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ABSTRACT: Neural interfaces are the parts of the neural prosthesis
that are in contact with the target tissue. The mechanical, chemical, and
electrical properties of these interfaces can be a major determinant of
the life of the implant and the neural tissue for chronic and even acute
integrations. In this work, we developed a fully inkjet-printed, flexible
neural interface on a bioresorbable backbone capable of recording
high-fidelity neural activity. We utilized room temperature fabrication
processes that overcome the limitations of semiconductor fabrication
techniques for processing low-melting point polymers while maintain-
ing high spatial and single-cell recording resolution. The ∼8 μm-thick
devices in this study were fabricated onto two flexible polymers: (a)
polyimide (PI), a biocompatible polymer commonly used for neural
interfaces, and (b) polycaprolactone (PCL), a bioresorbable polyester
with outstanding mechanical properties. Electrodes for neural record-
ing were built at 30, 50, 75, and 100 μm diameter using silver nanoparticles/(3,4-ethylenedioxytiophene)−poly(styrenesulfonate)
(AgNPs/PEDOT:PSS), which through our process achieved the lowest impedance reported in the literature reaching ∼200 Ω at 1
kHz for a 50 μm electrode diameter. We further enhanced the electrochemical performance of AgNPs/PEDOT:PSS by an order of
magnitude by incorporating exfoliated graphene into the electrodes. The biocompatibility of the fabricated devices and their ability
to record single-unit activity were confirmed by in vitro tests on both rat PC12 cells and isolated neural rat retina, respectively.
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■ INTRODUCTION

Neural interfaces play a major role in prosthetic intervention
aimed at the treatment and management of neurological
diseases.1−3 These interfaces consist of the component of a
neural prosthesis that is in intimate contact with target tissue
and where signal transduction occurs for neural recording or
modulation. That being said, the complexity of acute or
chronic integration of an electronic device with neural tissue
(especially at the interface) has limited the life and efficiency of
clinical prosthetic intervention. This is due to several
challenges including: tissue and implant damage caused by
unwanted chemical reactions at the electrodes, damage due to
invasive surgeries for device resection in the case of patients
requiring postoperative monitoring,2 and mechanical mismatch
between the neural tissue and the implant inducing stress on
the tissue. These challenges also lead to a foreign body
response that isolates the device from the targeted neural tissue
and reduces its functional lifespan.3,4 To address this, much of
the innovation in neural interfaces has been focused on new
materials, specifically for implant backbone and electrode
materials with high electrochemical performance. The choice
of materials is limited by process compatibility with semi-
conductor fabrication, which is commonly used to build

functional neural interfaces to achieve high spatial and single-
cell resolution. A very basic neural interface has to go through
high temperatures and withstand harsh chemicals. This
precludes the use of highly flexible polymer backbones that
are thermally and chemically incompatible. An example of
polymers used as a backbone for neural interfaces is polyimide
(PI), which is known for its superior thermal and chemical
resistance, excellent electrical and thermal insulation of
metallic conductors, biocompatibility, and high elasticity.5,6

On the other hand, PI suffers from mechanical mismatch with
brain tissue due to its high Young’s modulus (PI = 2.7 GPa,
brain tissue = 2 KPa).5,7

Inkjet printing has emerged as an attractive drop-on-demand
patterning technique that directly jets various types of
functional materials with micron resolution.8 Advances in
material dispensing technologies and accurate electronic
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alignment has increased speed and resolution of inkjet printing
to a large extent. This method creates contactless and mask-
less patterns by sequentially depositing multiple layers of
different materials without perturbing the previously deposited
layers. The additive nature of this process makes it suitable to
deposit a variety of conductive and insulation materials
including solvent-based and aqueous-based materials, particle
suspensions, UV-curable fluids, and biological solutions on a
variety of substrates, such as organic and inorganic substrates
and flexible and stiff substrates, in addition to the conventional
silicon wafers. Recently, inkjet printing has attracted interest in
building electrodes for neural interfaces.9−12 However, none of
these devices achieved the performance metrics needed to
reach single-cell resolution. Also, these efforts were only
partially inkjet printed and relied on coating methods to
insulate leads that reduced spatial resolution. In addition, these
devices were fabricated on substrates that suffer from
mechanical mismatch with neural tissue.
In this work, we developed an inkjet-printed, biodegradable,

and highly flexible neural interface that exhibits high
electrochemical performance and is capable of recording
single-unit activity. The room temperature inkjet process
coupled with photonic sintering enabled the fabrication of
silver nanoparticles (AgNPs)/(3,4-ethylenedioxytiophene)−
poly(styrenesulfonate) electrodes onto a low-melting temper-
ature, highly conformable, and biodegradable polymer
(polycaprolactone (PCL)).
For electrode material, we utilized (3,4-ethylenedioxytio-

phene)−poly(styrenesulfonate) (PEDOT:PSS), a polystyrene-
sulfonate polymer mixture of two ionomers, sodium poly-
styrenesulfonate and poly(3,4-ethylenedioxythiophene). This
organic semiconductor contains sulfonyl groups that are
deprotonated and carry a negative charge, and PEDOT is a
conjugated polymer that carries a positive charge. PEDOT:PSS
is known for its biocompatibility,13 long-term stability,14

solution processability, electrical conductivity,15 and signal-

to-noise ratio (SNR) enhancement for recording and
stimulating electrodes.16 We compared the electrical and
mechanical properties of the neural electrodes built on PCL to
electrodes built on PI (typical substrate material for neural
interfaces). We also optimized the electrochemical perform-
ance by investigating the impact of the number of PEDOT:PSS
coating layers and electrode diameter. In addition, we further
enhanced the electrochemical properties of the PEDOT:PSS
electrodes by introducing graphene/PEDOT:PSS ink; its
performance was comparable to 7 layers of PEDOT:PSS.
The device was tested with neural tissue in vitro using an
excised retinal preparation.

■ MATERIALS AND METHODS
Materials. PCL pellets (Mw ∼ 48 000−90 000 Da), PEDOT:PSS

aqueous solution (solid content 1.3 wt %), graphene/PEDOT:PSS
hybrid ink (electrochemically exfoliated), silver nanoparticle (AgNP)
ink, poly(4-vinylphenol) (PVPh), poly(melamine-co-formaldehyde),
and PLGA (75:25) were purchased from Sigma-Aldrich, USA. All
chemicals used in the electrophysiology and biocompatibility
experiments as well as the electrochemical characterization, including
phosphate buffer saline (PBS), sodium bicarbonate, Ames’ medium,
Trypan Blue (TB), and Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% fetal bovine serum and 1% Pen/
Strep (antibiotics), were also purchased from Sigma-Aldrich, USA. All
solvents, including chloroform, dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and 1-hexanol were of the highest purity
commercially available from Sigma-Aldrich and were used without
further purification. PI films of 7 μm thickness were purchased from
DuPont, USA. Deionized water was utilized in the entire experiment.

Substrate and Ink Preparation. PI substrates were extensively
rinsed using 70% ethanol and dried with a nitrogen gun prior to the
printing process. PCL substrates were prepared with 20% w/v PCL of
9:1 chloroform to DMF. The pellets were added to chloroform and
stirred at 50 °C for 30 min. DMF was then added and mixed after
visually ensuring that all the pellets were completely dissolved. A spin
coater (WS-650MZ-23NPPB, Laurell Technologies Corporation) was
used to prepare the 7 μm PCL films with 1000 rpm and 5 min of
spinning duration.

Figure 1. Schematic illustration of the fabrication and sintering process of AgNPs/PEDOT:PSS electrodes. (a) Pi substrate. (b) Ag ink is patterned
to form leads and cured. (c) PEDOT:PSS is printed to form electrodes. (d) PVPh is printed to insulate. (e) PI device is released from the glass
substrate. Process for PCL. (f) Spin coating PCL. (g) Ag ink is patterned to form leads and flash sintered. (h) PEDOT:PSS printed to form
electrodes. (i) PCL is printed to insulate. (j) PCL device released from glass.
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The conductive patterns were inkjet printed using a commercially
available AgNP ink at a concentration of 50−60 wt % in tetradecane
(average diameter of NP is 10 nm). Two conductive coatings were
used, PEDOT:PSS and graphene/PEDOT:PSS. In detail, PE-
DOT:PSS solution was diluted with DI water. DMSO and Triton
X-100 were added at 5% and 1% concentrations, respectively, to
enhance the conductivity of the solution.17,18 The resulting dilution of
1:1 PEDOT:PSS/H2O + 5% DMSO + 1% Triton X-100 brought
PEDOT:PSS to the preferable ink properties. Graphene/PEDOT:PSS
ink consisted of PEDOT:PSS at a concentration of 0.2 mg/mL and
graphene with a concentration of 1 mg/mL, all dispersed in DMF. For
the passivation of electrode leads, two formulations were prepared to
match the substrate material. For the PI-based interface, a polymer-
based ink was formulated using 1-hexanol as a solvent material (ratio
of 17:1 w/w% of 1-hexanol to the polymers). The polymer recipe is
composed of PVPh and PMF with a 1:1 w/w% ratio. For the PCL-
based interface, a PCL ink was formulated using chloroform as a
solvent with a 3% w/v ratio.
Fabrication of Inkjet-Printed Ag Electrode. The printing

process was done via a commercially available material printer (DMP-
2850, Fujifilm Dimatix, USA) fitted with a piezo-driven 16-nozzle
print head. The conductive patterns and coatings were printed using a
1 pL cartridge, while the passivation layers were printed using a 10 pL
cartridge. The fabrication process of the PI-based and PCL-based
arrays is illustrated in Figure 1. The PCL- and PI-based electrodes
were printed with the AgNP ink at room temperature. This ink
requires a sintering process at high temperatures up to 250 °C to
trigger the nanoparticles to coalesce. The PI-based pattern was
thermally sintered at 250 °C on a hot plate. However, due to the heat-
sensitive nature of the chosen PCL substrate, a room temperature
photonic sintering technique was employed. This approach uses
intense light pulses for a few milliseconds to instantly increase the
temperature of the printed pattern up to 250 °C while leaving the
majority of the substrate relatively cool. To achieve that, a camera
flash lamp (Nikon Speedlight SB-28) with two consecutive pulses of 1
ms pulse width and off period of 2 s was used. The PCL substrate was
placed 1 cm away from the light source, and an aluminum reflector
was placed around the substrate to uniformly distribute the light on
the overall pattern. The diameter of the electrodes was varied between
30 and 100 μm, and the electrodes were coated with up to 10 layers of
PEDOT:PSS on top of each other. The printed coating films on the
PI-based electrodes were annealed at 90 °C for 3 h in order to remove
all residual liquid. The coating films on PCL-based electrodes were
left overnight to dry completely. The PVPh dielectric ink was
deposited on the PI-based array and cured at 200 °C for 1 h on a hot
plate to allow cross-linking. The PCL dielectric ink was deposited on
the PCL-based array and left to dry at room temperature without any
further curing.
Characterization of the Interface. The elemental composition

of the AgNPs was characterized by scanning electron microscopy
(SEM; MIRA 3 LMU Tescan, Czech Republic). The wettability of the
substrates was measured by a standard optical tensiometer (OCA
15EC, Dataphysics, Germany) with the sessile drop method analysis.
The thickness and roughness of the printed conductive coatings were
measured using a Bruker DEKTAK-XT profilometer. A four-point
probe system (Ossila, UK) was used to measure the resistance of the
printed patterns. The mechanical properties of the prepared interfaces
were determined, including the elastic moduli, using a mechanical
testing machine (Instron, Norwood, MA) with a 10 N load cell at a
strain rate of 50 mm/min. To measure the viscosity and surface
tension of the inks, a rotational viscometer (FungiLab SA, Spain) and
goniometer OCA 15EC were used, respectively.
The electrochemical performance of the PEDOT:PSS- and

graphene/PEDOT:PSS-coated electrodes as a function of the number
of layers and surface area was measured by a Potentiostat/
Galvanostat/ZRA system (Gamry Instruments, USA) using a three-
electrode cell. A glass beaker was filled with PBS, and platinum (Pt)
was used as a counter electrode while Ag/AgCl was used as a
reference electrode. Electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) techniques were mainly adapted to

assess the impedance and Charge Injection Capacity (CSC) of the
electrodes. As for the CV, the voltage was swept between −0.5 and
0.5 V at a rate of 100 mV/s. The same system was used to evaluate
and compare the performance of the PCL-based electrodes to PI-
based ones. The circuit model fitting was done on a Gamry Echem
Analyst (Version 6.33).

Electrophysiology. Electrophysiological recording experiments
were conducted in order to investigate the feasibility of inkjet-printed
flexible electrodes as a reliable neural interface. Retinas were dissected
from carbon dioxide euthanized eyes that were obtained from
Sprague/Dawley rats.19,20 Sodium bicarbonate was used to buffer the
Ames’ medium, and then, it was oxygenated to bring the medium pH
to 7.4. Retinas were dissected into 4 × 4 mm retinal segments and
were kept in the Ames’ solution at 37 °C. The retina segment was
transferred onto the prepared device, which was connected to the
ME2100 system (Multi-Channel Systems, Germany). A chamber over
the active area of the device was attached to add media to the cells.
The extracted retina was placed with the ganglion cells (GC) facing
the electrodes. To enhance tissue adhesion and increase the
wettability of the surface, the arrays were ozone cleaned in the UV
+ ozone chamber for 45 min before placing the retina. The system
was equipped with a perfusion system to supply the tissue with a fresh
solution and maintain viability for the longest time. Offline sorter
software (Plexon Inc., Dallas, TX) was used to analyze the data and
detect the spiking activity. A threshold was set as 4 times standard
deviation of the background noise to detect the single spike units.21

The recorded spikes passing the threshold were then fitted to
preloaded templates matching features of neuronal spike activity.
Recordings were collected simultaneously from all designed electro-
des.22

For light response experiments, a 500 ms squared pulse with an
intensity of 5 V was generated via a programmed Arduino
microcontroller to trigger the LED circuit, which involves a white
LED connected in series to a 61.9 Ω resistor. This corresponds to a
high photopic light stimulus comparable to broad daylight that
effectively activates cone photoreceptors. Single pulses every 2 s were
utilized to optically stimulate the retina.

Biocompatibility and Degradability. PC12 cells were used to
verify biocompatibility on the PI- and PCL-based arrays. The cells
were cultured in DMEM and maintained in a humidified incubator at
37 °C with 5% CO2. At 80% cell confluency, the cells were dissociated
with trypsin, centrifuged, and resuspended in fresh medium for
seeding. The entire cell culture process was performed in laminar flow
hood (LabGard, Class II, Type A2 Biosafety Cabinet, USA) to
prevent contamination.

For cell culture experiments, PI-based arrays were sterilized by
autoclaving with a ramping temperature up to 132 °C for 30 min. On
the other hand, PCL-based arrays were fixed on a Petri dish with
silicone as an adhesive, sterilized by UV light irradiation (type C) with
an intensity of 100 μW/cm2 for 6 h, and then equilibrated in sterile
1× PBS for 24 h. Each array was immersed in medium inside a
separate Petri-dish for a few minutes before cell seeding. PC12 cells
were distributed on the substrates by dripping using a glass pipet. The
adhesion behavior and morphology of the cells were monitored every
24 h using a phase-contrast inverted microscope. Tissue culture
plastic (TCP) was used as a positive control.

The viability of the cells was assessed by the TB exclusion assay.
Generally, the dye in TB penetrates the compromised cell membranes
of dead cells, staining them with dark blue color. The percentage of
living cells was determined by counting the live and dead cells using
ImageJ software. The results from the printed PI and PCL substrates
were compared to the ones without arrays (i.e., control sample). This
control will ensure nothing in the processing could cause cytotoxicity.
In addition, the results taken from the PI and PCL substrates were
compared to the TCP control values.

The designed interface in this study is made to degrade after the
whole brain monitoring process, which is clinically predefined, is done
or when the electrodes stop functioning completely. On the basis of
PCL properties mentioned in the literature,23 a complete degradation
of PCL can take months to years, depending on its molecular weight.
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Nonetheless, the surface area of the implant also plays a role in the
degradation rate. Lifetime assessment to an implant with such high
reliability is an important issue to determine its actual functional
lifespan. Due to the high cost of the biodegradation test in vivo, an
accelerated chemical hydrolysis in NaOH was employed instead.24

This accelerated degradation test helps in assessing the lifetime of the
PCL backbone. The arrays (22 × 22 × 0.008 mm) were entirely
immersed in the prepared aqueous buffer solution (pH 13) at 37 °C.
This system involves ∼1 μm, ∼1.1 μm, ∼95 nm, and ∼7 μm thick
layers of the PCL passivation layer, PEDOT:PSS, Ag, and PCL
substrate, respectively. To demonstrate the feasibility of tuning the
degradation rate of the interface, a blend of PCL/PLGA (8:2) was
also prepared to accelerate the degradation process. Under these
conditions, the degradation behavior was monitored by taking a series
of macroscopic images every 30 min while the temperature was held
constant.

■ RESULTS AND DISCUSSION

Electrochemical Performance of Inkjet-Printed
AgNPs/PEDOT:PSS Electrodes. The electrochemical per-
formance of neural electrodes can give insight into their
potential for recording small signals (single-cell activity) or the
amount of charge they can deliver without damage for
neuromodulation. We investigated the electrochemical per-
formance of inkjet-printed PEDOT:PSS electrodes for both
electrode diameter and electrode thickness. Figure 2A,B shows
the impedance spectra of the microelectrodes for different
electrode diameters and layers of PEDOT:PSS. At a constant
diameter of 50 μm, the number of PEDOT:PSS coating layers
was varied from 1 to 10. Figure 2C shows the progressive
decrease of the mean impedance as the number of
PEDOT:PSS layers increased. The impedance spectra follow
a small resistive trend in frequencies less than 100 Hz, followed

Figure 2. (A) EIS shows the impact of the PEDOT:PSS electrode diameter on electrode impedance. (B) EIS shows the impact of PEDOT:PSS
multiple layer printing on 50 μm electrode impedance (lower impedance results in lower recording noise). (C, D) Shows the change in impedance
at 1 kHz (decrease) and the CSC (increase) with an increase in the number of PEDOT:PSS layers. (E, F) Shows the change in impedance at 1 kHz
(decrease) and the CSC (increase) with an increase in the electrode area. (G) Resistance RCT and capacitance CC at 1 kHz as a function of the
number of PEDOT:PSS layers. (H) Resistance RCT and RS at 1 kHz as a function of electrode diameter. Error bars are the result of measuring 8
printed electrodes from 6 different devices for each data point.

Table 1. Comparison of the Electrochemical Performance of Some of the Best Performing Coating Methods Used to Fabricate
PEDOT:PSS Neural Electrodesa

coating material deposition method thickness [μm] impedance at 1 kHz [kΩ] charge storage capacity [C cm−2] ref

PEDOT:PSS inkjet printing 13.6 0.2 2.876 this work
PEDOT:PSS spin-casting 15 25
PEDOT:PSS spin-casting 0.103 50 0.582 26
PEDOT:PSS/GOPS spin-casting 0.35 8 27
PEDOT:PSS/GOPS electrodeposition 0.35 8 27
PEDOT:PSS/PEG electrodeposition 5.4 28

a50 μm diameter.
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by a capacitive trend in frequencies more than 100 Hz. The
lowest impedance value was achieved with 10 layers of
PEDOT:PSS coating, reaching ∼200 Ω at 1 kHz, which is the
lowest recorded in the literature for PEDOT:PSS for any
fabrication method. CSC represents the maximum charge that
can be injected into a neural tissue without causing damage to
the electrodes. The CSC values, obtained by calculating the
area under the CV curve, reached its maximum of 2.876 C/cm2

with the 10 layer coated electrode. Figure 2D shows a
progressive increase in the CSC values as the number of
PEDOT:PSS layers increased. Our literature survey showed
how our impedance numbers and CSC compare to other
published work (Table 1).
Using inkjet printing, we achieved the lowest impedance at 1

kHz and the highest CSC values for PEDOT:PSS electrodes
recorded in the literature. The enhanced electrochemical
performance attributed to the additive nature of the inkjet
printing process allows for a thickness increase in the
conductive coating with each deposited layer; thus, the overall
effective surface area increased. We achieved 10 layers without
changing the diameter of the electrodes. Also, the addition of
AgNPs as a lead and beneath PEDOT:PSS helps in reducing
the impedance significantly. This combination is similar to
structures used in the charge collection in solar cells, which
also achieve an ohmic and low resistance interface.29

In addition, an equivalent circuit model (Figure 3) was fitted
to our experimental data (Figure 2A,B, fitting presented as

solid black lines). The Chi-Square goodness of fit test (χ2 =
4.81 × 10−4), for varying PEDOT:PSS layers, showed an

agreement between the experimental and fitted model. The
coating capacitance (CC) increased from 0.426 mF/cm2 for 1
layer of PEDOT:PSS to 60.606 mF/cm2 for 10 layers of
PEDOT:PSS. This could be explained by the increase in the
effective surface area because of the increase in the thickness of
the PEDOT:PSS layer from 1.07 to 13.6 μm. This is also in
agreement with the increase in the CSC values from 1.083 to
2.876 C/cm2 as shown in Figure 2D. This correlation between
the coating capacitance (CC) and the CSC values can be
represented by the equation CC = ((ε0 × εr)/d)A, where A is
the electrode area, ε0 is the dielectric permittivity of free space,
εr is the relative dielectric permittivity of the medium between
the two plates, and d is the distance between them. Moreover,
the series resistance (RS) and charge transfer resistance (RCT)
showed an inversely proportional relationship with the number
of deposited layers (Figure 2G). The series resistance (RS)
dropped from 18.8 kΩ for 1 layer to 0.135 kΩ for 10 layers,
while the charge transfer resistance (RCT) dropped from 266
kΩ for 1 layer to 0.0471 kΩ for 10 layers. This shows the
contribution of the increase in the effective surface area of the
electrodes, given both resistances are proportional to ρ/4r,
where ρ is the resistivity and r is the radius of the electrode.
Furthermore, the diameter of the electrode directly affects its

electrochemical performance. As seen in Figure 2E,F, electrode
diameter, ranging from 30 to 100 μm, has a noticeable impact
on the impedance magnitude as well as CSC values,
respectively. Results from the model also confirm that both
series resistance (RS) and charge transfer resistance (RCT)
undergo a progressive decrease with respect to electrode
diameter (Figure 2H). The series resistance (RS) dropped from
5.61 kΩ for the 30 μm electrode to 2.13 kΩ for the 100 μm
electrode, while the charge transfer resistance (RCT) dropped
from 5.39 kΩ for the 30 μm electrode to 1.13 kΩ for the 100
μm electrode. Similarly, the Chi-Square goodness of fit test (χ2

= 1.14 × 10−4) showed an agreement between the
experimental and fitted model.

Graphene/PEDOT:PSS Electrodes. The electrochemical
performance of PEDOT:PSS electrodes can be further
enhanced by improving the conductivity of the organic
semiconductor. The addition of exfoliated graphene to
PEDOT:PSS showed a marked improvement in electro-
chemical performance versus PEDOT:PSS alone. Figure
4A,B shows the EIS and CV responses for 50 μm electrodes
coated by a single layer of PEDOT:PSS versus a single layer of

Figure 3. Equivalent circuit model of the electrode−coating−solution
interface.

Figure 4. (A) EIS shows the impact of coating material on 50 μm electrode impedance (lower impedance with graphene/PEDOT:PSS coating).
(B) CV plot shows the impact of coating material on 50 μm electrode CSC (higher CSC with graphene/PEDOT:PSS coating). (C) SEM images of
the inkjet-printed graphene/PEDOT:PSS (upper) and PEDOT:PSS (lower) films showing the morphology of the surface.
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graphene/PEDOT:PSS, respectively. The electrochemical
performance for electrodes coated by graphene/PEDOT:PSS
was enhanced compared to the one coated by PEDOT:PSS by
more than an order of magnitude for the impedance. In fact,
graphene/PEDOT:PSS coated electrodes showed low impe-
dance and high CSC values that are nearly equivalent to 7
layers of PEDOT:PSS alone. This can be attributed to the fact
that mixing conductive polymers like PEDOT:PSS with
exfoliated graphene provides an additional electrochemical
means to the electrodes. The degree of exfoliation and
oxidation of the graphene solution plays a role in its electrical
properties, as a higher degree of exfoliation leads to better
dispersion of conductive graphene in the blend. Moreover, the
unique arrangement of the carbon atoms in graphene facilitate
a quick electron mobility without scattering, which saves the
valuable energy that is typically lost in other conducting
materials. The sheet resistance of pristine PEDOT:PSS is 52
kΩ/sq, while in graphene/PEDOT:PSS, it is 0.5 kΩ/sq.
In addition to improvement in the conductivity of graphene/

PEDOT:PSS, the enhanced performance can be also due to
the increase in the effective surface area (Figure 4C).30−32

Similar results are found for neural electrodes when CNT is
incorporated into electrode materials.33,34 The measurements
show that the mean surface roughness values for a single layer
of PEDOT:PSS and graphene/PEDOT:PSS are ∼59 and
∼135 nm, respectively.

Flash Sintering of Inkjet-Printed Electrodes. Ag ink
was photonically sintered on both PI and PCL. Figure 5A
demonstrates the sheet resistance of the inkjet-printed Ag with
respect to flashing numbers. Both patterns that were printed on
PI and PCL became conductive after the first light pulse. The
lowest sheet resistance values obtained from photonically
sintered patterns on PI and PCL substrates are 0.08 ± 4.2 ×
10−4 and 0.789 ± 4.2 × 10−4 Ω/s, respectively. SEM images of
printed ink before and after sintering are shown in the inset
figures in Figure 5A. The size of the NPs enlarges whenever
thermal or light sintering is applied. In line with previous
results of the sintering effect on the size of the NPs,35 our
findings showed that the diameter of the deposited AgNPs
before sintering is ≤10 nm, while after sintering, the particles
enlarged up to ∼50 nm, as an indication of the coalescence
process. Patterns on the PI substrate have lower resistance
values than those on PCL. When the light pulse is emitted,
thermal radiation in the form of highly energized photons
reaches the surface of the printed silver as well as the substrate
in use. The AgNPs on the surface absorb a portion of the
impinging radiation in order to coalesce, and the remaining
energy is transmitted further down the thickness of the Ag ink
via thermal conduction.36 That way, AgNPs that are not
exposed to the light pulse can still coalesce. However, since Ag
has a high thermal diffusivity (17200 × 10−8 m2/s),37 the
conductive heat transmission is far more prevalent compared
to the conversion of such heat to coalesce the NPs. This is

Figure 5. (A) The relationship between electrical resistance and the number of light pulses for sintering the inkjet-printed Ag patterns on the PI
and PCL substrates. The inset SEM images of AgNPs: (I) before and (II) after sintering. (B) A 16-electrode neural interface printed on the PCL
substrate. (C) Close-up of three individually insulated AgNPs/PEDOT:PSS electrode leads with a minimum wiring resolution of 30 μm on the
PCL substrate. (D) A 16-electrode neural interface printed on PI. The 50 μm AgNP leads terminate with the PEDOT:PSS electrodes of 50 μm. (E,
F) Close-up of 50 μm AgNP leads terminate with graphene/PEDOT:PSS-coated (E) and PEDOT:PSS-coated (F) electrodes of 50 μm. The leads
are passivated with PVPh. (G) A 16-electrode neural interface printed on PI with leads terminating at the zif board pads. (H) EIS shows the
difference in impedance between electrodes printed on PI vs PCL.
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especially true under such small time periods, and the
implication is that a substantial amount of heat is readily
transmitted to the silver−substrate interface.38 The substrate’s

thermal diffusivity and its rate of heat absorption, in addition
to the amount absorbed, need to be taken into consideration.
This is because the substrate will inadvertently dissipate a

Figure 6. (A) Stress−strain analysis of PCL vs PI. (B) Schematic scaling that shows the mechanical properties of the brain tissue and the utilized
polymers. (C) Microphotographic photos for soft conformal PCL-based (top) and PI-based (bottom) arrays showing electrodes lying on the
surface of the rat brain.

Figure 7. (A) The percentage of viable cells in the total cell population on the PI substrate, PCL substrate, and tissue culture plastic. Dark shaded
bars represent biocompatibility on the substrate with arrays (PEDOT:PSS and AgNP lines). (B) PC12 cells on the PCL substrate surrounding and
on top of the electrode. (C) Images collected at several stages of accelerated dissolution of (A) PCL and (B) PCL/PLGA interfaces immersed into
an aqueous buffer solution (pH 13) at 37 °C.
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noticeable amount of useful thermal energy that was meant to
coalesce the NPs. For instance, the thermal diffusivity of PCL
is 67.7% greater than that of PI.39 This means that, under the
same conditions, PCL will absorb a larger amount of any
incoming heat (and at a higher rate) compared to PI.
Therefore, low conductive pathways are formed because of
this, which prevents the Ag from attaining the same sheet
resistance value that could have been achieved if the NPs were
thermally sintered. This problem also occurs in PI, but it is less

severe since the amount of heat absorbed is much lower in that
small time period; so, the heat conduction is more prevalent in
the horizontal direction. Images shown in Figure 5B−G show
the various patterns and devices printed on both PCL and PI.
An electrochemical performance comparison between the

electrodes on the PI and PCL substrates was conducted, on the
basis of the fact that the post-treatment process of the printed
PI- and PCL-based patterns differed, which consequently
changed the adhesion, conductivity, and stability of the

Figure 8. (A) Schematic of the general recording setup for measuring the electrophysiological activity from the retina. (B) Close-up of the
recording setup where the printed array is connected to the ME2100 system via zif board. (C) Single-unit activity recorded by electrode arrays and
detected by the spike sorter. (D) Interspike interval (ISI) of a rat retinal GC response to light stimuli.

ACS Applied Bio Materials www.acsabm.org Article

https://dx.doi.org/10.1021/acsabm.0c00895
ACS Appl. Bio Mater. 2020, 3, 7040−7051

7047

https://pubs.acs.org/doi/10.1021/acsabm.0c00895?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00895?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00895?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00895?fig=fig8&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00895?ref=pdf


electrodes. Figure 5H shows the impedance of electrodes on PI
versus PCL, having the same surface area of 1963.5 μm2. The
average impedance values for the electrodes printed on PI and
PCL at 1 kHz are 4.57 and 18.08 kΩ, respectively (Figure 6A).
As noticed, the electrodes on PI exhibit lower impedance and
higher CSC. However, the electrochemical performance of the
electrodes printed on PCL still fall within the acceptable range
(<5 MΩ) for recording and stimulation from neural
tissue.40−42

Mechanical Characterization of the Interfaces. One of
the key challenges facing implantable neural electrodes is the
mechanical mismatch at the interface with neural tissue.43,44

This is a potential source of inflammation, immune response,
scar formation, and physical damage of the surrounding tissue
and the implant, which eventually diminish the signal
resolution.45,46 Flexible and conformal interfaces help to
reduce shear forces exhibited by repeatable micromotions
due to breathing and cardiac pace at the interface.47,48

Polymers are the most common class of materials for neural
implants, including the substrate and insulation of intercon-
nects. This is due to their biocompatibility, flexibility, long-
term stability in hostile surroundings, and little immune
response to implantation.49

Both PI and PCL have an 8 μm thickness. The mechanical
properties of the polymer substrates are of utmost importance
as they constitute the largest part of the device. The
mechanical testing was conducted for 6 samples of both PI
and PCL, where all samples had the same dimensions and
thicknesses for accurate comparison (Figure 6A). The PCL
and PI samples showed a Young’s modulus of 24 MPa and 1.37
GPa, with a maximum tensile stress of 2.5 and 47 MPa
respectively. Also, the elongation at break of the PCL substrate
(4.05 mm) was higher than that of the PI substrate (0.16 mm).
Both substrates exhibit flexibility and conformality, which is
necessary for brain interfaces (Figure 6B,C). However, these
results show that PCL is more mechanically compliant with
brain tissue than several materials used for neural interfaces
such as PI, Parylene C, or SU-8 (Figure 6B) and has
potentially higher chances of not causing damage to tissue at
the interface.
Biocompatibility. The biocompatibility of the printed

devices was investigated in vitro using the TB assay. PC12 cells
were seeded on the devices and incubated for 72 h before the
TB assay was conducted. The mean number of viable cells for
two independent replicates was calculated. The percentage of
viable cells on the PCL, PI, and TCP positive control had
similar results with 95%, 97%, and 99.5%, respectively (Figure
7A). The percentage of viable cells on PCL and PI without
printed patterns were 96.2% and 98.5%, respectively. These
results indicated that the PI and PCL substrates as well as the
printed materials have no effect on the viability of the PC12
cells (AgNPs, PEDOT:PSS, and PVPh). The PI-based devices
showed spreading cells with good adherence and numerous
cell-to-cell contact similar to TCP control. In contrast, the
PCL-based devices showed relatively fewer spread cells, where
the majority appeared rounded. However, the spreading cells
on the PCL substrates were more stretched and spindle-shaped
compared to that on PI and TCP. Besides the rounded cells, it
was noted that the PCL substrates also had numerous small
clumps of cells. This might be due to the hydrophobic nature
of the PCL surface. To induce more favorable adhesion and
satisfactory cell responses, plasma treatment was used to
improve the surface characteristics of the PCL substrates.50,51

In addition, printed arrays (AgNPs and PEDOT:PSS) did not
show cytotoxic effects on the cells, where the cells at proximity
to the printed patterns were well spread (Figure 7B).

Accelerated Degradation Test. Accelerated degradation
test done for PCL-based array to simulate the degradation
process. Tuning the degradation rate of the interface by
incorporating other biodegradable polymers can be achieved.
In this work, we added PLGA to PCL to demonstrate the
feasibility of the tuning process. Figure 7C shows a series of
images taken at several stages of an accelerated dissolution in a
buffer solution (pH 13) at 37 °C for PCL-based and PCL/
PLGA-based arrays. The PCL-based array degraded within 60
h and completely disappeared after 70 h.
On the other hand, the blended PCL/PLGA array

completely disappeared within less than 60 h. Therefore, this
showed that blending PCL with polymers that have faster
degradation rate, like PLGA, increases the overall degradation
process. It is noted that the part that has the pattern on
degraded last. It is important to mention that in vitro
degradation at such high pH level is based on chemical
hydrolysis only. The presence of enzymes and cells would
accelerate the degradation even further.52 In vivo experiments
can be conducted, in a later stage, for accurate estimation and
confirmation of the degradation rate. However, on the basis of
the molecular weight of the PCL used in this study, it is
speculated for the array to last for about 2 years in vivo.23 This
is also in line with similar degradation tests carried out in the
literature for neural interfaces.53

Electrophysiological Recordings. The inkjet-printed
devices were tested in vitro with isolated rat retinas for testing
the potential of the device to record spiking activity. The setup
is shown in Figure 8A,B. The retinas were placed on top of the
device while being continually perfused with oxygenated
medium before the use of white light stimuli (at 100 Hz,
100 ms). The spiking activity was recorded from GC via
multiple electrodes, data shown in (Figure 8C). Spontaneous
retinal activity and activity in response to light stimulation
were recorded. The interspike interval (ISI) shown in Figure
8D demonstrates that the peaks of the response are found at 10
ms of the stimulus, which is typical of the retina response to
stimuli.54 Light stimuli activate the photoreceptors, which
stimulate the inner retina via graded transmitter release, which
in turn activates the spiking GCs. The waveform and amplitude
of the spikes recorded by the devices resemble previously
reported in vitro recording studies from the retina.19,20 The
recorded spiking activity from GC is to our knowledge the first
study that shows single-cell activity recorded from inkjet-
printed devices.

■ CONCLUSIONS
The present study demonstrated the fabrication of a single-cell
resolution, high electrochemical performance flexible neural
interface array on a bioresorbable backbone. To this end, an
additive, room temperature process was developed that relied
on inkjet printing. The process enabled individually insulated
electrodes as small as 30 μm via control over surface properties
and ink formulation. Further, AgNPs/PEDOT:PSS electrodes
achieved the highest electrochemical performance in the
literature for any fabrication process: ∼200 Ω impedance at
1 kHz and CSC of 2.876 C cm−2 for 50 μm electrodes. This is
owed to the low resistance ohmic AgNPs/PEDOT:PSS
interface and the additive layering of PEDOT:PSS enabled
by inkjet printing while maintaining the targeted feature size.
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Additional enhancement of electrode performance was also
demonstrated with exfoliated graphene in PEDOT:PSS ink,
which increases conductivity and surface roughness (surface
area). Furthermore, the novel, additive fabrication process
without harsh chemicals coupled with photonic sintering
allows material selection for the interface backbone that
significantly reduces the mechanical mismatch with brain tissue
compared to state-of-the-art polymer-based interfaces. For our
interface, we used bioresorbable PCL, a reduction in Young’s
modulus of 3 orders of magnitude compared to commonly
used polyimide or parylene. Not only does mechanical
mismatch between the tissue and interface cause damage due
to stresses on the target tissue, but also limited conformability
to curved brain tissue (like for surface recordings) can increase
the distance to the target cell and reduce recording and
stimulation resolution. Also, the selection of a bioresorbable
backbone lessens tissue damage from possible implant
resection. Finally, we showed that the final devices are
biocompatible in vitro and capable of recording a single cell
from an isolated rat retina preparation.
In conclusion, the room temperature fabrication process

without harsh chemicals enables the selection of a wide range
of materials for interface backbone and electrodes that can
have a significant impact on interface life and performance.
This will help in addressing several challenges facing neural
implants. Also, the potential for building a high performance,
high spatial, and single-cell resolution neural interface with the
novel, low cost, and easily customizable additive manufacturing
can change the way we build these devices for either
electrophysiological monitoring or clinical applications. The
next step is testing the inkjet-printed device in animal models
along with testing long-term stability and durability.
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