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Highly Conductive, Stretchable, and Cell-Adhesive Hydrogel

by Nanoclay Doping

Christoph Tondera, Teuku Fawzul Akbar, Alvin Kuriakose Thomas, Weilin Lin,
Carsten Werner, Volker Busskamp, Yixin Zhang, and Ivan R. Minev*

Electrically conductive materials that mimic physical and biological properties
of tissues are urgently required for seamless brain—-machine interfaces.

Here, a multinetwork hydrogel combining electrical conductivity of 26 S m~,
stretchability of 800%, and tissue-like elastic modulus of 15 kPa with

mimicry of the extracellular matrix is reported. Engineering this unique set

of properties is enabled by a novel in-scaffold polymerization approach.
Colloidal hydrogels of the nanoclay Laponite are employed as supports for
the assembly of secondary polymer networks. Laponite dramatically increases
the conductivity of in-scaffold polymerized poly(ethylene-3,4-diethoxy
thiophene) in the absence of other dopants, while preserving excellent
stretchability. The scaffold is coated with a layer containing adhesive peptide
and polysaccharide dextran sulfate supporting the attachment, proliferation,

The fusion of biology and electronics
requires electrodes implanted inside the
body. As part of therapeutic neuropro-
sthetic systems, they can facilitate res-
toration of neurological functions lost
in injury or disease.l')l Their long-term
integration inside the brain, spinal cord,
or peripheral nerves is still a major chal-
lenge. Electrode-tissue interaction often
elicits glial scar formation, blood-brain
barrier disruption, and electrode degrada-
tion.[*>] This motivates a desire to move
beyond traditional materials such as
metals and silicon toward conductors that
mimic the mechanical and biochemical

and neuronal differentiation of human induced pluripotent stem cells
directly on the surface of conductive hydrogels. Due to its compatibility with
simple extrusion printing, this material promises to enable tissue-mimetic

neurostimulating electrodes.
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properties of host tissues. Recent efforts
have achieved remarkable biointegration
by modeling the viscoelastic properties
of electrodes on those of connective tis-
sues surrounding the central nervous
system.[%”] Conductors with elastic moduli
of several MPa have been realized using structured thin metal
films or polymer—metal composites.®% A truly biomimetic elec-
trode material, however, needs to be even softer and approxi-
mate elastic moduli of neural tissues. The ideal material should
be soft yet robust to withstand deformation during body move-
ments, handling, and implantation.'”) The electrode needs to
form a continuum with the extracellular matrix. Ideally, neu-
rons should make direct connections or be incorporated within
its bulk.' The conductive material should be compatible with
at least one microfabrication technique to enable miniaturiza-
tion and processing into electrode arrays. As these properties
are difficult to achieve with inorganic materials, recent atten-
tion has turned to synthetic hydrogels. These share many simi-
larities with tissues, such as high water content, mechanical
softness, and specific cell interactions.!'>!3 Hydrogels are, how-
ever, intrinsically nonelectroconductive. Some promising strate-
gies for their electrical functionalization rely on incorporating
conductive polymers such as poly(3,4-ethylenedioxythiophene)
doped with polystyrene sulfonate (PEDOT:PSS), polyani-
line, or polypyrrole.1*1 Recently, gelation of aqueous emul-
sions of PEDOT:PSS nanoparticles using ionic liquids has
been reported to produce highly conductive hydrogels that
have been integrated in cuff-type sciatic nerve implants in
mice.'718] When combined with a secondary polymer network
for mechanical strength, elastic hydrogels with conductivities
above 10 S m™! have been achieved.'”! In another approach,
conductive polymers are synthesized from monomers within

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Designer multinetwork hydrogel. The noncovalent Laponite
network forms a scaffold for polymerization of functional materials. Poly-
acrylamide imparts elasticity to the material. PEDOT when doped with
Laponite increases conductivity of the final composite.

the scaffold of a pre-existing hydrogel.l'Yl Achieving high con-
ductivities with this approach requires multiple polymerization
steps,l?% additional acid treatment,?"?2 design of self-doping
monomers,?)l or the incorporation of secondary dopants.?*
Recent progress in enabling electrical conductivity in hydro-
gels has outpaced the development of strategies for engineering
specific interactions with biological cells.[1415:18.19.25]

Here, we present a novel approach for the synthesis of tissue-
inspired conductive hydrogels. Our approach relies on the
separate and sequential polymerization of an elastic and a con-
ductive polymer within a colloidal hydrogel scaffold (Figure 1).
In the final material, the interpenetrating covalent networks
interact with the scaffold contributing to electrical doping and
stretchability of the material. A typical hydrogel produced in
this way has elastic modulus of 15 kPa, exhibits conductivity
of =26 S m™!, and survives up to 800% strain electrically and
mechanically. Finally, we functionalize the material with a
custom, chemically defined biomatrix containing an adhesive
peptide and a polysaccharide. We demonstrate the attachment
of induced pluripotent stem cell (iPSC) cultures on the sur-
face of the conductive hydrogel and their continuous adhesion
during induced neuronal differentiation.

Our hypothesis is that a rationally chosen polymerization
scaffold can significantly improve electrical and mechanical pro-
perties of a multinetwork hydrogel. As polymerization scaffold
we use colloidal dispersions of the smectite nanoclay Laponite.
Laponite consists of silicate nanoplatelets (Na®”*[(SisMgs sLig 3)
0,9(0H)4*7") =25 nm in width and 0.92 nm in thickness.[2%]
When dispersed in water, the faces of the platelets become nega-
tively charged while the edges assume a positive charge. Stabi-
lized by electrostatic interactions, nanocrystals form a “house of
cards” structure, which conveniently provides spaces for interca-
lation of functional polymer networks!?”-2®l (Figure 1). Laponite
hydrogels retain their shape unsupported even when consisting
of more than 90% water, which together with pronounced
shear thinning behavior has found them applications in bio-
printing.#”-23% They, however, lack the mechanical strength or
conductivity needed for use in potential bioelectronic devices.
In combination with a second covalently cross-linked polymer,
Laponite hydrogels can form composites with toughness that
exceeds both that of the neat Laponite and that of the covalent
network.””] To demonstrate this effect, we dissolve acrylamide
monomers, N,N’-methylenebis(acrylamide) (MBAA) cross-
linker, and a photoinitiator in the aqueous phase of the Laponite
hydrogel. Because the mixture is transparent, we use UV light to
cross-link the polyacrylamide (PAAM) network in situ forming
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Laponite-PAAM hydrogels. Cross-linked polyacrylamide hydro-
gels have been reported as biocompatible, nontoxic, and non-
degradable and have been utilized in clinical applications in
vivo as injectable soft tissue fillers.’1-33l As expected, the hybrid
Laponite-PAAM hydrogel network exhibits high ultimate ten-
sile strain, in excess of 3000%, significantly higher than that of
neat polyacrylamide (Figure S1A, Supporting Information). The
elastic modulus of the Laponite-PAAM composite can be tuned
by the degree of cross-linking in the covalent network and in our
system can be varied in the range of 3.0-22 kPa (Figure S1B,
Supporting Information). In experiments that follow, we use
Laponite-PAAM hydrogels cross-linked with 0.02% MBAA,
exhibiting elastic modulus of 11.4 kPa (10 wt% Laponite, 25 wt%
acrylamide, and 0.02 wt% MBAA). First, we investigate whether
Laponite—-PAAM can serve as a scaffold for preparing conduc-
tive polymer PEDOT. Typically, PEDOT requires doping with an
anionic polyelectrolyte such as PSS, which improves conductivity
and ensures PEDOT:PSS microgels can be dispersed in water.>¥
We hypothesize that the Laponite network can act as polymeriza-
tion scaffold for PEDOT and that negative charges on individual
Laponite crystals can dope PEDOT polymer chains similarly to
PSS. A direct polymerization of PEDOT in the Laponite—-PAAM
scaffold, however, is hindered by the low solubility of EDOT
monomers in water. To overcome this, we employ an interfacial
polymerization method (Figure S2A, Supporting Information).
We dissolve the oxidizing agent ammonium persulfate (APS)
in the bulk of Laponite-PAAM hydrogels and immerse them
in mineral oil containing EDOT monomers. Oxidative poly-
merization is initiated on the surface of the hydrogels where
phase separation ensures APS does not leak into the EDOT bath.
Successful polymerization in the hydrogels is indicated by a color
change from transparent, to pale blue, to black (Figure 2A). Over
the course of several hours, slow diffusion of oxidized EDOT
monomers into the hydrogel results in PEDOT polymeriza-
tion in the bulk (Figure S2B, Supporting Information). PEDOT
polymerization occurs in both Laponite-PAAM and neat PAAM
hydrogels. Fourier-transform infrared (FTIR) spectra of com-
posite hydrogels shown in Figure 2B confirm the successful
polymerization of the constituent networks. Bands at =1600 cm™!
(primary amine) and =1640 cm™! (C=O0 stretching) are attributed
to the PAAM network,** while bands at =1500 cm™ (C=C asym-
metric stretching), and =1200 and =1050 cm™ (C—O—C bending
vibrations) are typical of PEDOT.*® The PEDOT:Laponite-PAAM
hydrogel exhibits an additional peak at =900 cm™! that is attri-
buted to vibration of the Si—O—Si bonds in Laponite crystalsl’!
(Figure S3, Supporting Information), which in our case confirms
that the colloidal polymerization scaffold remains incorporated
in the multinetwork hydrogels.

Next, we investigate the effects of Laponite on the electrical
properties of our hydrogels, using impedance spectroscopy,
measurements of conductivity (four-probe technique), and
cyclic voltammetry. Impedance spectra are obtained by placing
hydrogel strips on two gold plate electrodes as illustrated in
Figure 2C.*1 We observe that the impedance modulus of
PEDOT:Laponite-PAAM hydrogels is at least an order of mag-
nitude lower than that of PEDOT-PAAM hydrogels (and control
hydrogels without any PEDOT; Figure S4, Supporting Informa-
tion) throughout the entire frequency window of 10°-10° Hz.
For the Laponite-doped hydrogel, the impedance modulus

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrical functionalization. A) After 6 h of polymerization in the EDOT bath, hydrogels turn completely black. B) FTIR spectra of (dried) gels
where PEDOT was polymerized in the presence or absence of Laponite. A peak at about 900 cm™' is attributed to the Si—O—Si vibration in Laponite
crystals. C) Impedance spectra of PBS swollen hydrogels. The inset illustrates the experimental setup. Hydrogel samples are =1 mm thick, 10 mm
wide, and the gold plate separation is 35 mm. D) Cyclic voltammetry of PEDOT:Laponite-PAAM and PEDOT-PAAM hydrogels immersed in PBS. Here,
current flows out of the hydrogel toward a large platinum counter electrode. Potential scan rate is 50 mV s

shows minimal dependency on frequency and the phase angle
remains close to 0°. This behavior is typical of resistors and
prompted a direct measurement of conductivity using a four-
probe measuring setup. For PEDOT:Laponite-PAAM hydro-
gels, we measure a conductivity of 26 + 0.5 S m™! (n = 3) that
remains stable during a 10 min long test (Figure S5, Supporting
Information). We could not obtain conductivity values for the
nondoped PEDOT-PAAM samples and hydrogels without
PEDOT (Laponite-PAAM and neat PAAM) using this method
and instead observed hydrolysis and corrosion on the meas-
uring probes. This indicates that with the exception of the doped
PEDOT:Laponite-PAAM, the remaining gels do not support DC
conductivity. Our results show that polymerization of PEDOT
alone appears to be insufficient to produce highly conductive
hydrogels, likely due to the low density of mobile charge carriers
typical of neat conductive polymers.’¥ We conjecture that the
drastically improved conductivity of Laponite-containing hydro-
gels is due to the introduction of mobile charge carriers (holes)
in the PEDOT backbone compensated by negative charges on
the surface of Laponite crystals. Conductive PEDOT:Laponite—
PAAM hydrogels contain =4 times more PEDOT than PEDOT-
PAAM hydrogels (Figure S6, Supporting Information). This
alone is unlikely to account for the large differences in con-
ductivity, suggesting that Laponite indeed serves to dope the
PEDOT backbone. A previous report on PEDOT:PSS/nanoclay
composites has not identified any significant effects on conduc-
tivity.3% To our knowledge, this is the first report of the use of
a nanoclay for doping of conductive polymers. The conductivity
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(four-probe) of PEDOT:Laponite-PAAM hydrogels is among
some of the highest reported for PEDOT-containing hydro-
gels.419.201 The percolating scaffold of Laponite nanocrystals in
our system ensures PEDOT forms a continuous conductive net-
work. This removes the need for ionic liquids or acid treatment
as means of inducing percolation in PEDOT:PSS microgels.
We conjecture that similar effects on the conductivity of in-gel
polymerized PEDOT can be achieved in other mineral colloid
scaffolds, for example, in gels formed by fumed silica particles.[%
Using PEDOT:Laponite-PAAM and PEDOT-PAAM hydro-
gels we conduct cyclic voltammetry experiments, where the
hydrogel is immersed in phosphate-buffered saline (PBS) and
current is forced to flow out of the hydrogel through the electro-
lyte (Figure 2D).[*!l This scenario simulates use of the material in
stimulation electrodes that require reversible charge injection.[*2l
As compared to PEDOT-PAAM, the Laponite-doped mate-
rial exhibits superior charge injection characteristics. For
PEDOT:Laponite—-PAAM, anodic and cathodic currents are
nearly symmetrical (Figure 2D) and remain unchanged over at
least 100 cycles indicating good electrochemical stability. The
shape of the voltammogram could be interpreted as a superpo-
sition of Ohmic conduction in the hydrogel bulk and capacitive
charging/discharging of electrical double layers formed along the
interface between PEDOT-rich domains and the electrolyte.[34l
Having established the beneficial effect of Laponite on
conductivity, we focus on the PEDOT:Laponite-PAAM hydro-
gels and study their electromechanical performance. We
apply uniaxial strain to record stress-strain curves while

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

A B so : : C s . :
: = PEDQOT:Laponite-PAAM = PEDOT:Laponite-PAAM
40t 40t
©
& 30
o + oF 30
g [~
& 20+ 20+
10+ 1 10+
0 : : : 0 : < : :
0 300 600 900 1200 0 300 600 900 1200
D Strain (%) E Strain (%)

20% strain cycle
10} — 50% strain cycle
—— 100% strain cycle

Stress (kPa)

Strain (%)

0 25 50 75

Strain (%)

Figure 3. Electromechanical properties of PEDOT:Laponite—PAAM hydrogels. A) Picture of a sample elongated to 800% tensile strain (scale bar=5 mm).
B) Stress—strain (to failure) curve for a representative hydrogel. C) Resistance—strain (to failure) curve for the same sample as in (B). Here, R denotes
the instantaneous resistance during strain and Ry is the initial sample resistance measured after mounting. D) Cyclic stretching to increasing peak
strain. E) The corresponding change in resistance measured concurrently. For stretch experiments, sample gauge length is around 4 mm. The strain

rate is set at 0.1 mm s,

simultaneously measuring electrical resistance. Typical
PEDOT:Laponite—-PAAM hydrogels survive at least 800%
tensile strain before breaking (Figure 3A; Figure S7A, Sup-
porting Information). Elastic moduli were calculated in the
linear region of the strain-stress response and yield a value
of 15 = 4 kPa (n = 3) (Figure S7B, Supporting Information).
This is somewhat higher than values reported for brain tissue
(0.1-10 kPa) as summarized in a recent review.?!! However,
the range of elasticities of our hydrogels matches well that of
substrates used for differentiation of neural precursor cells.l?’]
Interestingly, ~PEDOT:Laponite-PAAM  hydrogels retain
finite electrical conductivity until they break. As illustrated in
Figure 3C, even strains as large as 500% produce only a ten-
fold increase in resistance. High stretchability is unusual for
PEDOT:PSS. When processed in thin-film form, it behaves as
a brittle solid.*¥! Our explanation for the remarkable stretch-
ability of conductive in-gel polymerized PEDOT relates to
uncoiling of continuous PEDOT chains within the hydrated
Laponite-PAAM matrix. We expected that PEDOT:Laponite—
PAAM hydrogels will exhibit stretchability beyond 3000%
similar to the tough Laponite-PAAM hydrogels (Figure S1,
Supporting Information); however, this is not the case. We
conjecture that the interaction of PEDOT chains with Laponite
crystals may interfere with electrostatic interactions within
the Laponite scaffold. This in turn may modify mechanisms
of crack propagation in the composite gel limiting the failure
strain.[*4

Energy dissipation mechanisms in hybrid hydrogels can
lead to plastic deformation following application of strain.’!
Although PEDOT:Laponite-PAAM hydrogels exhibit pro-
nounced hysteresis (Figure 3D), they recover their original

Small 2019, 15, 1901406 1901406 (4 of 8)

length upon strain relaxation. In subsequent stretch cycles
(to the same strain), the material appears weakened, but hys-
teresis is significantly reduced. This holds for peak strains of at
least 100%, which far exceeds strains encountered by biological
tissues in vivo. Partial preservation of elastic behavior is attrib-
uted to the presence of the covalently cross-linked PAAM net-
work that provides a restoring force. The electrical conductivity
of PEDOT:Laponite-PAAM hydrogels is sensitive to the max-
imum stretch encountered. However, beyond a first (priming)
strain cycle, conductivity shows minimal hysteresis and
dependence on strain (Figure 3E). Highly conductive hydrogels
may find applications as interconnects or as charge injection
coatings in ultrasoft multielectrode arrays. Strain invariant con-
ductivity is a desired property, for example, because movement
in freely behaving organisms should not induce artifacts in
recorded signals.

Integration of conductive hydrogels in devices may be facili-
tated by additive fabrication technologies such as extrusion
3D printing.*l As PEDOT:Laponite-PAAM cannot be printed
directly, we investigate whether extrusion can be incorporated
as an additional step during its preparation. Our strategy is
to first pattern Laponite-PAAM structures and use them as
scaffolds for subsequent PEDOT polymerization. Laponite—
PAAM structures are easily printed because colloidal suspen-
sions containing Laponite exhibit pronounced shear thinning
(Figure 4A). When finally PEDOT is polymerized in printed
scaffolds, some additional swelling is observed (Figure 4B).
Thus, the final diameter of PEDOT:Laponite—-PAAM fibers is
determined by a combination of the material swelling ratio
(Figure S8, Supporting Information), the choice of printing
nozzle, and its translational speed during printing. The

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Laponite enables printing of conductive hydrogels. A) Laponite—PAAM pregels exhibit shear thinning under increasing shear rates
(mean £ standard deviation, n = 3). Inset: shear stress disrupts electrostatic interactions between individual nanocrystals causing the gel to transition
to a liquid state. When shear is removed, the material returns to the gel state. B) The diameter of Laponite—PAAM scaffold fibers can be tuned by varying
the printing speed. Following polymerization of PEDOT, additional swelling is observed. Printed structures are polymerized and then swollen in PBS for
at least 12 h. The printing nozzle has inner diameter of 200 um. (mean + standard deviation, n =12). C) Examples of different printed hydrogel meshes
are shown. Left panel: PEDOT:Laponite-PAAM adapting to the curvature of a soft gelatin hemisphere. Right panel: printed PEDOT:Laponite—PAAM

mesh stretched (scale bar = 10 mm).

thinnest freestanding PEDOT:Laponite-PAAM filaments we
could produce with a 200 um nozzle have diameters of 450 um
after swelling in PBS. A selection of printed structures is pre-
sented in Figure 4C. While the patterning resolution offered
by direct ink writing will not allow the fabrication of electrode
arrays with cell-scale resolution, we point out that many bioel-
ectronic implants in clinical use today require electrode sizes
and densities within the reach of mesoscale fabrication tech-
nologies such as extrusion 3D printing.[*/48]

Finally, we show that functionalization of PEDOT:Laponite—
PAAM hydrogels with a chemically defined biomatrix can
transform them from an inert into a highly cell-adhesive bio-
material. As a model cell, we use a human iPSC line where
conditional expression of the neurogenic factors Neurogenin-1
and Neurogenin-2 leads to rapid and homogeneous generation
of neurons.*) These neurons mature and become functional
in long-term cultures.’% To select the components of the bio-
matrix coating, we screen several combinations of adhesive
peptides and polysaccharides (screenMATRIX, denovoMATRIX
GmbH, Germany; Figure S9, Supporting Information). A com-
bination of the polysaccharide dextran sulfate and a peptide
sequence (NGEPRGDTYRAY) from bone sialoprotein (BSP)
is observed to support good adhesion and proliferation for the
specific iPSC line and is chosen to form the ECM mimicking
biomatrix.’!l The biomatrix consists of four-arm polyethylene
glycol (starPEG) where each arm is covalently coupled to a
peptide containing the BSP adhesive fragment and a lysine-
rich sequence (KA);. The role of the positively charged (KA),
residue within the BSP—(KA),—starPEG construct is to bind
the negatively charged dextran sulfate. Biomatrices formed

Small 2019, 15, 1901406 1901406 (5 of 8)

via such noncovalent interactions have demonstrated excel-
lent chemical and temporal stability.’>>3 Initially we attempted
to immobilize the biomatrix on PEDOT:Laponite-PAAM gels
by physical adsorption; however, this did not render gels cell
adhesive. To overcome this, we link the BSP adhesive peptide
covalently to the hydrogel via silane chemistry. The assembly of
the biomatrix on the hydrogel surface proceeds in several steps
(Figure S10, Supporting Information). After drying the hydro-
gels completely, exposed surfaces are activated with air plasma.
A silane, (3-aminopropyl)triethoxysilane, is coupled to hydroxyl
groups generated on the surface of hydrogels. Using a N-(9-flu-
orenylmethoxycarbonyloxy)succinimide (fmoc) deprotection
assay, we establish the quantity of amino groups available
for peptide binding on PEDOT:Laponite-PAAM hydrogels as
7.7 nmol mg! (Figure S11, Supporting Information). Amino
groups are then converted to carboxyl groups with succinic
anhydride. The BSP—(KA);—starPEG conjugate is coupled to
carboxyl groups on the conductive hydrogel by EDC/sulfoNHS
chemistry and finally dextran sulfate is immobilized through
noncovalent interaction with lysine residues.'*** Biomatrix
functionalization did not lead to a significant change in elec-
trical properties. After functionalization, we observe a small
resistance decrease of 11%. The putative structure of the bio-
matrix film is presented in Figure 5A. We observe that iPSCs
attach and proliferate on the surface of PEDOT:Laponite—
PAAM hydrogels functionalized with the biomatrix (Figure 5B)
but not on the pristine gel without biomatrix (Figure S12, Sup-
porting Information). Adherent iPSCs expand to form a con-
fluent monolayer in 4 days and maintain their stemness as
indicated by expression of the Oct3/4 markers (Figure 5B).

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Biomatrix functionalization. A) Scheme illustrating the functionalization of conductive PEDOT:Laponite—PAAM hydrogels. The BSP—(KA),—
starPEG construct is covalently attached via silane coupling. Dextran sulfate is immobilized via electrostatic interaction with (KA); residues. B) On
functionalized PEDOT:Laponite—PAAM hydrogels, iPSCs attach and retain their stemness as indicated by positive Oct3/4 staining, but show no expres-
sion of the neural marker NeuN. C) Conditional expression of the neurogenic factors Neurogenin-1 and Neurogenin-2 leads to expression of the mature
neuronal marker NeuN, accompanied by the emergence of axon-like filaments and cessation of Oct3/4 expression. Differentiated cells remain attached
to the biomatrix functionalized hydrogel. Color key: blue—cell nuclei; red—actin; and green—antibody stain for Oct 3/4 or NeuN. Scale bar =200 um.

Cell monolayers continue to adhere to functionalized
PEDOT:Laponite-PAAM surfaces even when differenti-
ated into neuron-like cells expressing the mature neuronal
marker NeuN (Figure 5C). We point out that differentiation
here is triggered by transcriptional activation of neurogenic
factors and not specifically by the conductive properties of
the hydrogel. Our aim is to demonstrate that upon suitable
choice of functional blocks for the biomatrix, our hydrogel
can be engineered to support specific cell adhesion interac-
tions. Since any peptide sequence can be incorporated into
the (KA),—starPEG construct, the conductive surface can be
potentially functionalized to modulate its interaction with host
tissue. This is expected to be an important factor controlling
the foreign body response to chronically implanted electrodes.
Further studies are necessary to evaluate the interaction of our

Small 2019, 15, 1901406 1901406 (6 of 8)

material with immune cells and its long-term stability in vivo.
Engineering porosity in the bulk may also open applications in
3D cell culture.

In conclusion, we demonstrate the synthesis of multinet-
work hydrogels supporting high electrical conductivity, stretch-
ability, and printability. This unique combination of properties
is facilitated by the synergistic interaction of nanoclay colloidal
dispersions with secondary polymer networks of PEDOT and
polyacrylamide. We also demonstrated that a biomatrix com-
posed of rationally selected adhesion components can be
integrated with the conductive hydrogel. This functionaliza-
tion enabled attachment of human iPSCs. Our “cyborganic”
approach highlights a promising route toward bringing the
gap between electronic and tissue engineering materials for
implanted brain-machine interfaces.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Details of the materials and experimental methods used are available in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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