSS nanofibril concentration. k SAXS characterization of conducting polymer inks with varying PEDOT:PSS
nanofibril concentration. The d-spacing L is calculated by the Bragg expression L = 21/qax. | Apparent viscosity as a function of shear rate for conducting
polymer inks of varying PEDOT:PSS nanofibril concentration. m Apparent viscosity of conducting polymer inks as a function of PEDOT:PSS nanofibril
concentration. n Shear storage modulus as a function of shear stress for conducting polymer inks of varying PEDOT:PSS nanofibril concentration. o Shear
yield stress of conducting polymer inks as a function of PEDOT:PSS nanofibril concentration. For TEM images in (d-f), the experiments were repeated (n =
5) based on independently prepared samples with reproducible results. Scale bars, 100 nm.

conducting polymer ink (7 wt% PEDOT:PSS nanofibril) through
200-, 100-, 50-, and 30-pm diameter nozzles (Fig. 2a-d). Favor-
able rheological properties of the conducting polymer ink further
enable the fabrication of multi-layered high aspect ratio micro-
structures (100-um nozzle, 20 layers) (Supplementary Movie 1) as
well as overhanging features (Supplementary Movie 2) (Fig. 2e,
h). The 3D-printed conducting polymer structures can readily be
converted into dry and hydrogel forms without loss of the

original microscale structures, owing to the constrained drying
(while attached on the substrate) and swelling property of the
pure PEDOT:PSS hydrogels3® (Fig. 2f, ¢ and Supplementary
Fig. 4). Furthermore, the 3D-printed conducting polymer
hydrogels exhibit long-term stability in physiological wet envir-
onments without observable degradation of microscale features
(e.g., high aspect ratio and overhanging structures) after storing
in PBS for 6 months (Supplementary Fig. 5).

NATURE COMMUNICATIONS | (2020)11:1604 | https://doi.org/10.1038/541467-020-15316-7 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

;noeobeee@®e
CICICICICICRC]C)
(CRCHCRCRCACNC )]
Gooe@e@e
[CICICICICY

N

10 layers wmmmmm  Overhanging structure

e layer (100 um nozzle)

2 layers

6 layers

T

16 layers

20 layers

3D-printed PEDOT:PSS g 3D-printed PEDOT:PSS

AN

Hydrogel

i 3D-printed PEDOT:PSS
- B

hydrogel structure

3D printing high-aspect ratio & overhanging structures
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The 3D printable conducting polymer ink can be readily
incorporated into multi-material 3D printing processes together
with other 3D printable materials. For example, we fabricate a
structure that mimics a high-density multi-electrode array (MEA)
based on multi-material 3D printing of the conducting polymer
ink and an insulating polydimethylsiloxane (PDMS) ink with a
total printing time less than 30 min (Supplementary Fig. 6a, b and
Supplementary Movie 3). The 3D-printed MEA-like structure
shows a complex microscale electrode pattern and a PDMS well
that are comparable to a commercially available MEA fabricated
by multi-step lithographic processes and post-assembly (Supple-
mentary Fig. 6¢).

Properties of 3D-printed conducting polymers. The 3D-printed
conducting polymers can achieve electrical conductivity as high
as 155Scm™! in the dry state and 28 Scm™! in the hydrogel
state, comparable to the previously reported high-performance
conducting polymers>16-33 (Fig. 3a, Supplementary Fig. 7, and
Supplementary Table 2). Notably, a smaller nozzle diameter
yields a higher electrical conductivity for the printed conducting
polymers, potentially due to shear-induced enhancements in the
PEDOT:PSS nanofibril alignment?2. Flexibility of the 3D-printed
conducting polymers allows mechanical bending with maximum
strain of 13% in the dry state (65 um radius of curvature with
17 um thickness) and 20% in the hydrogel state (200 um radius of
curvature with 78 um thickness) without failure (Supplementary
Fig. 8). To investigate the effect of mechanical bending on the
electrical performance, we characterize the electrical conductivity
of the 3D-printed conducting polymers (100-pm nozzle, 1 layer)
on flexible polyimide substrates as a function of the bending
radius as well as the bending cycle (Fig. 3b, c). The 3D-printed
conducting polymers show small changes in the electrical

conductivity (less than 5%) across a wide range of tensile and
compressive bending conditions (radius of curvature, +1-20 mm)
in both the dry and hydrogel states (Fig. 3b). Furthermore, the
3D-printed conducting polymers can maintain a high electrical
conductivity (over 100 Scm™! in dry state and over 15Scm™! in
hydrogel state) after 10,000 cycles of repeated bending (Fig. 3c).

To further investigate the electrical properties, we perform the
electrochemical impedance spectroscopy (EIS) of the 3D-printed
conducting polymers (100-um nozzle, 1 layer on Pt) (Fig. 3d).
The EIS data are fitted to the equivalent circuit model shown
in Fig. 3d, where R, represents the electronic resistance, R;
represents the ionic resistance, R. represents the total ohmic
resistance of the electrochemical cell assembly, and CPE4 and
CPE, represent the constant phase elements (CPE) corresponding
to the double-layer ionic capacitance and the geometric
capacitance, respectively”38. The semicircular Nyquist plot
shape suggests the presence of comparable ionic and electronic
conductivity in the 3D-printed conducting polymer hydrogels
(Fig. 3d), which is confirmed by the extracted fitting parameters
of the equivalent circuit model where the ionic and electronic
resistances show comparable magnitudes (R; = 105.5Q and R, =
107.1 Q).

The cyclic voltammetry (CV) demonstrates a high charge
storage capability (CSC) of the 3D-printed conducting poly-
mers (100-um nozzle, 1 layer on Pt) compared to typical
metallic electrode materials such as Pt with remarkable
electrochemical stability (less than 2% reduction in CSC
after 1000 cycles) (Fig. 3e). The CV of the 3D-printed
conducting polymers further shows broad and stable anodic
and cathodic peaks under varying potential scan rates3?,
suggesting non-diffusional redox processes and electrochemi-
cal stability of the 3D-printed conducting polymers (Supple-
mentary Fig. 9).
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Fig. 3 Properties of 3D-printed conducting polymers. a Conductivity as a function of nozzle diameter for 3D-printed conducting polymers in dry and
hydrogel states. b Conductivity as a function of bending radius for 3D-printed conducting polymers in dry (17 um, thickness) and hydrogel (78 um,
thickness) states. Pl indicates polyimide. € Conductivity as a function of bending cycles for 3D-printed conducting polymers in dry (17 um, thickness) and
hydrogel (78 um, thickness) states. d Nyquist plot obtained from the EIS characterization for a 3D-printed conducting polymer on Pt substrate (78 um,
thickness) overlaid with the plot predicted from the corresponding equivalent circuit model38. In the equivalent circuit models, R, represents electronic
resistance, R; represents ionic resistance, R, represents the total ohmic resistance of the cell assembly, CPEy represents the double-layer constant phase
element (CPE), whereas CPE, represents the geometric CPE. CPE is used to account inhomogeneous or imperfect capacitance and are represented by the
parameters Q and n where Q represents the peudocapacitance value and n represents the deviation from ideal capacitive behavior. The true capacitance C
can be calculated from these parameters by using the relationship C = Qwmax"~!, where wmay is the frequency at which the imaginary component reaches a
maximum3”. The fitted values for 3D-printed PEDOT:PSS are R, =107.1Q, R =105.5 Q, R. =14.07 Q, Qq =1.467 x 107> F s"~, ny = 0.924, Q, = 4.446 x
10~7F sn=1, and ng = 0.647. e CV characterization for a 3D-printed conducting polymer on Pt substrate. f Nanoindentation characterizations for 3D-
printed conducting polymers in dry and hydrogel states with the JKR model fits. Values in (a-¢) represent the mean and the standard deviation (n =5 per
each testing conditions based on independently prepared samples and performed experiments).

To quantify mechanical properties of the 3D-printed conduct-
ing polymers, we conduct nanoindentation tests (Fig. 3f and
Supplementary Fig. 10). The 3D-printed conducting polymers
display relatively high Young’s modulus of 1.5+ 0.31 GPa in the
dry state, similar to the previously reported values for dry
PEDOT:PSS*? (Fig. 3f). In contrast, the 3D-printed conducting
polymers in the hydrogel state exhibit three orders of magnitude
reduction in Young’s modulus to 1.1 +0.36 MPa, comparable
to those of soft elastomers such as PDMS (Young’s modulus,
1-10 MPa) (Fig. 3f). The softness of 3D-printed conducting
polymer hydrogels can offer favorable long-term biomechanical
interactions with biological tissues, which may find a particular
advantage in bioelectronic devices and implants>41:42,

3D printing of conducting polymer devices. Enabled by
the superior 3D printability and properties, 3D printing of the
conducting polymer ink can offer a promising route for facile and
streamlined fabrication of high resolution and multi-material
conducting polymer structures and devices (Fig. 4 and Supple-
mentary Table 1). Highly reproducible 3D printing of conducting
polymers in high resolution allows the rapid fabrication of over
100 circuit patterns with less than 100 um feature size on a
flexible polyethylene terephthalate (PETE) substrate by a single
continuous printing process with a total printing time less than
30 min (Fig. 4a, Supplementary Fig. 11, and Supplementary
Movie 4). The resultant 3D-printed conducting polymer elec-
tronic circuits exhibit high electrical conductivity to operate
electrical components such as a light emitting diode (LED)
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(Fig. 4b and Supplementary Movie 4) and flexibility to withstand
bending without mechanical failure (Fig. 4c). This programmable,
high resolution, and high throughput fabrication of conducting
polymer patterns by 3D printing can potentially serve as an
alternative to ink-jet printing and screen printing with a higher
degree of flexibility in the choice of designs based on applicational
demands*”.

We further demonstrate a facile fabrication of a soft neural
probe for in vivo bioelectronic signal recording (Supplementary
Fig. 12 and Supplementary Movie 5). The multi-material 3D
printing capability in high resolution allows us to print both
insulating encapsulation (PDMS ink) and electrodes (conducting
polymer ink) of the neural probe by a facile continuous printing
process (a total printing time less than 20 min) without the need
of post-assemblies or complex multi-step procedures in conven-
tional fabrication methods such as electron-beam lithography!>10
(Fig. 4d, Supplementary Fig. 12, and Supplementary Movie 5).
The resultant probe consists of nine PEDOT:PSS electrode
channels in the feature size of 30 pm in diameter with the
impedance in the range of 50-150kQ at 1kHz, suitable for
in vivo recording of neural activities*>#4. After the connector
assembly (Supplementary Fig. 13), the 3D-printed soft neural
probe is implanted to the mouse dorsal hippocampus (dHPC,
coordinate: —1.8 mm AP; 1.5 mm ML; —1.0 mm DV) with the
help of a plastic catheter (Fig. 4f, top). The 3D-printed soft neural
probe can successfully record continuous neural activities in a
freely moving mouse (Fig. 4f, bottom) from each channel
including the local field potential (LFP; at 1kHz) (Fig. 4g) and
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the action potential (AP; at 40 kHz) (Fig. 4h) over two weeks.
Furthermore, the 3D-printed soft neural probe can record signals
from distinctive single units, isolated from individual channel of
the probe (Fig. 4, j).

Discussion

In summary, we present a high-performance 3D printable con-
ducting polymer ink based on PEDOT:PSS capable of rapid and
flexible fabrication of highly conductive microscale structures and
devices both in the dry and hydrogel states. The conducting
polymer ink exhibits superior 3D printability and ready integr-
ability into advanced multi-material 3D printing processes with
other 3D printable materials. Enabled by this capability, we fur-
ther demonstrate 3D printing-based fabrication of the high-
density flexible electronic circuit and the soft neural probe in a
facile, fast, and significantly streamlined manner. This work not
only addresses the existing challenges in 3D printing of con-
ducting polymers but also offers a promising fabrication strategy
for flexible electronics, wearable devices, and bioelectronics based
on conducting polymers.

Methods

Preparation of 3D printable conducting polymer ink. A commercially available
PEDOT:PSS aqueous solution (Clevios™ PH1000, Heraeus Electronic Materials)
was stirred vigorously for 6 h at room temperature and filtered with a syringe filter
(0.45 um). The filtered pristine PEDOT:PSS solution was then cryogenically frozen
by submerging in liquid nitrogen bath. The cryogenically frozen PEDOT:PSS
solution was lyophilized for 72 h to isolate PEDOT:PSS nanofibrils. The isolated
PEDOT:PSS nanofibrils with varying concentrations were re-dispersed with a
deionized water-DMSO (Sigma-Aldrich) mixture (water:DMSO = 85:15 v/v), fol-
lowed by thorough mixing and homogenization by a mortar grinder (RM 200,
Retcsh). The prepared conducting polymer ink was kept at 4 °C before use. The
detailed procedure for the 3D printable conducting polymer ink preparation is
illustrated in Supplementary Fig. 1.

3D printing procedure. 3D printing of the conducting polymer ink and the PDMS
ink (SE 1700, Dow Corning) were conducted based on a custom-designed 3D
printer based on a Cartesian gantry system (AGS1000, Aerotech)!® with various
size of nozzles (200- and 100-um nozzles from Nordson EFD; 50-um nozzles from
Fisnar; 30-um nozzles from World Precision Instrument). Printing paths were
generated by CAD drawings (SolidWorks, Dassault Systémes) and converted into
G-code by a commercial software package (CADFusion, Aerotech) and custom
Python scripts to command the x-y-z motion of the printer head. The detailed
printing paths are provided in Supplementary Figs. 6, 11, and 12.
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After printing, the 3D-printed conducting polymer was dried at 60 °C for 24 h
followed by multiple cycles of annealing at 130 °C (3 cycles with 30 min per each
cycle) to yield pure PEDOT:PSS3. To achieve constrained drying of 3D-printed
conducting polymers in thickness direction, the 3D-printed conducting polymers
were placed on a glass substrate and dry-annealed. The dry-annealed 3D-printed
conducting polymer was further equilibrated in PBS to be converted into a
hydrogel state.

Electron microscope imaging. Scanning electron microscope (SEM) images of the
3D-printed conducting polymers were taken by using a SEM facility (JSM-6010LA,
JEOL) with 5nm gold sputtering to enhance image contrasts. Transmission elec-
tron microscope (TEM) images of the pristine PEDOT:PSS solution, conducting
polymer ink, and dry-annealed 3D-printed conducting polymer were taken by
using a TEM facility (2100 FEG, JEOL) at 200 kV with a magnification of 10,000 to
60,000. For cryogenic TEM (CryoTEM) imaging, the samples were prepared by a
cryo plunger (CP3, Gatan). All Images were recorded under low-dose conditions to
avoid sample damage by electron beams.

Small angle X-ray scattering (SAXS) characterizations of the conducting
polymer inks were conducted by using a SAXS facility (Pilatus 3 R 300 K, Bruker
Nanostar SAXS) with a sample-detector distance of 1059.1 mm and an exposure
time of 300 s. The measured scattering intensity was corrected by subtracting the
solvent background (water:DMSO = 85:15 v/v). To analyze the average distance
between PEDOT crystalline domains in the 3D printable conducting polymer inks,
the d-spacing L was calculated by the Bragg expression L = 21/, without further
fitting of the SAXS data.

Rheological characterization. Rheological characterizations of the conducting
polymer inks were conducted by using a rotational rheometer (AR-G2, TA
Instrument) with 20-mm diameter steel parallel-plate geometry. Apparent viscosity
was measured as a function shear rate by steady-state flow tests with a logarithmic
sweep of shear rate (0.01-100 s~1). Shear storage modulus (G) and loss modulus
(G”) were measured as a function of shear stress via oscillation tests with a loga-
rithmic sweep of shear stress (1-1000 Pa) at 1 Hz shear frequency and oscillatory
strain of 0.02. Shear yield stress for each sample was identified as a shear stress at
which shear and loss moduli were the same values. All rheological characterizations
were conducted at 25 °C with preliminary equilibration time of 1 min.

Nanoindentation. Nanoindentation characterizations of 3D-printed conducting
polymers were conducted by using an atomic force microscope (AFM) facility
(MFP-3D, Asylum Research) with indentation depth of 50 nm (for dry state) and
1 um (for hydrogel state). A spherical tip with 50 nm radius (biosphere ™, Asylum
Research) was used for the nanoindentation measurements. Young’s moduli of the
samples were obtained by fitting force vs. indentation curve with a JKR model*>
(Fig. 3f).

Electrical conductivity measurement. Electrical conductivity of the 3D-printed
conducting polymers was measured by using a standard four-point probe (Keithley
2700 digital multimeter, Keithley). To prepare conductivity measurement samples,
one layer of the conducting polymer ink was printed into a rectangular shape
(30 mm in length and 5 mm in width) with 100-um nozzles on glass substrates
(17 pum and 78 pm in thickness for dry-annealed and hydrogel samples, respec-
tively). Copper wire electrodes (diameter, 0.5 mm) were attached onto the surface
of dry-annealed 3D-printed conducting polymer by applying silver paste, while
platinum wire electrodes (diameter, 0.5 mm) were employed for hydrogels to avoid
the corrosion in wet environments (Supplementary Fig. 7). The electrical con-
ductivity o of the samples was calculated as

. IxL
T VxWxT’

where I is the current flowing through the sample, L is the distance between the two
electrodes for voltage measurement, V is the voltage across the electrodes, W is the
width of the sample, and T is the thickness of the sample.

For electrical conductivity measurements under cyclic bending, one layer of the
conducting polymer ink was printed into a rectangular shape (30 mm in length and
5mm in width) with 100-um nozzles on polyimide substrates (17 um and 78 um in
thickness for dry-annealed and hydrogel samples, respectively). Cyclic bending of
the sample was performed by using a custom-made fixture with controllable
bending radius of curvature.

o

Electrochemical measurement. Cyclic voltammetry (CV) of the 3D-printed con-
ducting polymer was performed by using a potentiostat/galvanostat (VersaSTAT 3,
Princeton Applied Research) with a range of scan rates (50 to 500 mV s~ 1). Pt wires
(diameter, 1 mm) were employed as both working and counter electrodes, and an
Ag/AgCl electrode was used as the reference electrode. Prior to all measurements,
the working and counter electrodes were cleaned successively with abrasive paper,
deionized water, and ethyl alcohol. PBS was used as the supporting electrolyte.
Electrochemical impedance spectroscopy (EIS) measurements of the 3D-printed
conducting polymer were carried out by using a potentiostat/galvanostat (1287 A,
Solartron Analytical) and a frequency response analyzer (1260 A, Solatron

Analytical) in an electrochemical cell installed with Pt sheet as both working and
counter electrodes and Ag/AgCl as a reference electrode. The frequency range
between 0.1 and 100 kHz was scanned in PBS with an applied bias of 0.01 V vs. Ag/
AgClL. The EIS data for the 3D-printed conducting polymer were fitted by using an
equivalent circuit model for further analysis (Fig. 3d).

In vivo electrophysiology by 3D-printed soft neural probe. Young adult mice
(60-70 days old, Balb/C Male Jackson Laboratory Stock # 000651) were used in the
electrophysiological experiments. Mice were maintained under a 12 h light/dark cycle
at 22-25°C, and given ad libitum access to tap water and standard chow. All pro-
cedures were approved by the Animal Advisory Committee at Zhejiang University and
followed the US National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. For all surgeries, mice were anesthetized with 1% pentobarbital
(Sigma-Aldrich), and then fixed in a stereotaxic frame. A craniotomy was performed at
—1.80 mm anterior to bregma and 1.5 mm lateral to the midline. The incision was
closed with tissue glue (VetBond™, 3 M). Electrophysiological recording in the dHPC
was carried out by using the 3D-printed soft neural probe coupling with Neuro Nano
Strip Connectors (Omnetics). All data shown in Fig. 4g—j were collected from BALB/c
mice in the dHPC with a 64-channel multi-electrode recording system (Plexon). After
the probe implantation, mice were allowed to recover for at least 3 days. Neuronal
signals were referenced to two connected skull screws (above the prefrontal cortex and
cerebellum). Spike sorting was carried out in Offline Sorter software (Plexon). In the
principal component analysis, a rough separation of units from PNs and interneurons
in the dHPC was mainly based on their differences in spike wave shapes and mean
baseline firing rates.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
The custom codes used this study for 3D printing are available from the corresponding
author upon reasonable request.

Received: 30 July 2019; Accepted: 21 February 2020;
Published online: 30 March 2020

References

1. Shi, Y., Peng, L, Ding, Y., Zhao, Y. & Yu, G. Nanostructured conductive
polymers for advanced energy storage. Chem. Soc. Rev. 44, 6684-6696 (2015).

2. Someya, T., Bao, Z. & Malliaras, G. G. The rise of plastic bioelectronics. Nature
540, 379 (2016).

3. Yuk, H,, Lu, B. & Zhao, X. Hydrogel bioelectronics. Chem. Soc. Rev. 48,
1642-1667 (2019).

4. Sirringhaus, H. et al. High-resolution inkjet printing of all-polymer transistor
circuits. Science 290, 2123-2126 (2000).

5. Wang, Y. et al. A highly stretchable, transparent, and conductive polymer. Sci.
Adv. 3, 1602076 (2017).

6. Bihar, E. et al. Inkjet-printed PEDOT: PSS electrodes on paper for
electrocardiography. Adv. Healthc. Mater. 6, 1601167 (2017).

7. Zhu, C. et al. Stretchable temperature-sensing circuits with strain suppression
based on carbon nanotube transistors. Nat. Electron. 1, 183 (2018).

8. Hong, K, Kim, S. H., Mahajan, A. & Frisbie, C. D. Aerosol jet printed p-and
n-type electrolyte-gated transistors with a variety of electrode materials:
exploring practical routes to printed electronics. ACS Appl. Mater. Interfaces 6,
18704-18711 (2014).

9. Hong, K. et al. Aerosol jet printed, Sub-2 V complementary circuits
constructed from P-and N-type electrolyte gated transistors. Adv. Mater. 26,
7032-7037 (2014).

10. Thompson, B. & Yoon, H.-S. Aerosol-printed strain sensor using PEDOT:
PSS. IEEE Sens. J. 13, 4256-4263 (2013).

11. Sekine, S., Ido, Y., Miyake, T., Nagamine, K. & Nishizawa, M. Conducting
polymer electrodes printed on hydrogel. J. Am. Chem. Soc. 132, 13174-13175
(2010).

12. Ido, Y. et al. Conducting polymer microelectrodes anchored to hydrogel films.
ACS Macro Lett. 1, 400-403 (2012).

13. Feig, V. R. et al. An electrochemical gelation method for patterning conductive
PEDOT: PSS hydrogels. Adv. Mater. 31, 1902869 (2019).

14. Wang, S. et al. Skin electronics from scalable fabrication of an intrinsically
stretchable transistor array. Nature 555, 83 (2018).

| (2020)11:1604 | https://doi.org/10.1038/s41467-020-15316-7 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

Liu, Y. et al. Soft conductive micropillar electrode arrays for biologically
relevant electrophysiological recording. Proc. Natl Acad. Sci. 115,
11718-11723 (2018).

Liu, Y. et al. Soft and elastic hydrogel-based microelectronics for localized low-
voltage neuromodulation. Nat. Biomed. Eng. 3, 58 (2019).

Truby, R. L. & Lewis, J. A. Printing soft matter in three dimensions. Nature
540, 371 (2016).

Yuk, H. & Zhao, X. A new 3D printing strategy by harnessing deformation,
instability, and fracture of viscoelastic inks. Adv. Mater. 30, 1704028 (2018).
Ahn, B. Y. et al. Omnidirectional printing of flexible, stretchable, and
spanning silver microelectrodes. Science 323, 1590-1593 (2009).

Martin, J. H. et al. 3D printing of high-strength aluminium alloys. Nature 549,
365 (2017).

Ladd, C,, So, J. H., Muth, J. & Dickey, M. D. 3D printing of free standing
liquid metal microstructures. Adv. Mater. 25, 5081-5085 (2013).

Gladman, A. S., Matsumoto, E. A., Nuzzo, R. G., Mahadevan, L. & Lewis, J. A.
Biomimetic 4D printing. Nat. Mater. 15, 413 (2016).

Grigoryan, B. et al. Multivascular networks and functional intravascular
topologies within biocompatible hydrogels. Science 364, 458-464 (2019).
Kolesky, D. B. et al. 3D bioprinting of vascularized, heterogeneous cell-laden
tissue constructs. Adv. Mater. 26, 3124-3130 (2014).

Kang, H.-W. et al. A 3D bioprinting system to produce human-scale tissue
constructs with structural integrity. Nat. Biotechnol. 34, 312 (2016).

Liu, X. et al. 3D printing of living responsive materials and devices. Adv.
Mater. 30, 1704821 (2018).

Kotz, F. et al. Three-dimensional printing of transparent fused silica glass.
Nature 544, 337 (2017).

Gantenbein, S. et al. Three-dimensional printing of hierarchical liquid-crystal-
polymer structures. Nature 561, 226 (2018).

Kim, Y., Yuk, H.,, Zhao, R,, Chester, S. A. & Zhao, X. Printing ferromagnetic
domains for untethered fast-transforming soft materials. Nature 558, 274 (2018).
Kim, J. T. et al. Three-dimensional writing of conducting polymer nanowire
arrays by meniscus-guided polymerization. Adv. Mater. 23, 1968-1970 (2011).
Devaraj, H., Aw, K., Travas-Sejdic, J. & Sharma, R. 18th International
Conference on Solid-State Sensors, Actuators and Microsystems
(TRANSDUCERS). 1097-1100 (IEEE, 2015).

Heo, D. N. et al. Development of 3D printable conductive hydrogel with
crystallized PEDOT: PSS for neural tissue engineering. Mater. Sci. Eng. C. 99,
582-590 (2019).

Lu, B. et al. Pure PEDOT:PSS hydrogels. Nat. Commun. 10, 1043 (2019).
Nazari, B., Kumar, V., Bousfield, D. W. & Toivakka, M. Rheology of cellulose
nanofibers suspensions: boundary driven flow. J. Rheol. 60, 1151-1159 (2016).
Mendoza, L., Batchelor, W., Tabor, R. F. & Garnier, G. Gelation mechanism of
cellulose nanofibre gels: A colloids and interfacial perspective. J. Colloid
Interface Sci. 509, 39-46 (2018).

Guex, A. G. et al. Highly porous scaffolds of PEDOT: PSS for bone tissue
engineering. Acta Biomater. 62, 91-101 (2017).

Hsu, C. & Mansfeld, F. Concerning the conversion of the constant phase
element parameter YO0 into a capacitance. Corrosion 57, 747-748 (2001).
Feig, V. R,, Tran, H., Lee, M. & Bao, Z. Mechanically tunable conductive
interpenetrating network hydrogels that mimic the elastic moduli of biological
tissue. Nat. Commun. 9, 2740 (2018).

Heinze, J., Frontana-Uribe, B. A. & Ludwigs, S. Electrochemistry of
conducting polymers—persistent models and new concepts. Chem. Rev. 110,
4724-4771 (2010).

Lang, U., Naujoks, N. & Dual, J. Mechanical characterization of PEDOT: PSS
thin films. Synth. Met. 159, 473-479 (2009).

Park, S. I. et al. Soft, stretchable, fully implantable miniaturized optoelectronic
systems for wireless optogenetics. Nat. Biotechnol. 33, 1280 (2015).

Lacour, S. P., Courtine, G. & Guck, J. Materials and technologies for soft
implantable neuroprostheses. Nat. Rev. Mater. 1, 16063 (2016).

43. Kozai, T. D. Y. et al. Ultrasmall implantable composite microelectrodes
with bioactive surfaces for chronic neural interfaces. Nat. Mater. 11, 1065
(2012).

44. Park, S. et al. One-step optogenetics with multifunctional flexible polymer
fibers. Nat. Neurosci. 20, 612 (2017).

45. Johnson, K. L., Kendall, K. & Roberts, A. Surface energy and the contact of
elastic solids. Proc. R. Soc. Lond. A. Math. Phys. Sci. 324, 301-313 (1971).

Acknowledgements

The authors thank Dr. Alan F. Schwartzman in MIT DMSE Nanomechanical Tech-
nology Laboratory for his help with AFM nanoindentation experiment and Dr. Dong Soo
Yun in MIT Koch Institute Nanotechnology Materials Core for his help with TEM
imaging. This work is supported by MIT. H.Y. acknowledges the financial support from
Samsung Scholarship. B.L. acknowledges the financial support from National Natural
Science Foundation of China (51763010 & 51963011), Technological Expertise and
Academic Leaders Training Program of Jiangxi Province (20194BCJ22013), and Research
Project of State Key Laboratory of Mechanical System and Vibration (MSV202013).

Author contributions

H.Y. and B.L. conceived the idea. H.Y. and X.Z. developed the 3D printing platform. H.Y.
and B.L. developed the materials and method and conducted experiments. K.Q. and J.X.
conducted the electrical conductivity measurements. S.L. and J.L. designed and con-
ducted the in vivo bioelectronic experiments. H.Y., B.L., and X.Z. analyzed the results and
wrote the manuscript with inputs from all authors.

Competing interests
H.Y., B.L., and X.Z. are inventors of a U.S. patent application that covers the 3D printing
of conducting polymers. All other authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15316-7.

Correspondence and requests for materials should be addressed to X.Z.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:1604 | https://doi.org/10.1038/s41467-020-15316-7 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-15316-7
https://doi.org/10.1038/s41467-020-15316-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	3D printing of conducting polymers
	Results
	3D printable conducting polymer ink
	3D printing of conducting polymers
	Properties of 3D-printed conducting polymers
	3D printing of conducting polymer devices

	Discussion
	Methods
	Preparation of 3D printable conducting polymer ink
	3D printing procedure
	Electron microscope imaging
	Rheological characterization
	Nanoindentation
	Electrical conductivity measurement
	Electrochemical measurement
	In vivo electrophysiology by 3D-printed soft neural probe
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




