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Siliconmicromachined neural electrode arrays, which act as an interface between bioelectronic devices and neu-
ral tissues, play an important role in chronic implants, in vivo. The biological compatibility of chronic microelec-
trode arrays (MEA) is an essential factor that must be taken into account in their design and fabrication. In order
to improve biocompatibility of theMEAs, the surface of the electrodeswas coatedwith polyethylene glycol (PEG)
and parylene-C, which are biocompatible polymers. An in vitro study was performed to test the capacity of poly-
D-lysine (PDL) to improve neural-cell adhesion and proliferation. Increased proliferation of the neuroblast cells
on the microelectrodes was observed in the presence of the PDL. The presence of the peptide on the electrode
surface was conrmed using Fourier transform infrared spectroscopy and scanning electron microscopy
(SEM). The impedance of the electrodes was not changed signicantly before and after PDL deposition. Mouse
neuroblast cells were seeded and cultured on the PDL coated and uncoated neural MEAs with different tip-coat-
ings such as platinum, molybdenum, gold, sputtered iridium oxide, and carbon nanotubes. The neuroblast cells
grew preferentially on and around peptide coated-microelectrode tips, as compared to the uncoated
microelectrodes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Neuroprosthetic devices that can record neural activities and stimu-
late the central nervous system (CNS), called brain-machine interfaces
(BMI), offer signicant potential to restore various lost neurological
functions of patients with epilepsy, Parkinson's or depression [1]. A
key element in function restoration ismicroelectrode arrays (MEAs) im-
planted in neural tissues. For clinical applications,MEAs, which act as an
interface between neurons and bioelectronic devices, must be reliable,
stable, and efcient for long-term recording and stimulation [2]. When
the MEA are inserted into brain tissue, numerous foreign body re-
sponses can occur, often resulting in a lack of biocompatibility of the im-
plants. For example, if the electrodes are implanted for long periods of
time, the formation of glial scar tissue can occur, which can encapsulate
and isolate the electrodes from the neurons, resulting in a loss of electri-
cal connectivity and increased impedance [3]. To avoid this problem, it
is important to improve the biocompatibility of the electrodes.

One of the strategies that can be used tominimize immune response
to implanted electrodes is by coating them with bioactive molecules
such as cell adhesion peptides or proteins. These peptides not only

improve cell adhesion but also increase the cell proliferation [4]. For ex-
ample, peptides including Arg-Gly-Asp (RGD), Ile-Lys-Val-Ala-Val
(IKVAV), Lys-His-Ile-Phe-Ser-Asp-Asp-Ser-Ser-Glu (KHIFS-DDSSE),
Tyr-Ile-Gly-Ser-Arg (YIGSR), Cys-Asp-Pro-Gly-YIGSR (CDPG-YIGSR),
and poly-D-lysine (PDL) have been employed [5–9]. It is important to
nd biomolecules that facilitate neural adhesion onto the electrode de-
vices, minimize astrogliosis and suppress chronic microglial activation.
In that light, YIGSR and IKVAV polypeptide fragments [5,6] and PDL
[10] are promising candidates that are likely to modify neural cell be-
havior. PDL is a widely used synthetic peptide for improving neural-
cell adhesion, spreading and growth, especially on metallic surfaces.
Due to its positive charge, it attracts (negatively charged) neurons pri-
marily due to electrostatic interactions [10–12].

In order to facilitate cell adhesion, proteins and peptides have been
attached to solid substrates such as glass, silicon, and metals using var-
ious surface modicationmethods including electrochemical polymeri-
zation, covalent bonding, self-assembling monolayers, electron
spinning, and peptide-polymer coating [13–18]. In a recent study, Sam
et al. showed that GlyHisGlyHis could be attached to a silicon surface
by electrochemical methods [19]. Conducting polymers such as
polypyrole and poly(3, 4-ethylenedioxythiophene) can be added to
electrode surfaces, where they can easily incorporate bioactive mole-
cules. For example, Cui et al. were able to combine YIGSR peptide
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fragments from laminin onto polypyrrole coated recording sites using
electrochemical polymerization [20]. The peptide-polymer coating
method [14] has a number of advantages over other methods when
used to cover silicon micromachined electrodes that have been coated
with polymers and metals. For example, this method can be used on
electrically conductive and insulating surfaces in order to cover both
electrode sites and nonfunctional areas of the device. Furthermore, the
peptide-polymer coating method is simpler to employ when compared
with other peptide depositionmethods. Among the penetrating cortical
electrode arrays, siliconmicromachined electrodes have a high capacity
to minimize reactions with foreign bodies due to their small size and
high surcial density, allowing them to record/stimulate larger volumes
of neural tissue.

We have designed and fabricated novel, high-density, pyramid-
shaped MEA for intracortical 3D recording and stimulation. The novel
architecture of this MEAmakes it unique among the currently available
electrode arrays that use micromachining techniques, as it provides
more contacts between the electrodes and targeted neural tissue facili-
tating recording from different depths of the brain. To date, penetrating
silicon-based MEAs have been fabricated with two common architec-
tures: in-plane and out-of-plane. The rst architecture microelectrode
contacts are patterned along the shanks. This technology provides

high density of contacts; however, the shanks cause large tissue dis-
placement and may damage signicant number of neurons during in-
sertion [21]. The second MEAs architecture—Utah and Utah Slanted
electrode arrays—includes sharpened silicon needles electrically isolat-
ed from each other. The drawback of these MEAs architecture is that it
is two-dimensional (2D) which provides recording data only from a
plane area of the brain. Even the Slanted Utah array is quasi-3D instead
of 3D [22].

In this study, the surface of the electrodes was coated with polyeth-
ylene glycol (PEG), which is a biocompatible polymer, to improve bio-
compatibility of the MEAs. PEG hydrogel and parylene-C are
biocompatible polymers that are widely used for coating MEAs in both
in vitro and in vivo studies. In order to improve neural-cell adhesion
and proliferation, the surface of the electrodes was coated with PDL.
An in vitro study was performed to test the capacity of PDL to improve
neural-cell adhesion and proliferation [23–25].

The goal of this paper is to evaluate the role of PDL for promoting and
stabilizing cell attachment on the surface of some unique microelec-
trode arrays. The impedance of the electrodes was measured before
and after PDL deposition. In vitro cell culture tests were performed to
evaluate the growth of neuroblast cells on the PDL-coated electrodes
[26]. Neuroblast cellswere used for the experiments due to their highest
rate of spontaneous regression of all cancer types. These cells are divid-
ing cells that will develop into neurons often after a migration phase.
Because the MEAs are used to examine local responses of the neurons,
we studied them with these cells.

A signicant advantage of in vitro study is that the cell response and
health can be observed over time. Optical microscopy and scanning
electron microscopy (SEM) were used to evaluate the biological com-
patibility of the electrodes.

2. Materials and methods

2.1. Fabrication of neural MEAs

Micromachined electrode arrays were fabricated from a single
block of p-type silicon (100) with a thickness of 2150 ± 25 μm and a
resistivity of 0.0153–0.0158 Ω cm (University wafer, US). After
micromachining, glassing, and polishing the backside, electrodes were
electrically isolated [27]. The backside of the electrodes was metallized
with a layer of Ti/Pt (targets with 2″ D × 2 mm thick, 99.99%, Denton

Fig. 2. SEM images ofmicroelectrodes. (a) 3DMEAswith variable heights of 1.45, 1.45, 1.55, and 1.65mm (the outer rowwas kept to protect the 5 × 5MEAduring in vitro test), (b) silicon-
based microelectrode before coating with parylene-C and PEG, (c) microelectrode coated with parylene-C, (d) microelectrode covered with PDL, (e) microelectrode covered with PEG.

Fig. 1. Schematic view of a silicon micromachined neural MEA with variable heights of
1.45, 1.55, and 1.65 mm. The shank was covered with parylene-C (or PEG) and the
recording sites of each array were coated with Pt, Mo, Au, SIRO, or CNTs. The thickness
of the electrodes was 200 μm at the base and b2 μm at the tip with 100 μm spacing.
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Vacuum, US) tomake electrical connection to each electrode. Pt was se-
lected for ohmic contact, silicide formation, and wire-bonding and Ti
improves the adhesion of Pt to the surface of silicon. The non-glassed
side of the substrate was diced at three different depths (1.45, 1.55,

and 1.65 mm), in two perpendicular directions in order to create a
5 × 5matrix of rectangular columns with a spacing of 100 μm. The rect-
angular columns of the electrodes were converted to sharp needle
shaped tips using a wet etching procedure (mixture of 49% HF and

Fig. 4. SEM images of the MEA surfaces coated with, (a) and (b) Pt, (c) and (d) Au, (e) and (f) SIRO before and after coating with the PDL, respectively.

Fig. 3. SEM images of microelectrodes after metallization or CNT coating of the tips. (a) Pt, (b) Au, (c) SIRO, (d) Mo, (e & f) electrode tip coated with CNTs at different magnication.
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69% HNO3 in a ratio of 1:19) (Fisher Scientic, US) [28,29]. Forty-ve
pyramid-shaped MEAs were fabricated to verify the biocompatibility
of the electrodes and in vitro test.

SEM imaging is particularly well-suited for the characterization
MEAs and is a powerful technique for assessing conducting and semi-
conducting materials. We used a Hitachi S-4700 eld emission SEM in
order to image microelectrodes and different coatings such as silicon,
metals, polymers, CNTs, and peptides. The accelerating voltage for sili-
con and metals was 10 V and the working distance was set to ~8–
10 mm. The accelerating voltage for CNTs, polymers and peptides was
1 V and the working distance was set to ~3–5 mm. The microscope
has been operated in its high resolution mode and only the top second-
ary electron detector was enabled.

2.2. Coating of the MEAs with polymers and metals

In order to insulate the shank and improve the biocompatibility of the
electrodes, the entire upper surface of some of the electrodes (i.e. exclud-
ing the backside)was coveredwith parylene-C (Cookson Electronics SCS,
Italy) using a chemical vapor deposition (CVD) process. Parylene-C lms
were deposited using specialty coating systems (SCS, US) equipment.
Parylene-C dimer was vaporized under vacuum (b10 mTorr) at 140 °C.
The dimerized gaswas pyrolyzed at 670 °C and deposited as a conformal,
pinhole-free transparent lm. The PEG (Sigma-Aldrich, CA) coating was
added to the MEA by incubating them for 24 h (4 °C) in a solution of
10 mg/mL PEG in phosphate-buffered saline (PBS) at pH = 7.2 (Sigma-
Aldrich, CA) [23,30]. Thirty-six arrays were coated with parylene-C
whereas 3MEAswere coveredwith thePEGhydrogel. Six uncoated sam-
ples were used as controls.

A novelmasking technologywas developed to coat the active sites of
the 3D MEAs. Following insulation of the electrodes, a layer of dry-lm
photoresist (DuPont, FX900) was used as a mask on the array. The dry-
lm follows the 3D structure and enhances the uniform tip exposure
[31]. Dry-lm and parylene-C were removed from the tips using reac-
tive ion etching techniques (RIE). Custom designed RIE machine was
used to etch the lms. In the rst step, dry-lm and parylene-C lms
were anisotropically etched by oxygen plasma from the tips at a
power of 200 W, a chamber pressure of 100 mTorr for 40 min. In the
next step, both lms were etched isotropically from the side-walls of
the electrode tips at a power of 150 W and a chamber pressure of
400 mTorr for 10 min using PVA TePla-US system.

The electrode tips of the arrays were sputter-deposited with Mo, Pt,
Au, and iridium oxide (6 arrays of each metal), separately to increase
the corrosion resistance, and high charge transfer characteristics and to
lower impedance (Targets with 2″D× 2mm thick, 99.99%, Denton Vacu-
um, US). A novel masking techniquewas used to coat the tips of variable-
height electrodes and improved process time and cost signicantly. It
would take 6 h compared to 24 h by the conventional masking method.
All the metals were deposited in a custom designed multi-cathode
sputtering system. Tiwas used as an adhesion layer for Pt, Au, and iridium
oxide. The Ti layer was sputtered in Ar ambient at the chamber pressure
of 10 mTorr and gas ow rate of 10 sccm (standard cubic centimeter
per minute) at the power of 90 W, for 11 min. The thickness of Ti was
100 nm. Pt and Au were sputter-deposited at the tips of 12 MEAs. Pt
and Au sputtering were done in a chamber pressure of 10 mTorr with
Ar ow rate of 10 sccm at the power of 90W, for 16 and 13 min, respec-
tively. Sputtered iridium oxide (SIRO)was deposited at the tips of 6MEAs
in Ar and O2 plasmawith both gases ow rate at 25 sccm. The powerwas
100Wwith the deposition pressure of 5mTorr, for 33min. Mowas sput-
ter-deposited on the tips of 6 MEAs at the pressure of 10 mTorr with Ar
ow rate of 10 sccm. The power was 200 W, for 16 min. The thickness
of Pt, Au, and Mo was 400 nm and the thickness of SIRO was 200 nm.
The mask was removed with the lift-off process and ultrasonically
cleaned in acetone, isopropanol, and DI water.

For 6 MEAs, electrode sites were coated with carbon nanotubes
(CNTs) (Raymore, CA) using direct growth and the coffee stainmethods

Fig. 6. Optical microscopy of the electrode tips incubated with neuroblast cells after 24 h, (a) before coating with polymers, (b) following coating with parylene-C, (c) following coating
with PEG polymer.

Fig. 5. FTIR spectrumof siliconMEA insulatedwith parylene-C and tip coatedwith PDL: (a)
and (b) Mo tip-coating before and after coating with the PDL, respectively. (c) and (d) Pt
tip-coating before and after coating with the PDL, respectively.

645B. Ghane-Motlagh et al. / Materials Science and Engineering C 68 (2016) 642–650



[32–34]. We have reported for the rst time a selective direct growth of
carbon nanotubes (CNTs) by using Plasma Enhanced Chemical Vapor
Deposition (PECVD) on the tips of 3D MEAs. Coffee stains technique
has been used as a second method for the fabrication of structurally or-
ganized single-wall carbon nanotubes (SWNTs) at the tips of the elec-
trodes. Aqueous colloidal suspensions of sodium dodecyl sulfate (SDS)
(Sigma Aldrich, CA) and SWNTs (Raymore, CA) were prepared by dis-
persing SDS and SWNTs in DI water through harsh sonication for
30 min. To coat electrodes with SWNTs, the MEA was dipped in a solu-
tion of SWNTs, DI water, and SDS for 24 h in a x position. The concen-
trations of SDS and SWNTs were 0.2 wt.% and 3 × 10−4 wt.%,
respectively. As a result, solution was drawn by capillary ow to the
contact line (the electrode tip) and swept suspended particles
(SWNTs) with it, which thenwas deposited at the tips of the electrodes.
The resulting crowding particles of CNTs at the meniscus enable lm
formation and result in the deposition of someor all suspended particles
at the edge of the droplet in the form of coffee stains. Fig. 1 shows a
schematic image of the 3D MEAs. Fabrication process of MEAs has
been summarized in Table S1.

2.3. Coating of peptides to the MEAs

The coating of peptides to theMEAswas carried out according to the
protocol described by Smith et al. [14]. In brief, electrodeswith different
coatings were rinsed with acetone, isopropanol (Sigma Aldrich, US) de-
ionized (DI) water. In the next step, MEAs were soaked in DI water for
24 h. After the cleaning process, the MEAs coated with 4 × 10−2 mg of
parylene-C were immersed in solution of 0.1 mg/mL PDL (BioReagent,
Sigma-Aldrich, CA) and 0.1 M phosphate buffer saline (PBS) at pH 7.4.
The solutions, including electrodes, were magnetically stirred at
100 rpm for 24 h. All reactions were performed at 4 °C. Three
parylene-C-coated MEAs with no metal in the tips and three arrays of
each tip-coating were also covered with PDL.

2.4. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was performed in
order to characterize the chemical composition of the parylene-C/PDL
coatings [35,36]. A Thermo Scientic model Nicolet 6700-US spectrom-
eter, with a SMART iTR attenuated total reectance probe, was used to
record spectra in the 500–4000 cm−1 range, using a 4 cm−1 resolution.
Sixteen scans were combined in order to improve the signal-to-noise.
Spectra were smoothed using Qtiplot software.

2.5. Electrical properties of the MEAs

The impedance of the electrodes wasmeasured before and after PDL
deposition using Biostat VMP-300-US system. The instrument was op-
erated under the computer control with EC-Lab software. A solution of
0.9% PBS was used as the electrolyte [37].

2.6. Cell cultures and in vitro cell test

After deposition of the PDL, electrodes were placed in culture dishes
and sterilized by ultraviolet light in a laminar ow hood. A neuroblast
cell line (CCL-131), isolated from mouse muscles and obtained from
American Type Culture Collection (ATCC), was used. Cells were cultured
in Eagle's minimal essential medium (EMEM) (with L-Glutamine Ster-
ile-Filtered, ATCC, US), supplemented with 10% fetal bovine serum
(FBS) (ATCC, US) and 1% penicillin/streptomycin (ATCC, US) [20,38,
39]. They were maintained at 37 °C in a humidied incubator with 5%
CO2 until they were seeded into convex-shaped 24-well plates. Pep-
tide-coated and uncoated MEAs were placed separately in the middle
of their own speciedwells face-downwith the electrode tips in contact
with the well plate surface. The cell attachment and proliferation were
monitored at different time spans (6, 12, 24, 48 h, and 4 days). Only
one MEA was placed in each well in cell culture experiment. Every
MEA was a matrix of 5 × 5 electrodes with 3 different heights. A Zeiss
microscope (Primo Vert, US) was used to image cells on the electrode
arrays after 6, 12, 24, 48 h, and 4 days. All experiments were carried
out three times, using triplicate measurements.

2.7. Cell-counting

To calculate cell proliferation, the number of the cells for each con-
vex-shaped well was determined with 2 different methods; capturing
several images for each sample and manual counting of cells using he-
mocytometer [40].

2.7.1. Determination of cell proliferation using captured images
The amount of cells for each convex-shaped well and around each

electrode tipwas determined by capturing several images for each sam-
ple. The number of cells per image was counted visually with 2 persons
within each circle with radius of 150 μm around each electrode tip

Fig. 8. Optical microscopy of (a) cell cultured media before placing MEAs. (b) The Pt-coated electrode-tip incubated with neuroblast cells after 12 h.

Fig. 7. Total cell number before and after parylene-C and PEG deposition, (N = 6). Cell
numbers was calculated visually from the images after 24 h. In this gure ‘Si’ stands for
non-coated tip, and‘parylene-C’ and ‘PEG’ stand for the tips after parylene-C and PEG
deposition, respectively.
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Fig. 9.Opticalmicroscopy of theMEAs incubatedwith neuroblast cells. (a) and (b) Pt, (c) and (d) Au, (e) and (f) SIRO, (g) and (h)Mo, (i) and (j) CNT tips of PDL-coated and PDL-uncoated
electrodes, respectively. Signicantly more cells were attached to the PDL-coated electrodes than the PDL-uncoated ones.
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before and after PDL coating for different period of time (after 6, 12, 24,
and 48 h).

2.7.2. Determination of cell proliferation manually
In this method, cells were counted manually using hemocytometer.

To assure that no cells were washed away after imaging, cells were not
rinsed after culturemedium removal. Instead of rinsing, the cell cultures
were incubated directly in trypsin. When all cells were detached, cell
culture medium was added and the cells were counted.

2.8. Statistical analysis

Data has been reported as the mean ± standard deviation of the
mean. Cell attachment, before and after PDL deposition, was compared
for statistical signicance using a t-test (Excel) at a signicance level
of p = 0.05. Standard deviation calculations have been used. For the
cell proliferation studies at least 20 images per sample were captured
and counted before and after PDL coating. All experiments were repeat-
ed 3 times with triplicate samples.

3. Results

3.1. Characterization of the neural MEAs

High-density (25 electrodes/1.96 mm2), 3D, pyramid-shaped MEAs
were fabricated with variable heights of 1.45, 1.45, 1.55, and 1.65 mm
(Fig. 2a). The thickness of the electrodes was 200 μm at the base and
about 2 μm at the tip with 100 μm spacing (Fig. 2a). The parylene-C,
PDL, and PEG coatings could be observed by SEM (Fig. 2c–e).

The active sites of each array were sputter-deposited with Mo, Pt,
Au, and SIRO, separately [41]. The impedance of the electrode that the
tipswere coatedwith CNTswas decreased 5× as compared to Pt-coated
electrodes. Fig. 3 shows the scanning electron micrographs of the elec-
trode tips after parylene-C deposition and following the coating of the
tips with the metals or CNTs.

3.2. Coating of peptides to MEAs

SEM images of electrode tips were acquired before and after PDL de-
position followed by rinsing of the surfaces. The micrographs suggested
that there was a great adhesion of the peptides onto the electrode tips.
The morphology of the PDL is a nodular fractal structure that was
formed nger-like patterns on the tips of the electrodes (Fig. 4).

On the other hand, no signicant difference was observed for elec-
trode impedancemeasured before or after coatingwith the PDL. The av-
erage impedance at 1 kHz of Pt, Au, SIRO, Mo, and CNT electrodes, were
70± 5, 120± 10, 4± 1155± 10, and 14± 2 kΩ, respectively. The CNT
coating led to a 5-fold decrease in impedance compared with Pt
electrode.

3.3. FTIR analysis

The attachment of PDL to the silicon MEA, insulated with parylene-C
and different tip-coatingswas observed by FTIR. The spectra, in the range
of 600 cm−1 to 4000 cm−1, are shown for the Pt and Mo tip-coatings
before and after PDL coating (Fig. 5). CH2 groups of lysyl residue side
chains of PDL and those of parylene-C, in the range of 3200 to
2850 cm−1, were masked by a broad band corresponding to the hydro-
gen bonding of the hydration water. The vibrational stretches of C\\H
at approximately 3032 cm−1 (again superimposed with the broad
band due to hydrogen bonding), aromatic C\\C stretches at
1500 cm−1, aromatic C_C at 1450 cm−1 as well as the vibrational
stretches of C\\Cl at 1055 cm−1 could also be unambiguously attributed
to the parylene-C coating of the microelectrode [35]. When PDL was
added to the surfaces, N\\H streching of amide groups in the range of
3100–3400 cm−1 and carbonyl groups in the range of 1650–
1690 cm−1, were also observed [36]. The coating of the PDL to the
MEA with the Au, SIRO, and CNT tips was also conrmed by FTIR spec-
troscopy (Fig. S1).

3.4. Effect of polymer coating on the cell size, morphology, and proliferation

Cells continued to grow and proliferate when incubated with the
electrodes coatedwith parylene-C and PEG after 4 days. The results con-
rmed that the electrodes and coatings were not harmful to the cells in
vitro. When compared to the control electrodes (without coating), the

Fig. 11. Growth curve for neuroblast cells viamanual count using hemocytometer after 6,
12, 24, and 48 h. The lines present a mean value of four points obtained in three separate
experiments. Standard deviations have been indicated.

Fig. 10. Cell proliferation before and after 24 h PDL coating. (a) Total cell number of each
tip-coating before and after peptide deposition. (b) Cell surrounding an electrode tip for
each tip-coating before and after peptide deposition (N = 9). The cell proliferation has
increased in the presence of the electrodes coated with PDL (p = 0.0016). Cell numbers
were calculated visually from the images by two persons.
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size and morphology of the cells and the cell numbers were not signi-
cantly affected by the addition of the two polymers (Figs. 6 and 7).

3.5. Cell proliferation on the peptide-coated MEAs

Peptide-coated and uncoated MEAs were cultured with mouse
neuroblast cells for 4 days and monitored after 6, 12, 24, 48 h, and
4 days. Optical microscopy of cell cultured media before placing MEAs
has been shown in Fig. 8a. The tips of the electrodes with different coat-
ing were in a direct contact with the cells in each well (Fig. 8b). As a re-
sult tip coating is inuencing cell attachment, growth, and proliferation.
In the optical images (Fig. 9), the black spots correspond to the electrode
tips surrounded by the cells. An increased cell proliferation due to the
PDL-coating of the samples was clearly observed by optical microscopy.
Cells grew and proliferated normally in the presence of polymer, metal,
and CNT coated electrodes. Indeed, the number of the cells that were
quantied on the PDL-coated electrodes (ve different active sites)
was signicantly (t-test, p = 0.0016) greater than the cell numbers on
the uncoated electrodes (Fig. 10). The PDL coating increased cell adhe-
sion by N50%. Fig. 11 shows growth curve for neuroblast cells via man-
ual count using hemocytometer after 6, 12, 24, and 48 h. It is
noteworthy that the electrodes with CNT active sites had greater cell
numbers than the electrodes with metallic tips, both before and after
PDL deposition. These results show that the CNTs increased biocompat-
ibility and enhanced cellular responsiveness by attracting more neural
cells, in agreement with previous work [42].

Bioactive molecules and peptides not only improve the biological
compatibility of the electrodes but also can be absorbed to the CNT sur-
face through noncovalent interactions. CNT has inherently large surface
area but most of its large surface area is inaccessible in electrolyte
aqueous solution and cannot contribute to charge injection and cell
adhesion. Various surface modication techniques exist to enhance
the hydrophilicity of the CNT electrodes. One of the techniques to
modify CNTs is coating electrodes with peptides. The peptide binds
strongly to the nanotube side wall via Van der Waals and hydrophobic
interactions, while the PEG chains extend into water. As a result, the
CNT-coated microelectrodes turned more hydrophilic. Another hydro-
phobic to hydrophilic transition happens during incubating electrodes
with cell culture medium. Noncovalent binding is one of the least inva-
sive methods to modify CNT electrodes without major disturbance of
their structure. This modication can also promote cell adhesion [43].
The difference between increased cell number on Pt and Au coatings
may be due to either a different molecular composition of focal contacts
in cell grown on Pt/Au or different microstructural properties of the Pt/
Au surfaces [44].

4. Discussion

The peptide-polymer coating method enhanced biomolecule depo-
sition at the surface of the microelectrodes. More importantly, cells
were attracted to coated electrode sites, which may improve the com-
munication between the cells and stimulation/recording systems.
Given that the experiments were performed in parallel, these results
can be directly related to differences in the tip chemical compositions
or the differences in the amount of PDL attached to the tips. To improve
biocompatibility of the MEAs, the surface of the electrodes was covered
with PEG hydrogel and parylene-C, which are biocompatible polymers.
Parylene-C plays a signicant role as a biocompatible polymer in im-
plantable biomedical devices due to its unique mechanical properties
and inertness. Parylene-C has a Young's modulus of ∼4 GPa making it
mechanically robust and highly suitable for implantable devices. In ad-
dition, parylene-C has demonstrated high stability in in vitro and in
vivo studies [35,45]. PEG-based hydrogels are promising materials for
working with the central nervous system because they are nonionic
and relatively resistant to protein adsorption. More importantly, in cul-
ture, neuro cells that are encapsulated in PEG-based hydrogels can

survive indicating that the PEG hydrogels are not cytotoxic [46]. Cells
grew and proliferated in the presence of the electrodes coated with
both PEG and parylene-C.

In this study, the effect of PDL on the proliferation of neuroblast cells
was determined. The size and morphology of the cells were studied
based on qualitative from visual appearance of optical microscopy im-
ages over 4 days. Cells were grown and proliferated normally in the
presence of MEAs. Next step in this research will be functional analysis
of size,morphology, and refringence of the cells. The results have shown
that cells grew and proliferated normally in the presence of the elec-
trodes and peptides. Teppola et al. optimized cell growth onMEA plates
coating them with PDL, poly-L-lysine, and polyethyleneimine (PEI).
Neuroblastoma cells were cultured onMEA plates before and after coat-
ing. The results showed that the MEA coating agents had a strong im-
pact on cell morphology, growth, and viability [47]. The dynamic
replacement of proteins with the bigger ones on the bio-hardware in-
terface (including neural MEAs) results in undesired layer instabilities
that are difcult to control (Vroman effect) [48,49]. Therefore, surface
modication of theMEAs including polymerization and bioactivemole-
cule-coating signicantly improves the biocompatibility of neural im-
plants in the vicinity of tissues and cells. More investigation is needed
to quantify the reactive oxygen species (ROS) produced in neuroblast
cells cultured with MEAs and corona proteins on the surface of these
implants.

5. Conclusion

A novel, high-density, penetrating, pyramid-shapedMEA for record-
ing and stimulation from/of neurons was designed and implemented.
Due to its geometry, a high-density 3D electrode array provides more
contacts between the electrodes and targeted neural tissue, which
may cause more recording from different depths of the brain. Compar-
ing this microelectrode with currently available intracortical penetrat-
ing MEAs, presented MEA has provided 3D high electrode-density
(25 electrodes/1.96 mm2) with lower impedance. The deposition of
PDL on the electrodes was performed and created biologically active
electrode-tissue interface. More important, PDL improved cell-adhesion
and proliferation. Cells are signicantly attracted to the electrode sites
coatedwith peptides in vitro. After in vitro test, the electrodes can be im-
planted into the living system to act as an interface between electronics
and neural tissue. Further investigation is needed to determine the bio-
compatibility of the MEAs on neuroblast cells. The next step will be
chronic implantation of MEAs to validate long-lasting functional
devices.
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