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ABSTRACT: Advances within in vitro biological system complex-
ity have enabled new possibilities for the “Organs-on-a-Chip” field.
Microphysiological systems (MPS) as such incorporate sophisti-
cated biological constructs with custom biological sensors. For

microelectromechanical systems (MEMS) sensors, the dielectric \ Z —~—
layer is critical for device performance, where silicon dioxide
(SiO,) represents an excellent candidate due to its biocompatibility —®== o

and wide utility in MEMS devices. Yet, high temperatures
traditionally preclude SiO, from incorporation in polymer-based
BioMEMS. Electron-beam deposition of SiO, may provide a low-
temperature, dielectric serving as a nanoporous MPS growth
substrate. Herein, we enable improved adherence of nanoporous
SiO, to polycarbonate (PC) and 316L stainless steel (SS) via polydopamine (PDA)-mediated chemistry. The resulting stability of
the combinatorial PDA—SiO, film was interrogated, along with the nature of the intrafilm interactions. A custom polymer—metal
three-dimensional (3D) microelectrode array (3D MEA) is then reported utilizing PDA—SiO, insulation, for definition of novel
dorsal root ganglion (DRG)/nociceptor and dorsal horn (DH) 3D neural constructs in excess of 6 months for the first time.
Spontaneous/evoked compound action potentials (CAPs) are successfully reported. Finally, inhibitory drugs treatments showcase
pharmacological responsiveness of the reported multipart biological activity. These results represent the initiation of a novel 3D
MEA-integrated, 3D neural MPS for the long-term electrophysiological study.

KEYWORDS: 3D microelectrode arrays (3D MEAs), silicon dioxide (SiO,), polydopamine (PDA),
neural microphysiological systems (MPS), compound action potentials (CAPs)

1. INTRODUCTION a reduction in the usage of animal models.” Neural MPS are an
In recent decades, the complexity of in vitro biological systems especially attractive target for improved therapeutic drug
has increased dramatically through the development of discovery and testing as drugs targeting neurological disorders
“Organ-on-a-Chip” models, which replicate specific organ- or face the highest rate of attrition throughout clinical trials."”
tissue-level systems through benchtop data collection. Due to its central role in lower afferent pain signaling, the

Similarly, microphysiological systems (MPS) aim to incorpo-
rate highly specific cellular models that replicate precise
biological functions in a benchtop form factor with integrated
sensing modalities.' "' Importantly, the emphasis of MPS
modeling in vitro is motivated by several factors. First,

physiologically representative laboratory models could equate Received: April 22, 2023 s
to more robust preclinical data for human trials (e.g, drug Accepted: June 19, 2023 S
candidate screening and mechanism of action data). With Published: July 26, 2023
continued development, these models could also improve

patient safety by providing a route for personalized medicine.®

After validation, the use of such in vitro MPS could also lead to

peripheral to central nervous system junction is a crucial target

for MPS development as the field works to combat the

ongoing Opioid Crisis in the United States.">'>"*
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Figure 1. Schematic illustration of the proposed combination treatment for the PDA-mediated adhesion of SiO, to PC and SS. (i) Illustration of
the 10 mm? PC and SS test chips. (ii) Plasma treatment chamber for the preparation of substrates prior to PDA treatment and SiO, deposition. (iii)
Stirring solution of PDA + EDC for coating of substrates. (iv) Electron-beam deposition chamber for the sublimation of SiO,.

Although these MPS are poised to propel the field of in vitro
diagnostics forward,” innovations in the constituent device
materials and tools integrated into in vitro tissues are required
to enable the measurement of necessary functional met-
rics.">~"® Identification of appropriate data collection method-
ologies for the model of interest, as well as material
implications on both biosensor functionality and biolo%ical
integration, should be treated with equal importance.’*’
Microelectrode arrays (MEAs) have advanced greatly in recent
decades, owing to sophisticated microelectromechanical
systems (MEMS) processing technolo§ies that have been
established over the last several decades.”'~>° MEAs offer the
distinct advantage of enabling higher throughput and
automated electrophysiology compared to manual, highly
serial, hand-placed recordings.””**> Three-dimensional (3D)
MEAs as such have been established as necessary tools for
interfacing with the growing complexity of in wvitro 3D
biological s.ystems.z‘%’24 Within the sphere of their fabrication,
polymers are becoming the preferred substrates for 3D MEA
microfabrication as they are both largely biocompatible and
highly tunable through microfabrication processes.”*~** Non-
reactive alloys such as stainless steel (SS) can provide the
conductive bulk surfaces for microelectrode construction.
However, new process integration challenges naturally arise
with alternate materials. For example, insulating dielectrics are
a key component of the MEA device, but traditional dielectrics
may be incompatible with newer materials, preventing many
potential applications.”” Additionally, novel dielectrics that
enable enhanced cellular adherence and tissue growth are
necessary for integration of 3D MEAs into neural MPS.”"™*

Silicon dioxide (SiO,) as a dielectric material has been
widely studied and utilized in traditional MEMS fabrica-
tion.””” TIts stability and biocompatibility have continually
motivated the utilization of SiO, as the functional surface for
many BioMEMS devices.”** Alternative polymer insulation
strategies are additionally well-established, including Parylene-
C, and are suitable for integration with a variety of materials
such as glass, polymers, composites, and conducting
polymers.” ™" Parylene-C is naturally a common choice due
to its biocompatibility and transparency and can be leveraged
with thin conductive materials such as such as PEDOT:PSS
(poly(3,4-ethylene dioxythiophene polystyrene sulfonate)),
and ITO (indium tin oxide), respectively, to produce near-
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transparent MEAs.*® Parylene-C can also provide downstream
processibility through protection from 7photoresist etchants to
aid in MEA architecture definition.”>*

Parylene-C and SiO, have both been utilized as insulation
materials in MEAs for their integrative properties with key
proteins such as fibronectin and albumin.”® Researchers have
additionally hybridized both materials to enhance neuronal
adhesion and growth.””*” Where the novelty and advantages of
a nanoporous SiO,-based insulation layer lies is in the
architecture generated from an unannealed sublimation of
the material, presenting potential benefits toward neural MPS
integration.”’ Yet, challenges remain to its adaptation to
nontraditional substrates and MPS integration, including 3D
MEAs fabricated using polymers, metal alloys, and neural MPS.
In general, SiO, has been deposited through thermal growth,
plasma-enhanced deposition processes (such as plasma-
enhanced chemical vapor deposition; PECVD), or precursor-
mediated synthesis, utilizing temperatures and general process
conditions hostile to polymers.”” At such temperatures
(typically between 200 and 300 °C during PECVD and
much higher localized plasma temperatures), finished surfaces
for common biologically relevant polymers, including poly-
carbonate (PC), polystyrene (PS), and poly(ethylene tereph-
thalate glycol) (PETG), may be rendered brittle and broken.*
Additionally, mismatch in functional groups leads to weak
adhesion between SiO,-coatings and substrates that is
potentially disrupted by humidity/hydration-induced swel-
ling.** Thus, alternative strategies are necessary to enhance the
adhesion of SiO, to substrates by utilizing established
intermediary compounds. Ideally, the said strategies should
result in substrates with desired optical properties as well as
suitable biocompatibility and should be scalable for 3D MEA
microfabrication processes.

Solution-based polydopamine (PDA) treatments* have
been previously utilized to provide a linker for such disparate
materials. It is known that PDA is able to natively bind both
organic and inorganic surfaces through catechol groups.*® The
specific mechanism may vary across materials and thus should
be investigated to determine the suitability for a given
application, including surface modifications for biological
applications.”” Owing to the rare utilization of unannealed
SiO,, we hypothesize that PDA treatment along with electron-
beam sublimation of SiO, may provide a novel, low-
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Figure 2. Schematic representation and optical images of the proposed PC and SS 3D MEA platform. (A) Assembled 3D MEA platform. (i)
Schematic of the 3D MEA prior to PDA—SiO, insulation. (ii) Enlarged inset of the central culture region where SS microelectrode (gold) and PEG
gel anchor (blue) towers are present, and additionally illustrates a conformal PDA—SiO, layer. Each circle denotes the proposed microelectrode
recording site. (iii) Enhanced view of a singular microelectrode tower from (ii). After PDA—SiO, definition, precision UV—laser micromachining
defines the final microelectrode recording site. (B) Expanded schematic view of the 3D MEA, separating each component layer: (i) PC culture well,
(i) nanotextured SiO,, (iii) PDA, (iv) microelectrodes and anchor towers, (v) PC substrate with drilled vias, and (vi) Ag-ink traces. (CD) Optical
images of the final 3D MEA utilized in electrophysiological studies. The green coloration (C) is additionally indicative of the desired S00 nm SiO,
and demonstrates the more familiar purple coloration as well with a simple difference in the incidence of light (D).
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Figure 3. Schematic representation of the neural coculture definition on the 3D MEA platform. (A) Representation of the PEG gel scaffold with
the AHN/DRG (green) spheroids growing their axons toward the UWSCDH (blue) spheroidal population. (B) Internal view of a neural coculture
within the PEG gel scaffold with respect to its orientation on the stimulating/recording 3D MEA electrodes. The inset depicts a sample field
potential recording that could be obtained from the MEA.

temperature avenue for the generation of stable, bioadherent effort approaches the highly custom nature of the desired 3D
dielectric coatings that promote robust nerve tissue growth. MEA-enabled human neural nociceptive construct through a
Approaches utilizing novel substrate/conductor/insulation unique and novel approach. Herein, we report the micro-
strategies have formed the basis of the 3D MEA-based neural fabrication of a custom polymer and SS-based 3D MEA
MPS collaboratively under development between the Uni- platform, which incorporated a novel PDA-enhanced adhesion
versity of Central Florida, Tulane University, and the of SiO, toward procuring functional electrophysiological
University of Wisconsin-Madison.">***"** The collaborative recordings from a custom dual-spheroidal neural coculture in
37159 https://doi.org/10.1021/acsami.3c05788
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excess of 6 months. Electron-beam sublimation of nanoporous
SiO, was characterized on polycarbonate and 316L SS
microelectrode materials after development of a PDA
stabilization regimen (Figure 1). We subsequently charac-
terized this method for its robustness and optical properties.
Furthermore, we presented a hypothesis for the possible
mechanism of stabilization between the PDA chains and SiO,.
We then integrated this SiO, dielectric insulation method into
our PC-SS 3D MEA process flow (Figure 2) and characterized
its constituent impedimetric performance. Finally, we
integrated a neural MPS system atop the 3D MEA and
demonstrated the long-term growth of the custom nociceptive
coculture circuit on the 3D MEA and perform confirmational
inhibitory drug studies, indicating the suitability of this
methodology to extract complex biological information from
the recorded electrophysiological waveforms (compound
action potentials [CAPs]; Figure 3).

2. MATERIALS AND METHODS

2.1. Surface Coating for Testing and Application. The overall
SiO,-coating processing steps are schematically depicted in Figure 1.
Material test chips (10 mm® to ensure size compliance with all
equipment) were micromilled from bulk sheets of a 1.75-mm-thick
PC (McMaster-Carr, IL) and SO-um-thick 316L SS (Trinity Brand
Industries Inc, IL), utilizing the T-Tech QCJS micromilling system
(T-Tech, GA). A T4-end mill bit (200 ym diameter; T-Tech Inc.)
was utilized at a spindle speed of 60,000 rpm, feed rate of 25 mm/s,
and a depth of cut of 2 mm. The chips were subsequently cleaned
through sonication in 70% isopropyl alcohol (IPA; Sigma-Aldrich,
MO) and air dried.

A stirring solution of 0.05 M w/v dopamine HCl (Sigma—Aldrich,
MO) was prepared as per Azim et al.** in deionized (DI) water. A 1:1
molar ratio solution was then prepared by utilizing a stock 0.1 M w/v
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; Alfa Aesar,
MA) solution as a polymerization enhancer, bringing the pH value of
the solution to 8. Test chips were subsequently plasma-treated (PE-
50; Plasma Etch Inc, NV) in ambient, mixed-air plasma (S0 W
power) for 1 min and then submerged in the stirring PDA solution
between 1 and 3 h. After the desired 1, 2, or 3 h timepoint, the test
chips were rinsed three times in DI water, dried with N, gas, and
stored under vacuum. PDA-coated chips were again plasma-treated
for 1 min prior to the electron-beam deposition of 500 nm SiO,
(Thermionics Laboratories Inc., CA). Additional test chip treatments
were prepared for analysis, control, and comparison.

2.2. 3D MEA Fabrication. 2.2.1. Substrate Definition. The 3D
MEA microfabrication process flow prior to PDA—SiO,-coating is
detailed in Figure 2. Substrates for the 3D MEA fabrication were
micromilled to a size of 30 mm? from 1.75-mm-thick PC, utilizing T-
Tech QCJS micromilling machine (T-Tech Inc.,, GA). This size was
chosen to replicate similarly available commercial MEA footprints.
Four traces were milled utilizing a silicon carbide, T4-end mill bit
(200 pm diameter; T-Tech Inc,, GA) at a spindle speed of 60,000
rpm, feed rate of 25 mm/s, and a depth of cut of 500 pm. A silicon
carbide microdrill bit (0.0083”; T-Tech Inc., GA) was then inserted
into the machine to drill four through-vias corresponding to the
location of the microelectrode towers at the end of each trace along
with six vias that would define the anchor towers around the central
electrodes (spindle speed 90,000 rpm, feed rate 25 mm/s, depth of
cut 2 mm). The four microelectrode vias were centrally aligned, with
two placed 2 mm across from the third, and the fourth to act as a
reference electrode, located centrally 10 mm from other three. The
overall substrate was subsequently released from the bulk PC utilizing
the same T4-end mill bit and parameters as the traces, but with a fully
releasing depth of cut of 2 mm.

PC tubing (22 mm ID/25 mm OD; McMaster-Carr, IL) was cut to
a height of 6 mm to define the culturing area of the device. Standard
10:1 poydimethylsiloxane (PDMS; Sylgard-184, Dow Corning, MI)
was mixed and then degassed in a bell jar vacuum system for 30 min.

The culture well was affixed to the topside of the substrate utilizing
PDMS and allowed to cure for 1 h at 60 °C.

2.2.2. Microelectrode Tower Definition and Insertion. 250 pm
diameter SS needles (Lhasa Ohm, MA) were cut to a height of 2.25
mm, utilizing a custom infrared (IR) laser-scribing approach (Quik
Laze S0ST2; Eolite Lasers, OR). Ten needles per device were
subsequently inserted from the backside of the device, utilizing a
magnetic insertion approach,”® to define the final height of the
needles above the surface of the substrate at ~500 pm.

2.2.3. Conductive Silver Ink-Casting. A biocompatible silver (Ag)
epoxy (EP3HTSMED, MasterBond Inc., NJ) was cast across the
backside of the device to fill in the micromilled traces and the
remainder of the vias. The backing layer of the PC after micromilling
served as the mask for casting, and 70% IPA was additionally utilized
to remove excess ink. The ink-cast devices were placed in an oven and
cured at 60 °C overnight. At this stage, the 3D MEAs were considered
in their uninsulated state with tall (~500 m) microtower electrodes.

2.2.4. PDA Treatment and Oxide Definition. A stirring PDA
solution was prepared as per Section 2.1, and fabricated 3D
microtower MEAs were affixed inside a glass dish. Each MEA was
plasma-treated for 1 min before being submerged in the PDA solution
for 2 h. The MEAs were subsequently washed in DI water three times
and dried with N, gas. The MEAs were plasma-treated once again for
1 min, and then placed into an electron-beam deposition chamber for
the deposition of 500 nm SiO, at a deposition rate of 1—2 A/s. At this
stage, the MEAs were considered to be insulated with bulk SiO,.
Lastly, the 3D MEAs were precision-deinsulated, utilizing ultraviolet
(UV) laser micromachining (Quik Laze SOST2; Eolite Lasers, OR)
with a 30 ym spot size and conditions as per Kundu et al. (4 ns pulse,
532 nm wavelength, 1.2 mJ power).”® At this stage, the micro-
fabrication was fully complete.

2.3. Characterization. 2.3.1. Sample Imaging. Scanning electron
microscopy (SEM) was performed on the Zeiss NVision system
(Zeiss, Germany) for surface comparisons, and optical images of fully
completed 3D MEAs were obtained using iPhone 13 (Apple Inc.,
CA). For visualization of organoid growth, Calcein AM (CAM;
Thermo-Fisher Scientificc MA) staining of tissue was performed
utilizing the Nikon AZ100 system (Nikon, Japan). Laser confocal
microscopy (Keyence VK-X3000; Keyence, Japan) was performed at
50X magnification, utilizing combination laser and confocal scanning
settings. Extraction of values was performed in the VK-X3000
Analyzer Suite software (Keyence, Japan). Image] software (National
Institutes of Health, MD) was utilized for image-based quantifications.

2.3.2. Chemical and Surface Analysis. Energy dispersive X-ray
spectroscopy (EDS) was performed as confirmation of deposited SiO,
composition during SEM imaging (Zeiss NVision; Zeiss, Germany).
The elemental composition of layered SiO,—PDA—PC samples was
additionally determined through EDS using high-resolution trans-
mission electron microscopy (HRTEM). For HRTEM preparation, a
thin cross-sectional specimen of the device was prepared using a TEM
focused ion beam (FIB) instrument (FEI 200; FEI Co., OR). The
specimen was then studied utilizing the FEI Tecnai F30 (FEI Co,,
OR). High-resolution imaging was conducted in scanning trans-
mission electron microscopy (STEM) mode with an annular dark
field detector. The elemental composition and distribution across an
area of the specimen were determined using EDS analysis and
elemental mapping. The maps were colored to distinguish the studied
elements, with the color intensity demonstrating the degree of
distribution across the scanned area.

X-ray photoelectron spectroscopy (XPS; 5400 ESCA; Physical
Electronics, MN) was utilized for chemical analysis and additional
compositional confirmation of the PDA-coupled SiO, film. A layer of
10-nm-thick SiO, films was deposited onto 2 h PDA-coated samples
for XPS scans.

To assess the relative adhesion of deposited SiO, films to PC and
SS substrates, a standard tape peel test was employed,” however,
utilizing a manual application and removal method. Scotch tape was
applied to substrates with a nominal 10 Pa force and then removed at
a rate of 1 mm/s with the tape peeled at ~90° with respect to the
surface. To simulate MEA dielectric layer stability in cell culture
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incubator conditions, SiO,—PDA-coated SS chips were subjected to
an incubator environment (>95% humidity) at 4, 6, and 10 week time
periods, before scotch-tape peel-test analysis of the adhesion was
performed.

Water contact angle (WCA) measurements were obtained
(Goniometer, OCA 1SEC mode, SCA 20 module; DataPhysics
Instruments GmbH, Germany) to assess the relative surface energies
across functionalization states. Ultraviolet—visible spectroscopy
(Agilent Tech.,, CA) was performed to assess transparency of the
PDA-SiO,-coated PC substrates.

Atomic force microscopy (AFM; tapping mode, 13—77 N/m tip,
0.75 Hz scan rate, 1 V set point; NanoIR2, Anasys Instruments) was
utilized to obtain profilometric measurements of the aqueously
deposited PDA film on test substrates.

2.3.3. Impedimetric Characterization. Impedance spectroscopy
was performed utilizing the BODE 100 impedance analyzer system
(Omicron Labs, Austria) across the 100 Hz—40 MHz frequency
spectrum. Readings were acquired in Dulbecco’s phosphate-buffered
saline (DPBS; Sigma-Aldrich, MO) with a platinum (Pt) counter
electrode. Equivalent-circuit fittings and parameter extractions were
performed utilizing the EIS Spectrum Analyzer Software (EIS
Spectrum Analyzer Software, Belarus; 300 iterations, Powell
algorithm, amplitude function).**" A modified Randles equivalency
circuit was chosen to fit the data, with a constant phase element
(CPE) replacing the double layer capacitance (Cpy) for more
flexibility in fitting.">>® All values reported were generated with
relative errors of less than 5%.

2.4. Cell Culture. 2.4.1. Primary Rat-Derived Cultures.
2.4.1.1. Generation of 3D Spheroid Cultures. All animal handling
and tissue harvesting procedures were performed according to
guidelines set by the American Veterinary Medicine Association and
approved in advance by the Institutional Animal Care and Use
Committee (IACUC) at Tulane University. Schematic representa-
tions of cellular growth and integration within the 3D MEA are
detailed in Figure 3. Rat tissues were harvested and formed into
neural spheroids as previously described.' Briefly, timed-pregnant
Long—Evans rats were purchased from Charles River Laboratories
(Wilmington, MA). Dorsal root ganglia (DRG) from an entire
embryonic day 15 (E1S) rat litter were harvested, pooled, and
digested in 0.25% trypsin in PBS with EDTA, pH 7.4 (Thermo-Fisher
Scientific, MA) for 1S min at 37 °C. The digested tissue was
dissociated through trituration into a single-cell suspension and
passed through a 40 #M nylon mesh filter. The cells were then seeded
in 96-well ultralow attachment spheroid microplates (Corning Inc.,
NY) at 45,000 cells per well in rat growth media composed of
Neurobasal Medium supplemented with 2% v/v B27 supplement, 1%
v/v N2 supplement, 1% v/v GlutaMAX, 20 ng/mL nerve growth
factor 2.5S native mouse protein, 10 ng/mL recombinant human/
murine/rat brain-derived neurotrophic factor (PeproTech, NJ), 10
ng/mL recombinant human glial cell-derived neurotrophic factor
(PeproTech), and 1% v/v antibiotic/antimycotic solution (all from
Thermo-Fisher Scientific, MA, unless otherwise noted). Microplates
were centrifuged at 500g for S min, and 3D spheroid cultures
aggregate after 48 h incubation at 37 °C and 5% CO,.

2.4.1.2. Micropatterning Microphysiological Nerve Cultures.
Fabrication and validation of 3D peripheral nerve cultures has
previously been described extensively.”*>>*~*® Single spheroids were
seeded at one end of dual-hydrogel culture scaffolds using digital
projection lithography similar to a previously described method.">*
First, 3D MEAs were prepared ahead of time for culture by filling each
with DPBS supplemented with a 1% v/v antibiotic/antimycotic
solution (Thermo-Fisher) and exchanging this solution once per day
for 7 days. Growth-restrictive outer gels were first fabricated on
transwell membranes (Corning Inc, NY) by photo-crosslinking a
solution of 10% w/v poly(ethylene glycol) dimethacrylate (PEG,
Polysciences Inc., PA), 1.1 mM lithium phenyl-2,4,6-trimethylben-
zoylphosphinate (LAP; Allevi, PA), and 0.0001% w/v TEMPO
(Millipore-Sigma, MO) in phosphate-buffered saline (PBS, pH 7.4)
with ultraviolet (UV) light patterned to create a long, thin inner void,
with a bulb on one end for spheroid placement surrounded by a PEG

mold. A single DRG spheroid was placed in the bulb at one end of
each outer-gel mold with a pipette, the void was filled with a growth-
permissive inner-gel solution composed of Matrigel (Corning Inc.,
NY) diluted 1:1 with rat growth media, and the construct was
incubated for 15 min at 37 °C to cure the Matrigel. Culture media
was added underneath the transwell membrane for each construct and
cultures were then returned to the incubator for maturation.

2.4.1.3. Maturation of Microphysiological Nerve Cultures.
Assembled dual-hydrogel DRG-spheroid cultures were incubated for
31-35 days in culture medium, changed on Monday, Wednesday, and
Friday, during which time neurites extend unidirectionally from the
site of spheroid placement along the growth-permissive channel.
Mature constructs are comprised of a head (or ganglion) region
(“DRG”) located at the site of spheroid placement (location of
neuronal soma) and a tail region of neurite outgrowth (“nerve”)
reaching up to 8 mm in length.

2.4.2. IPSC Human-Derived Cultures. 2.4.2.1. Generation of 3D
Spheroid Cultures. Cryogenically preserved human stem-cell-derived
spinal cord dorsal horn (SCDH) precursor cells were provided by the
laboratory of Prof. Randolph Ashton at the University of Wisconsin-
Madison (UWSCDH).>® Upon receipt, the cells were rapidly thawed
and diluted 1:4 in Neurobasal Medium (Thermo-Fisher Scientific,
MA). The cells were centrifuged at 300g for 4 min and the
supernatant was removed. The cells were subsequently resuspended in
neuronal differentiation media comprised of Neurobasal Medium
supplemented with 2% v/v B27 supplement (Thermo-Fisher), 1% v/v
N2 supplement (Thermo-Fisher), 1% v/v GlutaMAX (Thermo-
Fisher), 20 ng/mL human nerve growth factor, 10 ng/mL
recombinant human/murine/rat brain-derived neurotrophic factor,
10 ng/mL recombinant human glial cell-derived neurotrophic factor,
10 ng/mL recombinant human NT-3 (all growth factors from
PeproTech, NJ), 1 uM dibutyryl-cAMP (Millipore-Sigma, MO), 10
UM Y-27632 (Abcam, Waltham, MA), 10 uM DAPT (Tocris, MN),
and 1% v/v antibiotic/antimycotic solution (Thermo-Fisher). The
cells were plated at 500,000 cells/cm® on culture well plates coated
with Matrigel (Corning) diluted at 1:100 for 6 days in neuronal
differentiation media changed every other day to induce terminal
neuron differentiation.

Cryogenically preserved human stem-cell-derived nociceptors were
purchased from Anatomic, Inc. (AHN; MN). The cells were rapidly
thawed, diluted 1:4 in Neurobasal Medium, centrifuged at 300g for 4
min, and the supernatant was removed. Nociceptors were then
resuspended in human culture growth media (identical to neuronal
differentiation media but lacking DAPT) plated at 60,000 cells/ cm? in
well plates coated with Matrigel diluted at 1:100, allowed to adhere
overnight, and washed to remove any dead cell debris. Nociceptor and
terminally differentiated SCDH cell cultures were lifted by incubation
in AccuMax (Thermo-Fisher) at 37 °C for 15 min. The cell
suspensions were collected, centrifuged at 300g for 4 min, the
supernatant was removed, and both cell types were resuspended in
culture growth media. The cells were then seeded in 96-well ultralow
attachment spheroid microplates (Corning) at a concentration of
20,000 cells per well and microplates were centrifuged at 500g for 5
min. 3D neural spheroids were allowed to aggregate for 48 h at 37 °C
and 5% CO,.

2.4.2.2. Micropatterning Microphysiological Nerve Cocultures.
Human microphysiological cocultures of nociceptor and SCDH
spheroids were patterned with the same methodology as the rat-DRG
cocultures, with the following exceptions: 3D MEAs were prepared
for culture by filling each with DPBS supplemented with a 1% v/v
antibiotic/antimycotic solution (Thermo-Fisher) and exchanging this
solution once per day for 7 days. PEG gels were then patterned
directly on to the washed MEAs. The framing PEG gel was patterned
into a smaller construct, forming a thin channel of 2 mm length, with
an 800 ym diameter bulb at each surrounding the built-in electrodes
and defining the space. An AHN spheroid was placed within one such
bulb, on top of the stimulating electrodes, while a UWSCDH spheroid
was placed in the opposite bulb, on top of the recording electrode.
The channel was then filled with Matrigel diluted 1:1 with human
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Figure 4. SEM, laser confocal, and optical imaging of the common failures in deposited S00 nm SiO, thin films. (A) Optical imaging of PC and SS
test substrates. (i) PC test chip before treatments. (i) SS test chip before treatments. (iii) PC test chip with S00 nm of nonadherent SiO,. (iv) SS
test chip with S00 nm of nonadherent SiO,. (B) Cantilever-style flaking and breakage was observed in samples that had no form of pretreatment,
prompting the investigation into potential mechanisms for adhesion. (C) Enhanced view of panel (B) further detailing the cracks and flaking of the
oxide. Here, the porosity of the electron-beam-deposited film can be seen. (D) Imaging of samples that did not contain an optimized PDA
pretreatment regimen. Buckling of the film is apparent, and the inset further details this mode of failure. (E) Isotropic buckling failure of the oxide
film, which appeared to branch when surface defects were encountered under suboptimal treatment conditions, such as the lack of plasma
pretreatment. (F) Laser confocal imaging of the nonadherent oxide from panels (C, D). The buckling failure mode is readily apparent, detailing the
branching observed. (G) Optical images of PC chips after (i) 1 h, (ii) 2 h, and (iii) 3 h of PDA treatment.
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Figure S. Optical and SEM imaging of 1—3 h PDA-coated test chips with 500 nm of SiO,. (A) Optical images of PC and SS test chips after scotch-
tape-peels. The 1 h samples (i) demonstrated partial delamination after a single peel. The 2 h samples (ii) performed the most optimal, leaving the
full film intact after >20 peels. The 3 h samples (iii) were not as robust as the 2 h samples, and partially delaminated after a singular peel, however,
maintained a greater integrity than the 1 h samples. (B—D) This is likely in part due to the cluster formation of the PDA—SiO, combination,
increasing the surface roughness in a more uniform, monodisperse manner to alleviate thin-film stresses, as seen in the 2 h SEM (C).

culture growth media and was cured for 15 min at 37 °C. Cultures
were then returned to the incubator for maturation.

2.4.2.3. Maturation of Microphysiological Nerve Cultures.
Assembled dual-hydrogel AHN-UWSCDH cultures were incubated
for 60—180 days in human culture growth medium, changed on
Monday, Wednesday, and Friday, during which neurites extend from
the nociceptor spheroid along the permissive growth channel to
innervate the SCDH spheroid at the opposite end of the channel.

2.4.2.4. Calcein AM Viability Assay. Calcein AM (Thermo-Fisher
Scientific) was used according to the manufacturer’s instructions.
Constructs were imaged on a Nikon AZ100 and images were
processed in Image].

2.5. Field Potential Recordings. Impulse conduction in all
microphysiological nerve cultures was evaluated using extracellular,
field potential recordings (represented by CAPs) as per previous
extensive description."”® All recordings were obtained utilizing a
custom equipment arrangement (P-97, ALA Scientific Instruments,
NY). Each evoked recording presented represents the average of 10
consecutive evoked responses (N = 10). Spontaneous recordings are
not time-locked and therefore cannot be averaged. Each presented
spontaneous recording is a single trace that is representative of 10
similar traces recorded under identical conditions (N = 10).

2.5.1. Rat Tissue. Mature dual-hydrogel cultures were manually
transferred from transwell membranes to prefabricated 3D MEA
devices with the ganglion region containing the highest density of
neuronal soma laying directly atop of the microelectrode recording
site. Cultures on MEAs were continuously bathed with room-
temperature artificial cerebrospinal fluid (ACSF) and continuously
bubbled with a gas mixture of 95% O, and 5% CO,. A platinum and
glass recording electrode (64-0818, Warner Instruments, CT; 1 MQ
resistance) was lowered manually into the ganglion region and a

platinum stimulating electrode was placed 4—6 mm distal to the
recording electrode in the middle region of neurite outgrowth. Bipolar
40V, 200 s stimuli were delivered once per minute to the middle of
the nerve outgrowth and the resulting CAP propagation was recorded
in the ganglion region by both the built-in 3D MEA microelectrode as
well as through the external glass and platinum field recording
electrode (N = 10).

2.5.2. Human Tissue. Dual-hydrogel human cocultures were
matured directly on 3D MEAs with the SCDH region arranged
directly atop the microelectrode recording site and the AHN spheroid
direclty atop the microelectrode stimulation site. To record bioelectric
impulses, growth media was removed and cultures were continuously
bathed with room-temperature ACSF continuously bubbled with a
gas mixture of 95% O, and 5% CO,. When necessary, an additional
platinum and glass recording electrode (1 MQ resistance) was
lowered into the SCDH spheroid region and a platinum stimulating
electrode was placed in the innervating nociceptor spheroid. 40 V,
200 ps stimuli were delivered once per minute to the middle of the
nociceptor spheroid by either the integrated 3D MEA stimulating
microelectrode or the bipolar external field stimulating electrode. The
resulting synaptically evoked waveforms were recorded in the SCDH
spheroid region by a built-in 3D MEA recording microelectrode or
the external glass and platinum field recording electrode, as desired
(N = 10).

For confirmation of biological activity, inhibitory drugs as defined
below were added to the bubbling ACSF bathing the neural
cocultures, as informed by previous studies:"

10 uM cyanquixaline (CNQX; AMPA receptor antagonist; C239-
SMG, Millipore-Sigma), dissolved in DMSO at 10 mM and diluted
1:1000 for use at 10 uM in 0.1% DMSO.
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Figure 6. Film characterization measurements. (A, B) Transparency assessments of PC test chips after PDA treatments and SiO, deposition. (A)
UV—vis spectroscopy measurements of different stages of PC test chip treatments. (B) Enhanced 400—800 nm region of interest from panel (A). A
gradual loss of transparency is observed with increased PDA treatment time; however, this is partially recovered with the addition of the 500 nm
SiO,. An antireflective signature is present in all samples containing SiO,, including the poorly adherent samples such as in Figure 4. (C) HRTEM-
generated image colorations of the sample cross section utilizing the 2 h PDA treatment time. The contrast between layers can be visualized in (i).
Carbon (ii) is present in the medial and PC layers as expected. Oxygen (iii) is present throughout, though dominantly in the oxide layer. Silicon
(iv) is largely present in the oxide layer, but can be partially observed within the medial layer, lending credence to the notion of a bonding event
with the PDA linker. Nitrogen (v) does not appear in coloration, as its relative abundance is much lower than the other elements (Figure S2).

1 uM tetrodotoxin (TTX; voltage-gated sodium channel blocker;
AB120054, Abcam, U.K.), dissolved in DMSO at 1 mM and diluted
1:1000 for use at 1 yM in 0.1% DMSO.

3. RESULTS AND DISCUSSION

3.1. Characterization of PDA-SiO, Thin Films and
Interactions. The utilization of electron-beam deposition was
a direct result of experimental efforts to induce formation of an
oxide coating on the polycarbonate surface via traditional
deposition methods. The resulting polymer surface was not
intact and thus necessitated the use of a lower-temperature
deposition technique. Through e-beam technique, the maximal
temperature would be located at the polymer surface, and at
significantly lower temperatures (80 °C in this example), gas-
phase reactions would not occur,”’ outside of more custom
PECVD enclosures.”’ Smaller chip sizes when compared to the
full 3D MEA footprint were utilized for higher throughput in
experimentation.

In early trials of the deposited SiO, to PC prior to the
incorporation of PDA, layers of porous and flaking SiO, film
were observed optically and confirmed under SEM (Figure
4A—C). However, these early images confirmed the nano-
porous nature of the silicon dioxide film, which indicated
potential suitability for cellular applications. Previously
published data by our groups and internal studies confirmed
500 nm SiO, films were sufficient as both a suitable dielectric
and a stable insulation layer for 3D MEAs,*® indicating that
500 nm film thickness could offset potential dielectric failure
during operation with MPS. As PDA was incorporated (before
treatment optimization), failure in the films was largely
observed as isotropic buckling and blistering, typical failure
modes for compressive strain in thin films.***®* In such
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suboptimal treatment conditions, this buckling was clearly
visible under both SEM (Figure 4D,E) and laser confocal
imaging and provided an optical interference pattern (Figure
4F).

Azim et al.** concurrently demonstrated success in adhering
dissimilar polymers utilizing a solution-based PDA regimen,
which indicated the potential for utilizing a PDA protocol for
adhering materials to both PC and SS. It was determined based
on the results contained in Azim's study that polymers would
very quickly discolor with continued deposition and polymer-
ization of the PDA (within only a few hours). To balance the
need for this adhesion intermediary compound, and retention
of optical clarity, deposition treatment times of 1, 2, and 3 h
were tested. As shown in Figure 4G, even within a short
treatment time of 3 h, noticeable darkening of the PC test chip
was observed. For SS test chips, although PDA deposition was
present, clarity was not of issue. As the next step, the
ultraviolet—visible spectrum of different stages of coated PC
substrates was tested to ensure the usability of the selected
coating time/method for transmitted light biological imaging
application. AFM measurements were performed to determine
the time-dependent thickness of PDA-coatings. Averaged film
thicknesses were measured to be 37.0, 58.3, and 83.0 nm at 1,
2, and 3 h, respectively. The mean surface roughness of each
timepoint was additionally measured to be 28.3, 58.3, and 63.8
nm at 1, 2, and 3 h, respectively.

To determine the robustness of the adherence of the SiO,
film to both the PC and SS samples, scotch-tape peel analysis
was performed. After single tape-peels from PC and SS
samples, it was rapidly observed that the 2 h PDA-SiO,
samples performed as desired. Both the 1 and 3 h samples
demonstrated near-total (87.4 + 9.32%) and partial (66.2 +
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the improved adhesive strength and shift in XPS spectra.

15.8%) removal of the oxide film, respectively, across six peels
in the areas tested. The 2 h samples retained their integrity as
shown in Figure SA. These samples additionally withstood >20
tape-peels before minor film breakage was observed around the
edges of the test chips (removal of 0.63 + 0.31%). To further
motivate the usage of the 2 h PDA treatment, SS samples (to
mimic the dielectric insulation on microelectrode materials)
were placed into an incubator (Figure S1A). Samples were
tested at 4, 6, and 10 weeks. After >20 peel tests, the 4 week
samples proved highly stable, with the removal of 0.89 +
0.935% SiO, (i.e, more than 99% SiO, was intact). After 6
weeks, 6 peel tests removed 16.5 + 7.49% of the film. After 10
weeks, 6 peel tests removed 41.2 + 37.3% of the film and
represent the highest variability among the measurements.
Importantly, only adherence of the film and not its integrity
was affected, indicating that the chosen PDA—SiO, combina-
tion helped to alleviate the compressive stress in the film, even
when long-term hydration disrupted the binding to the
substrate.

With respect to the deposited PDA clusters with SiO,,
changes in both size and uniformity were observed (Figure
SB—D). Both 1 and 3 h PDA treatments coupled with
deposited 500 nm SiO, were observed to have a more
polydisperse topography to the resultant films (average cluster
radii of 301 + 147 nm and 311 + 120 nm, respectively). This
was contrasted with the 2 h PDA deposition, which
demonstrated a more monodisperse layer and may have
additionally aided in stabilizing the SiO, film (average cluster
radii of 307 + 63 nm). The resulting robustness of the 2 h
PDA-SiO, combination provided rationale for its use in the
final 3D MEA fabrication process flow.

37165

The 1, 2, and 3 h PDA samples with 500 nm SiO, deposited
atop PDA were optically a purple-green coloration, indicative
of previously established thin-film thickness-dependent color
change properties of SiO,.°* As Figure 6A,B shows, in the
visual light range (400—700 nm), the plain PC utilized
presented 86% transmittance (N = 3). Optical clarity was
observed to decrease in the 400—450 nm range with increased
PDA deposition, as expected from the increased observed
darkening of the PC. This decrease at 450 nm, for example,
brought the overall transmittance to 75, 70, and 65%,
respectively, at each timepoint (1, 2, and 3 h, respectively).
Interestingly, corresponding PDA treatment times coupled
with the 500 nm stable SiO, deposition demonstrated a
moderate improvement of ~3% transmittance on average, in
addition to an antireflective signature shift. This reduction in
transmittance is lessened greatly between 550 and 700 nm.
This is of importance as many laser wavelengths utilized in
excitation during fluorescence microscopy are found in this
range. Unstable SiO, samples without PDA treatment were
also tested and retain an irregular, antireflective-type signature
(Figure 6A,B; red trace). These latter samples contained
compressive strain-buckled SiO, mentioned previously and
were poorly adherent.

An investigation into the characteristics of materials, and the
potential stabilizing interactions between them was warranted.
For stable film formation, there are several mechanisms
through which bonding may be improved. Both the
composition and increased surface roughness associated with
the PDA-coating are more favorable than for the pristine PC,
with the catechol-rich moieties present in the PDA providing
strong bonding with a variety of other materials.**®> For
confirmation of the layered composites, several material
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Figure 8. Microelectrode characterization of the fabricated 3D MEA, insulated with the optimized 2 h PDA—SiO, insulation strategy. (A) Full-
spectrum impedance sweep of the defined microelectrodes at various states of insulation. As is apparent, the fully insulated microelectrode
demonstrates a vastly greater impedance across much of the lower frequencies, as would be expected. The inset details the equivalent circuit utilized
in fitting the final microelectrode. (B) Enhanced view of the data from panel (A), in which the uninsulated as well as the ~3S5 ym microelectrode
and associated fitting are better visualized. (C) SEM imaging of the full insulation on a SS microelectrode tower, provided by the 2 h PDA-SiO,
insulation. The inset details a closer look at the conformal oxide-coating prior to precision laser deinsulation. (D) Extracted equivalent-circuit

parameters from the final microelectrode fitting in panels (A, B).

analyses were performed. EDS analysis of the e-beam
sublimated SiO, first confirmed the retention of the sublimated
oxide composition (relative atomic percentages of 29.83% (Si)
and 69.60% (O); see Figure SI1B) as investigation continued.
Next, HRTEM scans of PDA—SiO, on PC were performed
(Figures 6C; S2). Through the cross section, three distinct
layers were observed, confirming the presence of silicon (Si;
blue), carbon (C; red), and oxygen (O; yellow). A clear
interspersal of Si—O—C elements in the median layer was
observed, which may be attributed to the bonding interactions
of SiO, and PDA. Nitrogen (N; uncolored) is additionally
present, as confirmed by the accompanying EDS scan (Figure
S2); however; its relative abundance is overshadowed by larger
quantities of the other elements. Its presence is additionally
confirmed by XPS scans as reported later in this section.
PDA films strongly attenuate visible light,’° evident with
films only tens of nanometers in thickness.” As such,
methodologies to generate uniform but thin coatings were
employed (pH ~ 8.0, 1-3 h of coating). To investigate the
texture and wetting behavior of the PDA surface, water contact
angle measurements and surface imaging techniques were
performed (Figure 7A). A shift in the wetting behavior signals
a shift in the surface composition or surface roughness. Pristine
PC and SS surfaces exhibited minimal wetting, with contact
angles of 78.5 + 1.6 and 94.2 + 4.6°, respectively. After several
hours of PDA growth on these surfaces, a sharp drop in the
wetting angle is observed, averaging 47.2 & 1.2 and 43.6 + 4.0°
for PC and SS, respectively, across the 1—3 h times. The WCA
values for each of the PDA treatment times is similar, with 2 h
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appearing the most consistent. The surface roughness of the
PDA film would be distinct from the pristine surface and is
thus indicative of the altered wetting behavior of surfaces.
WCA values were also obtained for intermediary layers in the
overall treatment regimen, serving to validate the assistance of
mixed-air plasma treatments on adhesion, along with the
strong hydrophilicity of sublimated SiO, films (Figure S3A).

Laser confocal microscopy was additionally performed to
assess the relative increase in surface roughness after PDA and
SiO, depositions, respectively (Figure S3B—D). The samples
analyzed were PDA and SiO, on SS, as the optical properties of
the film on PC presented measurement issues that prevented
accurate results. Plain SS demonstrated an average surface
roughness of 0.150 + 0.036 um, which was expected due to
striations inherent in the machined steel sheet. After 2 h of
PDA treatment, the surface roughness increased to 0.186 +
0.036 um, which represented a moderate increase, but as
expected, did not differ greatly from the minor roughness of
steel. After deposition of SiO,, the surface roughness increased
to 0.478 + 0.140 um, which was indicative of the presence of
the bulk SiO, film, as had been observed under the SEM.
Overall, we believe composition to be the main contributor to
the wetting shift after WCA measurements and profilometry.
This shift in surface energy of similarly fabricated PDA films
was experimentally found to stabilize polymer film formation;
however, the residual stresses of the SiO, film may not be
solely stabilized by the interfacial energy, and surface
interactions alone may not fully explain the improved integrity
of the coating.
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We propose the PDA layer facilitated chemical bonding or
intermixing between the SiO, at the interface. The wide variety
of bonding modes and oxidation states available to PDA are
shown in Figure 7B,C, with these bonds responsible for
adhering a wide variety of inorganic and organic materials in
the literature.”® We found etching of thin films below
thresholds where internal stress does not play a factor, where
10 nm is considered a nominally thin film. As such, ~10 nm
films (Figure S4) were deposited onto pristine PC and PDA-
PC, and X-ray photoelectron spectroscopy (XPS) was utilized
to investigate the nature of the bonding. Initial survey scans of
plasma-treated PDA films demonstrated in significantly altered
C 1s and N 1s binding energies and suggesting higher oxygen
content binding sites (Figure SS). Further, XPS surveys of the
10 nm oxide films (Figure 7D) showed no significant
difference between the two films. However, examining the
higher-resolution scans demonstrate observed subtle shifts in
Si 2p electrons. The spin—orbit splitting of the Si 2p electron is
minor, typically on the scale of 0.63 eV and is not always
deconvoluted in reports for silicon dioxide.”” In these thinner
films, which highlight the interface of SiO, attachment, there is
another set of peaks detected in the SiO, peaks on the PDA
layer, which suggests an altered Si environment near the PDA.
In both signals, there is a typical 2p;,, peak at 103.4 eV. When
deposited on the PDA, a new set of peaks emerge with the
2ps,, peak centered at 102.2 eV. We suspect that the localized
thermal processes associated with the electron-beam deposi-
tion, along with the PDA structure and composition, play an
important role in this interface formation. This shift may be
associated with SiO, reacting in some capacity with the PDA,
forming covalent bonds as represented in Figure 7E, or an
intermixed diffusion layer through which strong adhesion may
be promoted.

3.2. Impedimetric Performance of Fabricated 3D
MEAs. Prior to their utilization as functional electrophysio-
logical stimulation/recording devices, MEAs are regularly
characterized for their electrical or impedimetric performance.
Herein, the fabricated 3D MEAs were characterized at different
stages of insulation definition to better visualize electrically
(indirect measurement) the completion of the SiO,-coating
and definition (average N = 4 devices, Figure 8A,B). Prior to
PDA~-SiO,-coating, the uninsulated microneedle towers
demonstrated a 1 kHz impedance of 1.01 + 3.24 kQ, which
would be suitable for electrophysiology in combination with a
defined microelectrode recording site.” " After insulation with
PDA-SiO,, the bulk insulated tower had a 1 kHz impedance
of 2.0 + 0.23 MQ. This value was higher than desired for
electrophysiological measurements but indicated a possibly
distributed microelectrode surface spread across the length of
the microtower structure. This hypothesis was confirmed by
SEM imaging (Figure 8C), where nanoporous openings can be
observed in the continuous SiO, film. This could explain the
slightly enhanced noise in the functional electrophysiology
presented in Section 3.3. After laser ablation, the final
microelectrode was determined to be ~35 ym? in size and
presented a 1 kHz impedance of 10.2 + 3.47 kQ that is closer
to other literature-reported MEA values.”***”* The final ~35
pm’-sized 3D microelectrode was subsequently fitted with a
modified Randles equivalent circuit to simulate and extract
relevant parameters of interest (Figure 8A,D). Typically, a
Randles circuit is comprised of the solution resistance (Rg),
charge transfer resistance (Rcyp), double layer capacitance
(CpL), and Warburg diffusion element (o). As mentioned in

Section 2.3.3, the Cp;, component was replaced with a CPE,
which flexibly acts as a capacitor while serving as a better-
fitting element to experimental impedimetric recordings.
Within 5% relative error, the model produced Ry of 775.7 Q,
Rer of 119.5 kQ, CPE Q of 278.5 X 1072 (Q7' - "), n of 614.2
X 1073, and a Warburg diffusion ¢ value of 1.0 X 10° (Q -
§705),

3.3. Neural Organoid Growth and CAPs. Initially, rat-
derived DRG spheroids were matured on transwells and
transferred to SiO,-insulated MEAs once there was substantial
neurite outgrowth within their hydrogel scaffold. Previous
iterations of this approach on earlier platforms®"”* had shown
robust growth of such constructs, but failed to yield functional
recordings.”’ Figure S6A,B illustrates the comparative record-
ing of rat-DRG CAPs following electrical stimulation of the
distal nerve outgrowth at S weeks in vitro on earlier SiO,-
insulated platforms. While the MEA-recorded signal was able
to detect some negative-going electrophysiological activity
(mean amplitude maximum of —29 uV), a simultaneously
recorded, more nuanced signal was present from the standard
glass field electrode, with an amplitude maximum of —45 uV.
Maximal recorded amplitudes may differ across recording
modality and samples. However, comparable performance was
observed as both recordings were of the same order of
magnitude. These initial results indicated promise of the
proposed 3D MEA microfabrication process for the intended
MPS application, as the biological complexity and MEA
development improved.

The human AHN-UWSCDH spheroidal constructs were
cultured atop SiO,-coated (Figure 2C,D) and glass control
substrates in a defined dual-hydrogel format for 2 weeks and
cultures were then stained with Calcein AM to assess viability
(Figure 9A,B). Excellent neurite outgrowth was observed,
lending credence to further utilize them within a neural MPS.
Additional growth images are presented in the Supporting
Information, further highlighting healthy cultures with robust

Control, glass only

500pm
Calcein AM

500 nm SiOx MEA (B)

Calcein AM

Figure 9. Fluorescence images of defined neural cocultures. (A)
Fluorescence microscopy of the neural AHN-UWSCDH coculture on
a control glass substrate demonstrating robust growth and viability.
(B) Fluorescence imaging of coculture growth on the oxide-coated
3D MEA, illustrating comparable growth and excellent biocompati-
bility.
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Figure 10. Electrophysiological recordings from a mature, 2 month

human neural coculture on the 3D MEA. (A) Baseline electrophysiological

signature from the coculture. (B) Addition of CNQX results in a partial loss of signaling; indicating the presence of glutamatergic synaptically-
evoked field potentials. (C) Addition of TTX fully confirms the biological nature of the activity by blocking all signaling functions of the culture.
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Figure 11. Spontaneous activity from a mature, 6 month human neural coculture on the 3D MEA. (A) Initial asynchronous activity after immediate
immersion in artificial CSF. (B) Activity becomes more synchronous in nature after a 30 min acclimation period. (C) TTX is again added to
remove all signaling and confirm the biological nature of the waveform.

neurite outgrowth on 3D MEAs (Figure S7). The synaptically
evoked waveforms (i.e. CAPs) shown in Figure S6CD were
recorded from a human AHN-UWSCDH construct, which was
matured for 4 months on the 3D MEA. This recording derived
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from the integrated 3D MEA microelectrodes in this trial
showcased two distinct negative-going peaks in the spinal cord
spheroid (mean amplitude maximums of —10 and —5$ uV,

respectively). This again serves to demonstrate the suitability
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Figure 12. Electrophysiological response of the second mature, 6 month human neural coculture on a 3D MEA. (A) Baseline waveform of the
coculture. Higher amplitudes and less noise are indicative of a well-integrated culture on the MEA. (B) CNQX was next added, and a partial loss of
stimulated response was observed. (C) Finally, TTX was added, which abolished the waveform and again confirmed the true biological nature of

the cocultured waveform.

of the 3D MEA for electrophysiological recordings, as well as
highlight amplitude variations across cocultures.

More stable recordings with larger amplitudes were obtained
from the complex human AHN-UWSCDH dual-spheroidal
populations matured directly on 3D MEAs after final
determination of the optimal PDA—SiO, treatment. As
shown in Figure 10, internal 40 V stimulation of the afferent
nociceptor spheroid (Figure 10A) elicited activity reminiscent
of previously established synaptically evoked waveforms in the
spinal cord spheroid of a construct matured for 2 months.'
Two early negative-going peaks of —20 and —60 uV were
detected within 20 ms of stimulation of the afferent nociceptor
tissue and responded differently to application of the
glutamatergic AMPA receptor inhibitor, CNQX. Application
of 10 uM CNQX abolished the second —60 V peak but not
the first —20 uV peak, indicating that the second, but not first,
peak resulted from glutamatergic synaptic activation (Figure
10B). The resulting secondarily recorded waveform retains
some of the original CAP signature, demonstrating it to be
distinct from general noise (Figure 10B). The earliest negative
peak still appears present (—30 uV), while later activity has
been predictably abolished. Finally, blockade of all voltage-
gated sodium channel function through application of 1 uM
TTX eliminated all detectable activity in the culture,
confirming the biological nature of the entire waveform
(Figure 10C).

AHN-UWSCDH cocultures remained viable for at least 6
months when cultured directly on the 3D MEA. Spontaneous
waveform generation was also detectable at this timepoint
(Figure 11), far exceeding the maximal postulated 10 week
stability of SiO, insulation. When initially bathed in ACSF, one
or two relatively small spontaneous bursts of activity occurred
every 10 s (mean maximum amplitudes +70 uV/—45 uV;
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Figure 11A). After a 30 min equilibration time with no
additional stimulation, spontaneous bursts became larger in
amplitude but continued with a similar rate atop the 3D MEA
(mean maximum amplitudes +100 uV/—75 uV; Figure 11B).
Application of TTX abolished the production of spontaneous
waveforms, again confirming that they are biological in nature
(Figure 11C). Spontaneous burst firing has been described in
similar neural microphysiological systems comprised of human
stem-cell-derived neural tissue,’* including spinal cord
systems.”” It was observed from these results that the specific
coculture described appeared to undergo maturation between
2 and 6 months; only exhibiting spontaneous activity after
exposure and equilibration to ACSF. Further experimentation
will be necessary to characterize the underlying biological basis
of the spontaneously produced waveforms described here.

The stimulation response of the 6 month matured, AHN-
UWSCDH construct was then assessed utilizing the
stimulation capabilities of the integrated 3D MEA. A 40 V
pulse was applied to the afferent nociceptor spheroid once per
minute through the internal 3D microelectrode and then was
applied through a standard external field stimulating electrode
manually inserted into the same nociceptor spheroid. The
resulting synaptically evoked waveforms were recorded in the
spinal cord spheroid through the integrated 3D MEA
recording electrodes (trace average N = 10). The 3D MEA
stimulating electrode evoked comparable baseline responses
(mean maximal 3D MEA amplitudes +200 xV/—60 uV; Figure
12A) as compared to the external field electrode inserted into
the same construct (Figure S6E). Such well-defined electro-
physiological responses may potentially be attributed to the
intimate integration of the MEA with the coculture over the 6
month growth period.
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Finally, synaptically evoked waveform production was
assayed in the presence of CNQX and TTX to confirm the
synaptic biological nature of these signatures. As shown in
Figure 12B, application of 10 uM CNQX altered the shape of
the synaptically evoked waveform beginning ~10 ms post-
stimulation (mean amplitude maximums of +100 xV/—130
uV). As expected, application of 1 uM TTX again abolished all
detectable field potentials, confirming their biological basis,
(Figure 12C). Although these initial findings confirm the
successful recording of a biological signal through this human
stem-cell-derived neural circuit with integrated MEA stim-
ulation and recording capabilities, further characterization is
necessary to understand the entirety of the information
provided by the electrophysiological signals.

4. CONCLUSIONS

In this work, we demonstrated a novel methodology for the
hybridization of electron-beam sublimated silicon dioxide on
polycarbonate and stainless steel 3D MEAs without the need
for annealing. Due to the incompatibility of these materials
with traditional SiO, deposition processes, a custom solution-
based polydopamine intermediary was utilized. A 2 h PDA
treatment, coupled with mixed-air plasma preparations, led to a
stable 500 nm SiO, deposition on both materials. Following
this combined treatment of PC, MEAs retained suitable
transparency for imaging, due in part to the oxide layer.

Combinatorial characterizations were performed on the
deposited silicon dioxide film, stabilized by polydopamine.
Through SEM and laser confocal imaging, changes to surface
roughness and surface topography were observed, lending
support to the hypothesis that surface roughness plays a role in
PDA interactions. WCA measurements were also obtained to
demonstrate the effect of increasing surface energies on layered
thin films. Finally, XPS analysis provides affirmative indications
that through the utilization of PDA, Si—O bonds were formed,
providing a combined interfacial energy and chemical bonding
mechanism.

For functional 3D MEA application validation, SiO,-coated
SS demonstrated excellent adhesion retention for 6 weeks on
test substrates and provided suitable dielectric performance
from 6 month matured hPSC-derived, neural cultures. The
~35 pum® recording site defined on the 3D MEA presented a 1
kHz impedance of 10.2 k€, which proved to be stable for
functional electrophysiological stimulation and recording. Early
trials of MEAs presented smaller-amplitude waveforms from
adult rat-derived primary DRG cultures but steadily improved
to provide stimulation responses and repeatable recordings
from 2 and 4 month matured human coculture constructs.
These electrophysiological waveforms were confirmed to be
distinctly biological in nature through inhibitory drug treat-
ments (CNQX and TTX). Finally, 6 month matured human
AHN-UWSCDH constructs on the 3D MEA demonstrated
both spontaneous as well as synaptically evoked waveforms,
which were again confirmed to be true biological signatures
after blockade experiments through application of CNQX and
TTX. Taken together, these results indicate the presence of a
true complex biological waveform from the novel coculture
described. While more experimentation and study are required
to define the architecture of the overall waveform, the ability to
resolve spontaneous, evoked, and drug-influenced activity
indicates the suitability of this unique, custom, hybrid-material
3D MEA to be utilized in future neural MPS drug-sensitive

screening applications specific to the proposed peripheral-
spinal neural junction described in this work.

Opverall, such microfabrication process flows allow for further
development of practical and scalable BioMEMS devices that
will enable invaluable advances in neural MPS circuits.
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