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ABSTRACT: There is a pressing need to advance our ability to
construct three-dimensional (3D) functional bioelectronic inter-
faces. Additionally, to ease the transition to building cellular
electronic systems, a remote approach to merge electrical
components with biology is desirable. By combining 3D digital
inkjet printing with bipolar electrochemistry, we remotely control
and fabricate conductive wires, forming a first of its kind
contactless bionic manufacturing procedure. It enables controlled
fabrication of conductive wires in a three-dimensional config-
uration. Moreover, we demonstrate that this technology could be
used to grow and interface conductive conduits in situ with
mammalian cells, offering a new strategy to engineering
bioelectronic interfaces. This represents a step change in the
production of functional complex circuitry and considerably increases the manufacturing capabilities of merging cells with
electronics. This approach provides a platform to construct bioelectronics in situ offering a potential paradigm shift in the
methods for building bioelectronics with potential applications in biosensing and bioelectronic medicine.
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1. INTRODUCTION

Bioelectronics is the merging of biology with electronics, and
current state-of-the-art bioelectronics devices are most
prevalently preassembled prior to integration with biology.
This poses issues in the development of bioelectronic systems,
since to work optimally they require seamless integration
between electronic and biological structures to facilitate the
two-way communication between the biotic and abiotic
electrical interfaces.1 Such connectivity is currently achieved
in diverse fields such as bioelectronic medicine,2 optogenetics,3

biosensing,4 and microbial fuel cells.5 However, there have
been limited examples of seamless integration of electronic
components with the biology, and current methods tend to be
highly invasive. To reduce the invasiveness, electronic elements
should ideally have nanoscale features and be biocompatible
and softer than biological components.6 Although considerable
advances in materials are being accomplished,7−10 manufactur-
ing strategies represent a key step to achieve fully integrated
devices.11

Nanotechnological approaches such as nanofield effect
transistors12 or nanowires13,14 have yielded significant
improvements in sensitivity and biocompatibility,15 and there

have been considerable developments in injectable semi-
conducting systems10,16 and wearable electronics.17 However,
technological methods fusing electronic and biological
components are urgently required. One approach has been
recently denominated as “bionic manufacturing”,18 where cells
have been successfully coated with a wide range of materials to
enhance functions for their potential use in bioelectronics or
whole cell sensors.19 Some examples of bionic manufacturing
include coating with conducting polymers on yeast cells,20

deposition of nanoparticles (NPs) on bacteria,21 or function-
alization of bacteria with electropolymerized microtubes.22

Despite the recent advances in bionic manufacturing, there is
a lack of techniques capable of constructing complex systems
facilitating the fusion of biological and electronic compo-
nents.23 One of the most promising techniques that allow a
fusion of biological and electronic components during the
manufacturing process is three-dimensional (3D) printing or
additive manufacturing. Additive manufacturing processes
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allow for the hierarchical integration of multifunctional
materials in 3D combined with biology.24 This has been
successfully achieved by printing a combination of living
chondrocytes and an inductive coil antenna to produce a
bionic ear with an enhanced auditory sensing.25

To minituarize and control remotely the manufacturing of
bioelectronic components in situ, a combination of additive
manufacturing and wireless electrochemistry was studied.
Wireless electrochemistry, also known as bipolar electro-
chemistry, has been used in diverse areas which include the
generation of self-powered structures or microswimmers,26

sensing methods,27 and production of Janus objects.28

However, there are no known reports of its use in the
formation of cellular bioelectronic systems. Controlled growth
of micro-29 and nanowires30 and electrical contacts between
particles31 have been previously reported by this method.
One-dimensional nanostructures with label-free biosensing

capabilities have been developed by directional growth
techniques, where changes in conductance across conductive
polymers32 or metallic nanowires33,34 in response to molecular
binding can be detected.35 Nanostructures are generated by
electropolymerization or electrodeposition of metals and
directed between two electrodes patterned by lithographic
methods.33 This approach has been used to generate
conductive nanostructures between Dictyostelium cells, the
gap between the electrodes was limited to <30 μm and
could not be controlled remotely, limiting its bioelectronic
applications.36

The aim of the work presented herein is to develop new
bionic manufacturing techniques to merge conductive

materials with biology (Figure 1A). A key objective to
achieving this was to overcome these limitations by combining
the design freedom offered by inkjet printing with bipolar
electrochemistry. This was achieved by (i) designing an
electrochemical cell and optimizing microwire (MW) growth
and formation; (ii) testing the functionality of wires formed by
powering of a light-emitting diode (LED); and (iii) interfacing
the microwires with Chinese hamster ovary (CHO) cells and
testing the sensing capabilities of the system. Thereby, in the
first demonstration of its kind, we present a contactless method
of creating bioelectronic functional systems in situ. This
represents a step change in the production of complex circuitry
and considerably increases the manufacturing capabilities of
merging cells with electronics. Bioelectronic interfaces formed
were controlled remotely, giving rise to a new strategy that may
avoid invasive surgery typically required in a bioelectronic
medicine.

2. RESULTS AND DISCUSSION

2.1. Inkjet Printing Electrochemical Cells. Our initial
approach to the controlled fabrication of 3D electronic systems
was to develop a printed electrochemical cell that enabled the
growth of conducting conduits using bipolar electrochemistry
in a controlled 3D manner. Toward this goal, a pair of silver
electrodes (feeder electrodes) (Figure 1B) were printed using a
drop-on-demand inkjet printer. A silver nanoparticle-infused
ink (AgNP ink) was used to print feeder and bipolar
electrodes, as its electrochemical behavior can be taken as an
advantage of wirelessly grown conductive conduits in a single
step without the need for the addition of metallic salts.

Figure 1. Mechanisms of wire growth. (A) Schematic of bioelectronic interfacial formations between CHO cells and self-assembled silver
nanoparticles when a potential difference is applied between silver feeder electrodes (FE1 and FE2). (B) Inkjet-printed silver feeder electrodes
separated by 1 mm and bipolar electrodes (BPEs). (C) Scanning electron microscopy (SEM) of self-assembled silver nanoparticles resulting in
different diameters. Scale bar 1 μm. (D) Optimization of potentials applied (V) vs distance between feeder electrodes (mm) to induce microwire
growth resulting in (I) thin microwires, (II) thick microwires, and (III) deposition at the surface. Scale bar 100 μm.
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Furthermore, it is suitably conductive and has ideal printing
properties that result in it being one of the most used metals in
inkjet printing for electronic applications.37 It is important to
note that the material used is not a key point of this work, but
that the materials used do provide the ability to combine
conductive and biological structures remotely. Details of the
optimization of the printing process and the characterization of
printed patterns can be found in the Supporting Information.
2.2. Characterization of Electrochemically Deposited

Silver Microwires. The next part of the investigation was to
optimize the mechanism of silver microwire (AgMW)-induced
metal deposition, which would be used later in electrochemical
wireless studies to produce functional bioelectronic systems.
When a potential difference is applied to silver feeder
electrodes separated by an aqueous phase, the negative
electrode oxidizes silver atoms on its surface, making them
available in the solution as silver cations (Figure 1A). The
positive electrode, hence, reduces these cations depositing
them onto its surface as it follows

Negative electrode:

Ag(s) e Ag (aq)− →− +
(1)

Positive electrode:

Ag (aq) e Ag(s)+ →+ −
(2)

Magnitude and kinetics of redox reactions depend on the
potentials applied and the electric field intensity.38 Parameters

were selected to optimize the conditions for electrodeposition
of silver. This was achieved by studying the deposits formed as
a function of potential applied and distance between feeder
electrodes. At distances < 1 mm between feeder electrodes and
potentials above 50 V, the reactions were too violent due to
too much current being passed, resulting in burnt feeder
electrodes (Figure 1D). Lower potentials induced an
unorganized deposition that formed a thin film on the
surface of the tripropyleneglycol diacrylate (TPGDA).
Distances > 1 mm between feeder electrodes at 30−60 V
applied induced an organized reduction of silver in the shape
of silver microwires (AgMWs). Magnitudes of potentials above
70 V made thinner wires compared to those where relatively
lower potentials were applied (Figure 1D). These differences
responded to the magnitude of energy required to induce the
redox reactions and the kinetics of the reactions. Therefore,
higher values of potentials supply enough energy to the system
to form organized structures in contrast to lower potentials.
Once the conditions were optimized, a potential difference

of 90 V was applied in pulses of 300 μs over a period of 10 s
through feeder electrodes with a separation of 1 mm. This
induced the reduction of silver cations and self-assembly of
AgMWs at the positive electrode (Figure 1A). The
morphology of the AgMWs was characterized by light
microscopy and scanning electron microscopy (SEM). Energy
dispersive X-ray (EDX) spectroscopic images confirmed that
silver was the predominant element in the wires (Figure S3),
and the expected electrochemical reactions were taking place

Figure 2. Growth of silver microwires (AgMW) with varied geometry of feeder electrode (FE). (A) Modeled electric field and electronic potential
of 90 V applied using different geometries of feeder electrodes (contour: electric potential (V), arrow surface: electric field). (B) Optical
microscopy images of AgMW connections between feeder electrodes in the shapes of square, circle, and triangle. AgMWs were false colored in red
to highlight them. Scale bar 500 μm. (C) Diameter, number of connections, and resistance of wires established between electrodes at different
geometric shaped feeder electrodes. Error bars represent standard error mean, further statistical analysis was performed using one-way analysis of
variance (ANOVA) with Tukey’s honestly significant difference post hoc analysis (n = 9; p ≤ 0.0001).
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within our printed system. Regarding the unorganized film,
random distribution of silver can be observed in the EDX
images. Further examination of the microwires using SEM
revealed clusters of deposited silver nanoparticles (NPs). The
mechanism that results in the formation of silver nanoparticle
is not currently clear. However, this does not affect our
understanding of how they form wires or the application for
which we use later. According to SEM images of wires formed,
silver-electrodeposited NPs had an average size of 212 ± 48
nm (n = 25). The assembly between these particles is affected
by the magnitude of the potential, which influences the
diameter of the AgMWs (Figure 1D), with a minimum
diameter equivalent to the size of single NPs (Figure 1C).
Electric field strength is determined by the applied potential

difference and electrode dimensions. Increases in the strength
of the applied electric field affect the migration of ions within
the solution and, thus, the rate of assembly of silver particles.
Therefore, our ability to control the electrical field character-
istics is of significant importance in terms of influencing
AgMW growth.31,38 Simulation images of electric fields and
potentials of feeder electrodes with different geometries can be
seen in Figure 2A, showing the effect of geometry on resulting
electric fields. In this work, three simple geometries (square,
circle, and triangle) of feeder electrodes were tested under the
conditions mentioned above. AgMW assembly was observed in
situ and in real time by optical microscopy (Figure 2B). Wire
growth matched the simulated electric field lines from Figure
2A. Some bubbles produced by electrochemical water splitting
can be seen near the feeder electrodes (FE2), however, they do
not have an effect in the microwire formation.
AgMWs are more polarizable than the surrounding dielectric

medium, being subjected to the dielectrophoretic force that
induces growth in the direction of increasing electric field
strength. In the square electrodes, dendritic wires with a mean
diameter of 8.402 ± 1.483 μm are formed (Figure 2C). This is
likely due to the Joule heating and thermal fluctuations
produced, interfering with the field alignment and producing
the dendrites. Circular electrodes distribute the field more
evenly, producing a larger number of thinner wires (7.78 ±
0.55 wires with a diameter of 2.216 ± 0.158 μm on average),
whereas triangular electrodes produced sharp and thin AgMWs

with a mean diameter of 2.70 ± 0.23 μm. The number and
diameter of wires also influence the resistance measured.
Higher values 880 ± 67 kΩ are found on the triangular
electrodes, in contrast to 372 ± 65 and 366 ± 56 kΩ in the
square and circular electrodes, respectively. The growth and
electrical properties of AgMW can thus be easily modified by
changes in the geometry of the feeder electrodes, which can be
adjusted depending on the applications pursued. However, the
values of resistance obtained are different from theoretical
values calculated using the very well-known formula of
electrical resistance (eq 3), assuming a minimum diameter of
the cross-section of single wires of 200 nm which provides the
maximum value of resistance theoretically expected (5.0525
Ω).

R
L
A

ρ=
(3)

where R represents resistance, ρ the material resistivity, L the
length of the wire, and A its cross-section. A thickness of 200
nm was selected as it is the minimum thickness that we have
seen in the SEM images (Figure 1C) and according to the
equation, it should give us the maximum value of resistance we
should observe within our system in optimal conditions.
As the geometry of feeder electrodes affects AgMW growth,

the addition of varying geometry bipolar electrodes (BPEs)
was also evaluated. Square-, circular-, triangular-, and diamond-
shaped BPEs were printed between circular feeder electrodes.
The area of the BPEs was controlled to 1.5 mm2, with the gap
between feeder electrodes being 2.5 mm and the BPE
positioned in the center (Figure S4). The addition of the
BPE required a higher potential difference of 120 V to be
applied; again, this was applied in pulses of 300 μs. BPE shape
altered the electric field and hence affected wire growth
direction. Circular and square electrodes grew AgMWs
uniformly from each side of the BPE, whereas triangular and
diamond BPEs grew wires to and from their vertices. As seen
in Figure S4, wire diameter, number of connections, and wire
resistance were evaluated. Although wire diameter was not
significantly different between geometries ranging between
3.36 and 5.7 μm, diamond BPEs grew significantly more wires
than both circular and triangular BPEs. Resistance was also

Figure 3. Multimaterial three-dimensional device. (A) Schematic representation of a fabrication process. (B) (I) Top and frontal views of printed
electrodes and placement of a light-emitting diode, (II) optical microscope image of a magnified area within the red circle in (I) showing AgMWs
forming a 3D connection with one of the gold electrodes of the LED, AgMWs were false colored in red and pointed with an arrow; and (III) test of
functionality indicating green diode light (arrow).
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similar between geometries ranging from 673.67 to 871.83 kΩ;
the significant difference in resistance between square and
circle BPEs is thought to be due to the slightly larger area of
the square BPE.
The ability to control AgMW growth was also studied

through altering feeder electrode and BPE geometry and
forming different patterns which directed wires along a path.
This can be seen in Figure S5.
2.3. Wireless Electrochemical Fabrication of Func-

tional 3D Circuitry. Subsequent experiments were aimed at
demonstrating that controlled growth of AgMW connecting
conduits in a functional electronic 3D-circuit could be
achieved. The principle of this was to use wireless electro-
chemistry to control and direct growth of wires from a light-
emitting diode to the 3D inkjet-printed electronic system,
thereby completing the circuit. Dimensions and construction
details can be found in the experimental details. Two pairs of
square feeder electrodes were inkjet-printed (Figure 3A). This
geometry was chosen due to the low-resistance values and
improved stability of AgMWs, as compared to wires grown at
other feeder electrode geometries due to increased wire
thickness (Figure 2B). A light-emitting diode (LED) was
placed upside-down between the two pairs, leaving a gap in the
z-plane of 500 μm between the gold electrodes of the LED and

the substrate and, thus, the silver feeder electrodes (Figure
3B).
A potential difference of 150 V was applied in an aqueous

environment without any gold or silver cations present in
solution prior to applying a potential. The polarization of the
gold electrode occurs when a threshold potential is applied.
The gold electrodes are renowned for being inert so no redox
associated with gold would occur. The polarization of the
feeder electrodes causes silver redox leading to the AgMW
formation between feeder electrodes, and wires grew to and
from the surface of the LED at an angle of approximately 25°
relative to the glass surface based on the geometry, configuring
three-dimensional interconnects between the elements of the
system.

2.4. Fabricating Bioelectronic Tools by Combining
Inkjet Printing with Wireless Electrochemistry. Although
we have demonstrated the ability to couple wireless electro-
chemistry with inkjet printing to fabricate 3D electronic
functional systems, it was also apparent that such technology
could be important in future bioelectronic applications.
Consequently, we investigated the ability to use the combined
wireless electrochemistry enabled by inkjet printing to form 3D
conductive cellular conduits in situ without any physical
electrical connection, with the aim to potentially use this to
sense cell behavior. To demonstrate this, Chinese hamster

Figure 4. In situ formation of bioelectronics interfaces. (A) Optical microscope image of AgMWs (red) growing between CHO cells (green).
AgMWs form a conductive mesh surrounding cells (arrows). Scale bar 50 μm. Circles of silver with a diameter of 67 ± 6.2 μm were printed
between the feeder electrodes to guide silver wires acting as bipolar electrodes (BPEs). Typical cyclic voltammograms (CVs) obtained (B) before
(left) and (C) after AgMW growth in the absence of cells and (D) before and (E) after AgMW growth in the presence of cells. Potentials were
applied from 0.5 to −0.2 V at a scan rate 100 mV s−1. Phosphate-buffered saline (PBS) dissolved in Milli-Q water was used as a supporting
electrolyte. Mean values of three different samples were calculated and represented within the CVs. (F) Percentage of viable cells after wire growth
using direct current (DC) relative to the percentage of viable cells prior to potential application with direct current (DC) and alternating current
(AC) (N = 3, n = 3; standard deviation (SD)). (G) Optical microscopy image of CHO cells after trypan blue viability assay after DC application of
90 V.
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ovary (CHO) cells were cultured and placed between feeder
electrodes. When a potential of 90 V was applied, a mesh of
conductive conduit-cellular constructs was formed (Figure
4A). These wires surrounded the cells resulting in wire growth
adapting to the shape of the cells. This is due to the higher
resistance of the cellular membrane to ionic currents induced
by external electric fields,39 leading to a microwire growth to
areas of lower resistance and guiding the process. Circles of
silver with a dimension of 67 ± 6.2 μm were printed between
the feeder electrodes to act as BPEs and facilitate guidance of
AgMW growth, reducing the circuit resistance created by the
cells (Figure S6).
Cyclic voltammetry was performed to elucidate the ability of

the wirelessly formed bioelectronic system, via cellular-conduit
connects to sense biological redox events. Cyclic voltammo-
grams (CVs) were performed with printed electrodes using a
starting potential of 0.5 V, a switching potential of −0.2 V, and
an end potential of 0.5 V at a scan rate of 100 mV s−1 with PBS
as an electrolyte. These CVs were performed prior to and after
wireless growth of AgMWs in the absence and presence of
cells. Redox peaks were observed in the CVs in the presence of
the AgMWs and the cells (Figure 4E), with a mean potential
peak observed at −0.130 ± 0.022 V (±1 SD n = 3) and at
0.279 ± 0.047 V (±1 SD n = 3), for the reduction and
oxidation events, respectively. We conclude that this observed
redox behavior is of biological origin as no resulting redox
peaks were observed in CVs without the cells (Figure 4B,C).
There are two possibilities that give rise to the redox behavior,
however, both are biologically driven because the redox
behavior is only observed in the presence of the cells and wires
after application of potentials. First, the redox behavior
represents silver electrochemistry which is induced by an
interaction of the cells with the electrode. Second, the redox
peaks observed represent a cell molecule or redox interaction
with the cells. In both the cases, bio-functionality of the system
is observed as the cells presence is required to detect the signal
obtained in the presence of wires. It is interesting to observe
that when we compare cyclic voltammograms in the absence
and in the presence of cells, the magnitude of the current in the
presence of the cells is around 3 orders of magnitude smaller.
This occurs as the cells increase the circuit resistance and
hinder electron transfer.
Trypan blue viability assay was performed to elucidate the

percentage of viable cells prior to and after microwire growth.
Prior to application of potentials, 98.9% of viable cells was
found at all points between feeder electrodes. To identify the
effect of potential application and discard effects on viability
due to material and solvents, this value was assumed as 100%
in our next calculations. After the application of 90 V using
direct current, it is possible to observe a pronounced decay on
the values of viability in areas next to the negative electrode
(Figure 4F). Cells are attracted to the negative electrode due
to the effects of ionic current, and in areas near this electrode,
the cell mortality is higher (Figure 4G). In areas near the
positive electrode, the viability is higher (44.9%), however, the
cell number is more reduced. Cell viability was also studied
when potentials were applied using alternating current (AC),
resulting in a parabolic curve where higher values of viability
were seen in the center of the area between the feeder
electrodes (63.3%) and lower viability values were seen in
areas closer to the electrodes (Figure 4F). When the areas
under the curve of both graphs were compared (21.95 ± 5.67
in DC vs 45.82 ± 5.20 in AC), it can be seen that cell viability

is higher after exposure to AC electrical inputs. From this, it
can be concluded that the nature of the electric input applied
can have an effect on cell viability. Cytotoxicity associated to
silver could also have an effect on low viability seen, and more
biocompatible materials such as conducting polymers could be
an alternative to solve this, however, current techniques are not
compatible with biology due to the nature of the solvents used
in these processes.29

3. CONCLUSIONS
Our approach based on the combination of both inkjet
printing and wireless electrochemistry resulted in the
production of conductive conduits of silver which could be
used to build novel 3D multimaterial, multicomponent
functional bioelectronic systems remotely. Wires were formed
by clusters of electrodeposited silver nanoparticles and showed
a dependence of electric field applied tuned via feeder
electrode geometry. Thus, this technological advancement
provides a promising fabrication platform to develop
innovative 3D multifunctional multimaterial bioelectronic
systems with potential applications in biosensing, bioelectronic
medicine, and fabrication of 3D circuits.

4. MATERIALS AND METHODS
4.1. Materials. Glass slides (76 × 26 × 1 mm3, Cole-Parmer) were

used as substrates and washed with acetone and isopropanol prior to
use. Inks consisted of a silver nanoparticle (AgNP ink) with an
approximate 30% of solid content purchased from Advanced Nano
Products Ltd. Tripropyleneglycol diacrylate (TPGDA) ink was
synthesized in-house. A method describing the preparation of this
ink was published elsewhere.40 Surface mount Osram Opto LG R971,
CHIPLED 0805 Series Green 570 nm light-emitting diodes (LEDs),
and conductive silver paste were purchased from RS Components.
Ethanol HPLC grade, 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA) 98%, toluene anhydrous 99.8%, Dulbecco’s modified
Eagles high glucose medium, (4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid) (HEPES) solution 1 M, pH 7.0−7.6; fetal bovine
serum (FBS), trypsin solution, penicillin/streptomycin solution,
trypan blue, and phosphate-buffered saline (PBS) in tablets were
acquired from Sigma-Aldrich.

4.2. Inkjet Printing Process. The instrument used was a
piezoelectric drop-on-demand Dimatix Materials Printer (Model:
DMP-2800, FUJIFILM, Dimatix, Inc. Santa Clara, CA). Inks were
filtered (HPLC Nylon 5.0 μm syringe filters, Cole-Parmer) before
injecting into the propylene print cartridge (DMC-11610, 10 pl),
which was fixed to a print head consisting of 16 nozzles (21 μm in
diameter). Bitmap images of patterns to be printed were designed by
the GNU Image Manipulation Program (version 2.8.16) and adapted
using the Dimatix materials printer software. The print resolution was
846.67 drops per inch, corresponding to a drop spacing of 30 μm, and
using custom print waveforms. The firing voltage varied over a range
of 24−30 V. Droplet ejection was monitored using a camera
incorporated in the printer.

To avoid any curing inside the cartridge when printing TPGDA
due to ambient light, the cartridge was masked with duct tape. Five
layers of TPGDA were printed and cured with a UV light (365 nm
and 6000 mJ cm−2) mounted to the printing unit allowing it to move
with the print head and induce real-time UV illumination and curing
(Printed Electronics Ltd.).

Three layers of AgNP ink were printed on top of the five layers of
TPGDA to improve the adhesion of the silver to the substrate,
achieving a good level of conductivity. A single nozzle was used. The
glass substrates were heated using an in-house built heating system
inside the printing platform and held at 200 °C during the printing
process to enable solvent evaporation and thermal sintering.

4.3. Surface Analysis. Roughness profile of one layer of printed
silver on 1 μm2 areas and thickness on 20 μm2 areas were established
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by atomic force microscopy (AFM) using a Dimension FastScan
AFM system (Bruker Corporation) in peak force mode mapping in air
at room temperature. Probes consisted of a RTESPA MPP-11120-10
model with a cantilever size of 3.5−4.5 μm and a frequency of 347−
393 kHz. Data analysis of the AFM images was performed using
WSxM 5.0 and Gwyddion 2.43 software.
4.4. Resistance Measurements. Resistance of inkjet-printed

silver surfaces was measured using a 25 kHz LCR Meter HM8018
(Rhode & Schwartz) in 2 × 2 mm2 squares varying the temperature
and time of sintering and number of layers printed and sintering time
(n = 10). Small droplets of silver paste were deposited over the ends
of the printed silver layers to prevent scratches from the contact with
the probes of the LCR Meter, allowing them to dry at room
temperature for 10 min. Data was processed in GraphPad PRISM
version 7.01.
4.5. Microwire Growth. Micorwires were grown by applying a

potential difference of 90 V in the presence of aqueous electrolyte
using an in-house-made high-voltage pulsed power supply in 10 pulses
of 300 ms with a gap between pulses of 200 ms for a duration of 10 s.
Different geometries of electrodes were tested. The separation
between the electrodes was 1 mm.
Different geometries were also tested using bipolar electrodes with

different shapes with an area of length of 1.5 mm2 was printed
between the feeder electrodes. The separation between feeder
electrodes was 2 mm. A potential of 120 V was applied as described
in the previous paragraph. Values of resistance were measured (n = 9)
using a digital multimeter (Eurisem Technics, model EP719).
Number and diameter of connections were obtained after the
application of potential differences (n = 9). Wires were only counted
if they formed a continuous connection between the feeder electrodes.
Diameter was measured in wires connected to the negative feeder
electrode (effective interconnections) (n = 10 per sample). Data was
analyzed using the GraphPad PRISM. A D’Agostino & Pearson
normality test was carried out to check Gaussian distribution, and
one-way ANOVA with Tukey’s post analysis was carried out to
compare data between groups.
Digital imaging microcopy was performed using a Nikon ECLIPSE

TE300 fluorescent microscope equipped with a QImaging optiMOS,
Scientific CMOS camera. The number of frames acquired per second
were 20. Electron dispersive X-ray (EDX) of uncoated wires was
performed in a Hitachi TM 3000 tabletop scanning electron
microscope. Scanning electron microscopy (SEM) images were
obtained in a JEOL 6060LV at 20 kV. Wires were deposited on
SEM pin stubs and coated with gold.
4.6. Computer Modeling of Electric Fields. Finite element

method modeling was carried out using the COMSOL Multiphysics
5.2 with the Electrostatics package. In each simulation, electrodes are
separated by 1 mm, and the size of each electrode (side length or
diameter) was 1.5 mm. A positive potential of 90 V was applied to the
left electrode, and the right acts as a ground. Contour lines indicate
the field intensity, whereas the arrows indicate the direction of the
field.
4.7. Multicomponent Functional Electronic Device For-

mation. Two pairs of silver electrodes, with an area of 10.29 mm2

each, were printed. Each pair of electrodes had a separation of 1.8
mm, and the separation between each pair was 2.6 mm. A surface
mount light-emitting diode (LED) was placed upside-down between
the two pairs of printed electrodes at a distance of 0.4 mm. LED was
attached to the surface with a drop of TPGDA and cured under UV
light for 10 s. Deionized water (10 μL) was deposited partially
covering the two extremes of one pair of the printed silver electrodes
and one Au electrode of the LED. A continuous potential difference
of 150 V was applied over the pair of printed silver electrodes during
15 s, inducing the microwire formation. This was repeated on the
other pair of electrodes. The functionality of the system was tested
using a multimeter in a diode test mode.
4.8. Bioelectronic System Fabrication. Glass slides were

chemically modified before the printing process to increase the
adhesion of TPGDA to glass substrate over longer periods of time.
Glass was cleaned in ethanol during 10 min prior to O2 plasma-

etching. Glass slides were then placed into the plasma chamber
between two copper band electrodes connected to a power source
(Coaxial Power Ltd.). The chamber was evacuated, and needle valves
(BOC Edwards) were used to control the oxygen pressure. Pressure
was monitored with a Pirani gauge (Kurt J. Lesker Ltd.), and a glow-
discharged plasma was initiated when the pressure was stabilized to 9
× 10−2 Mbar (50 W for 3 min). Cleaned glass slides were then
silanized in 1% TMSPMA in toluene for an hour and washed in Milli-
Q water.

CHO cells were cultured in corning T-75 cm2
flasks in 15 mL of

media (supplemented with 10% FBS, 5% HEPES solution, and 1%
penicillin/streptomycin) for 2−3 days in an incubator at 37 °C in 5%
CO2 atmosphere and passaged when 70−80% confluent. A sticky-
slide well (Ibidi, Martinsried, Germany) with a growth area per well of
1 cm2 was attached to a glass slide where silver electrodes were
previously printed. Electrodes had 1 mm separation between them,
and 67 ± 6.2 μm diameter circles were randomly printed between
them to facilitate microwire growth. Media (300 μL) containing
approximately 5 × 105 cells was added and cultured for 3 h at 37 °C in
5% CO2 atmosphere. Once the cells were attached to the surface,
media was washed with PBS and substituted with Milli-Q water
during microwire growth. A potential difference of 90 V was applied
during 10 s.

Electrochemical measurements were carried out at room temper-
ature using a VersaSTAT 4 potentiostat interfaced with a personal
computer and integrated with VersaStudio Software (Princeton
Applied Research). PBS dissolved in Milli-Q water was used as a
supporting electrolyte. Potentials are reported vs an Ag/AgCl
reference electrode. Printed silver feeder electrodes were used as
working electrodes, and a platinum wire was used as an auxiliary
electrode. Cyclic voltammogram (CVs) was acquired when a potential
was applied from 0.5 to −0.2 V at a scan rate of 100 mV s−1. Current
was measured in three different samples prior and after AgMW
growth in the presence and absence of the cells.

Trypan blue viability assay was performed prior and after wire
growth, and percentage of viable cells were counted on three areas of
100 × 100 μm2 at each distance point on three diferent samples (N =
3, n = 3; SD). AC potentials were applied at values of 90 V and 1 Hz
using a Programmable AC/DC power source EC1000SA (NF
Corporation).
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