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Abstract

In-vivo neural mechanisms in both central nervous (CNS) and in peripheral nervous system (PNS) tissue
rely on firing patterns to communicate complex brain functionality and responses to nociception
respectively. As such, in-vitro diseases and neuronal development models have been fabricated to study
pathophysiological responses relevant to humans and/or fundamental cell-cell interactions conserved
among organisms. Despite their rapid advances, little work has been done to characterize
electrophysiological properties of cells in these models with high spatial and/or temporal resolution. In
this study, we attempt to utilize planar high-temporal resolution microelectrode arrays to monitor and
compare neuronal electrophysiological development of these properties using human induced neural
stem cells (hiNSCs) and chicken dorsal root ganglia (cDRGs) in 2D. We also cultured these cells in
preliminary 3D conditions. We showed how electrodes can have their electrical sensing activity
enhanced with electrode coatings and discussed the metrics to analyze neural oscillations. We then
developed a 3D mesh microelectrode array scaffold that could be used in 3D in-vitro systems,
specifically the silk-brain and silk-cornea models. We conclude that cDRGs respond to TRPVA1 agonists,
sufficient for PNS-relevant electrophysiological model response. We also conclude hiNSCs demonstrate
the ability to have significant neural oscillations in 2D culture, sufficient for a CNS-relevant
electrophysiological model response. For cortical-like tissue, this would be advantageous in measuring
any underlying electrophysiological complexities, specifically, neural oscillatory activity, bursting, and
synchrony measures with the culture and between local single neurons. This would allow for the
comparison of these models to the connectivity and behavior of cortical tissue present in-vivo. For
peripheral nervous systems, this would allow for tracking of nociception with specific spatial acuity in
the neural tissue. This work also sets the bases for future studies of electrophysiological properties in

disease models not yet analyzed for both 3D silk-based systems.
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1. Introduction

Clinical trials for neurodegenerative disease treatments have a high failure rate'2. Traditional research
has relied on animal-based models which do not have the same molecular profile as human based cells.
The problem of understanding the differences between the two has become incredibly non-trivial. As
such, researchers have pivoted towards using in-vitro cell and tissue constructs to model and
understand neurological development and diseases. Specifically, silk-collagen based models have their
advantages by incorporating a collagen hydrogel material to allow for neurite outgrowth like in-vivo and
silk material, either in porous sponge or thin film, to allow for mechanical properties of the material to

remain stable over the duration of culture.

The cell composition, mechanical and ECM material has been well established for these models3.
Researchers are now beginning to understand and study the electrophysiological properties of such
tissue models*®. In this study, we will focus on developing a planar microelectrode array to study central
(CNS) and peripheral nervous system (PNS) relevant cells in 2D with high temporal resolution. The goal
was to understand all relevant electrophysiological properties that can be studied with such devices,
specifically regarding sensory response and neural oscillations. Some of these properties can only be
studied with high-temporal activity which up until now has not been studied in-vitro with these types of

cells. We also developed a 3D mesh electronic device so future work can study these properties in 3D.

2. Background

2.1. Methods to Measure Electrophysiology

2.1.1. Patch Clamp and LFP Probes

The scope of this study will focus on in-vitro systems. There are many approaches to monitor and

control electrophysiological behavior in neurons in-vitro*®. The first approaches relied on the patch
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clamp to form a seal between an electrode and the membrane of a neuron to monitor and induce an
electrophysiological response. This technology has been revolutionary by enabling scientists to
understand the behavior of individual neurons and channels involved in synaptic transmission’2. One
main limitation of this technology is the low throughput of monitoring entire neural networks of activity

and the concern of potentially disrupting the cell integrity.

LFP probes are long and thin sensing probes made with metal or inside a glass micropipette®. Typically, a
probe records one sensing region of the tissue of interest and is limited by similar electrode-neuron
coupling laws (See Theoretical Overview of Neuronal/Electrode Coupling and Function section). Because
of this, it is low throughput and usually requires an invasive, non-sterile apparatus leading to cultures

that need to be discarded after measurement (terminal experiment).

2.1.2. Microelectrode and Microwire Arrays
While there are approaches to increase the automation process of patch clamps, microelectrode arrays
(MEAs) were developed as an alternative approach that utilizes the sensing capabilities of patch clamp,
while increasing the spatial breadth®°. MEAs are an array of microscale electrodes arranged in a plane
that can monitor these electrophysiological properties. MEAs that attempt to address these limitations
should have a good point-contact with part of the neuron and the electrode for electrophysiological
read-out!®!!, Microwire arrays (MWAs) operate on a similar principle but are mainly used in-vivo,
although some in-vitro work has been done, such as with the use of brain organoids. Each electrode
measures the relative fluctuations at the electrode in comparison to a reference electrode. The
reference electrode is usually an electrode at least a few orders of magnitude larger than the sensing
electrodes or an external reference electrode such as a silver silver/chloride electrode. The relative
voltage on an electrode depends on neuronal-electrode overlap, the ion conductivity of the media, and

the impedance of the electrode with the metallic leads. This phenomenon of interaction is often

11



explained in the point-contact model'®!2, More information can be found in the Theoretical Overview of
Neuronal/Electrode Coupling and Function section. This signal is then connected to and amplified by a
data acquisition device. MEAs and MWAs pose a benefit for use in extracellular and intracellular
measurements albeit they are limited to the interfaces that are compatible with the 2D interface of the
MEA. Advances in flexible electronics attempt to address temporal issues and spatial acquisition
restrictions of indicator dyes by incorporating MEAs in a three-dimensional space both for multiplexed
biosensing and drug delivery systems for both in-vitro systems and in-vivo systems. These MEA

electronic devices are introduced as probes or integrated in a mesh-like structure*%°,

2.1.3. Calcium and Voltage Indicators vs Microelectrode Arrays

Recent advances in calcium indicator fluorescent dye protocols, genetically encoded calcium indicators,
and genetically encoded voltage indicators impacted the field of tissue engineering and neuroscience by
allowing for new avenues of three-dimensional monitoring of electrophysiology. Calcium indicator
approaches, however, are limited by their lifetime decay of fluorescence that does not always correlate
with the exact moment of depolarization of the cell?®. While there is a continuous effort to increase the
decay kinetics or rely on other fast optical reporting cues, current state-of-the-art markers, such as
fluorescent dye probe Fluo-4 and genetically transfected protein markers, such as GCaMP, currently do
not have the same temporal resolution as biosensing electrodes??2, Genetically encoded voltage-
indicators have a very high temporal response but are a nascent field and are often difficult to translate
to different types of neurons. Both types of indicators are difficult to multiplex outside of a plane, as

imaging techniques require a focused field of view for proper acquisition?>27,
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2.2.  Overview of Relevant Biology

2.2.1. Modeling Peripheral Nervous System (PNS) Biology
The first scope of this paper will focus on looking into how afferent first-order neurons behave.
Pharmacological agents have known to influence on the behavior of neurons. The TRPA1 receptor
(variations depending on the type of organism) is one receptor expressed on certain ganglionic and
sensory neurons involved in nociception?®. We aim to study these neurons with high temporal resolution
under spontaneous activity and under the presence of agonists. Measuring activity of neural organoid-
like or ganglia tissues with high temporal resolution has been done for central nervous system
organoid applications but not for PNS relevant tissue®. Developing a platform to understand this can
be potentially useful for high temporal tests which have yet to be explored with PNS relevant tissue

(listed in Modeling CNS Biology section).

2.2.2. Modeling Central Nervous System (CNS) Biology
Human relevant cells are an important factor in recapitulating molecular and neural network properties
relevant to the human brain®. Despite patient specific advantages in studying neural pathophysiology,
human induced pluripotent stem cells (hiPSCs) differentiate and maturate slowly (i.e. time scale of
months). This has increased interest in efforts to generate faster differentiation lineages by focusing on

various stem cell potencies.

One established human induced neural stem cell (hiNSC) lineage developed by Cairns et al. has been
used for a variety of tissue engineering applications, including neurons for nociception, ECM dependent
maturation, wound healing, ECM-dependent maturation, and tumor models3'~%¢. These neural stem cells
have been shown to develop a wide profile of CNS, PNS and glia relevant phenotypes, with ~>80%
neuronal lineages that exhibit spontaneous action potentials. Specifically, for CNS systems, these

neurons have been able to show clear differentiation into glutamatergic and GABAergic neurons and
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show hallmark excitatory (i.e. PSD95, VGLUT1) and inhibitory (i.e. GEPHYRIN and VGAT) post-synaptic
proteins34. Glutamatergic and GABAergic neurons are the primary phenotypes responsible in generating
neural oscillations for in-vitro models®. Given the clear advantages of the cell-line, it is apropos to study.
Characteristics of the electrophysiological properties of these neural stem cells in a neural network,
however, have been limited to patch clamp and calcium imaging, where the disadvantages are

mentioned before.

2.3.  Neural Oscillations

The second scope of this paper will focus on established strategies to study cortical function using neural
models. This type of tissue has both excitatory Glutamatergic and inhibitory GABAergic neurons which
together form an excitatory-inhibitory (E/1) feedback mechanism in the brain cortex. In this paper, we
will generalize the categories on what can be studied from these neurons to the cellular/molecular
behavior, spatial connectivity, and temporal connectivity. Cellular/Molecular behavior is the individual
neuron’s properties such as the voltage-dependent properties during an action potential. Spatial
connectivity attempts to address any patterns that might emerge in neuron-neuron connections.
Temporal connectivity looks at temporal patterns of neural network behavior (from the previous
section). Each electrophysiological technique has its advantages depending on the scientific question it
attempts to answer. In this thesis we will focus on temporal connectivity as it is yet to be studied,
although there is overlap between the other two categories. The E/I feedback gives rise to brain neural
oscillation activities, patterns during active periods, and connectivity patterns that can be monitored
that depend on the specific cortical region and the performance being evaluated (i.e. attention,

nociception, etc.).

An example of how the E/I mechanism is vitally important for maintaining homeostasis in neuronal

signals is seen in Figure 1. Increases or decreases in excitatory effects leads to similar increasing or
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decreasing inhibitory signal as the signal propagation cascades through the entire connected neural
network. This is also known as secondary compensation and returns the signal back to baseline levels.
The E/I feedback mechanism is involved in many CNS processes and changes are linked to
neurodegenerative diseases and aberrations such as epilepsy, schizophrenia, autism, Parkinson’s,
Alzheimer’s, and Traumatic Brain Injury*®3, Currently, the breadth of tests of the E/I generated
oscillations has not been studied as extensively for the silk-brain or with certain human induced

neural-stem cell lineages as that studied for in-vivo systems.

Specifically, the tests we will focus on include synchrony across all electrodes, synchrony across resolved
neurons within a close proximity (<~50 um spherical radius), bursting activity, Cross-Frequency Coupling
(CFC) dynamics, and oscillatory power (see Techniques for Neural Oscillation and Network Analysis
section for more information about these techniques). A detailed explanation of how this metric
relates to the in-vivo biology is in the Techniques for Neural Network Analysis section. A summary of
how each test was addressed in-vitro in the silk sponge and the method of analyzing is detailed in Table
1. For now, the advantages of voltage indicators are very similar to calcium imaging except that voltage
indicators are also able to discern spikes with high temporal resolution. Currently, no effort has been
made to address how the high temporal resolution acquisition of voltage-based fluorescent images can
be translated to the temporal dependent studies that have been done for electrode sensor based

applications®.

A summary of strategies used to study brain behavior and function is seen in Figure 4. Each system has
advantages and disadvantages in regards to human relevance, long-term experimental planning, 3D
relevance, gas/nutrient diffusion capabilities, and ability for regions to be cellularly compartmentalized
(i.e. manually spatially organized) or trained*. One major division of these models is the intrinsic 2D and
3D properties of each system. 3D systems have been shown to be more relevant to in-vivo counterparts

in terms of phenotype and behavior*. Animal models have limitations based on human relevance and
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tunability (or compartmentalization/training). Organoids attempt to have a more human relevant

approach but have issues with tunability and diffusion of nutrients.

Depending on what region of the brain is of interest, there can also be changes in neuronal oscillations
associated with age. For example, coupling increases in certain regions of the brain with age compared
to other brain regions®. Depending on what is of interest, different techniques can be combined to
provide a more holistic understanding of pathological or developmental conditions and potential
treatments. For example, during certain bursts in Parkinson’s patients, certain bursts are associated with
higher coupling and hence cognitive processing®’. Conversely, optogenetic stimulation to induce
rhythmic bursting in Alzheimer mice models have shown to restore certain coupling properties and

hence the cognitive process of memory*.
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Figure 1- Theories on Homeostasis and Altered Mechanism of E/I Balance in In-Vivo System Biological
Behavior. A) Compensation by stronger excitatory signal leads to similar inhibitory effects to reduce
signals back homeostasis for in-vivo systems. B) The baseline E/I value is some x-value. In C) Genetic and
molecular phenotype changes on excitatory and or inhibitory neurons create synaptic differences which
change firing state (green to red, abnormal development). Aftewards, the compensating homeostasis of
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(purple, compensation and homeostasis). Adapted from Nelson and Valakh, Sohal and Rubenstein3®4°
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2.4. 3D Tissue Models With CNS and PNS Relevance

2.4.1. 3D Silk-Cornea Model
The Silk-Cornea is an in-vitro model that integrates neuronal cells, corneal stromal, and corneal

epithelial cells to mimic the cornea tissue. Particularly, past cell lines that has been used with the silk-
cornea include neural stem cells or primary dorsal root ganglia (DRG) neurons. Initial work on the cornea
model relied on adhering whole embryonic chicken derived dorsal root ganglia (cDRG) bodies onto the
silk sponge donuts due to their relevance in the peripheral nervous system (PNS). These neural tissue
explants were cocultured with human corneal stromal stem cells (hCSSCs) and human corneal epithelial
cells (hCECs). To make the structure into a cornea, porous silk films both with and without NGF were
stacked and surrounded by a porous silk-sponge material. The non-coated NGF silk films were seeded
with hCSSCs and the NGF coated (also known as stamped) porous silk films were seeded with hCECs. The
model overview is seen in Figure 2. The model can also be called as an innervated cornea model as
cDRGs are seeded at the base of the silk sponge and innervate into the sponge and epithelium. Silk-
based tissue corneal models is a promising new direction of research to study the effects of
pathophysiology and nociception in the eye®®>2, While there have been investigations on the neurite
morphological changes and inflammatory cytokine upregulation in response to agonists in these corneal

models, little work has been performed to characterize the electrophysiological changes that occur®,.

Planar-based microelectrode arrays (MEAs) have been used to study the effects of 2D cell culture pain
models and in-vivo and thus can serve as a potential platform to study electrophysiological changes in
response to pathophysiology and nociception in innervated cornea model>*°, However, these systems
have caveats by the morphological differences of 2D culture and the genetic and phenotypical
differences of non-human organisms®®. While the spontaneous and stimuli responses were preliminary
ascertained using calcium imaging, there is a lack of temporal response studies in these models®°.
Monitoring DRG activity using MEAs is apropos due to their planar and ganglionic localization on the

corneal sponge and the high temporal response that can be acquired.

18



Nerve endings Air liquid interface

Figure 2 — Overview of the Silk-Cornea
Model Cross Section. Porous silk films are
stacked on top of each other and
encompassed by a silk sponge. The entire
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Collagen hydroge! Limbus Models for Sensory Response Section.

2.4.2. 3D Silk-Brain Model
The in-vitro polarized neural tissue (silk-brain) model is a recent development in 3D tissue engineering

that attempts to overcome these hurdles and capture the relevant compartmentalization of gray/white
matter of cortical tissue during long term culture. These models can be adapted to be used with human
induced neural stem cells to capture human relevance similar to organoids with high
throughput3345°057.58 Gijven the polarized structure of the silk-donut model (with collagen window), it is
plausible that the polarizing structure influences electrophysiological properties of the model in a non-
random way similar to organoids. However, understanding temporal dynamics and behavior in this
model has been limited in the silk-brain to local field potential (LFP) probe power-spectral density
studies (PSD), oscillations from calcium dynamics, and synchrony analysis on unpolarized sponges (no
central window, also using calcium dynamics)*>%1, The changes in PSD simultaneously from multiple
sites and over time on the same sponge, the strength of coupling in oscillations, the synchrony across a
silk-donut (with collagen window), and the synchrony between neurons in close proximity has yet to be
analyzed in silk-brain models (See Table 1). These measurements are important for comparing
electrophysiological metrics between the silk-brain and organoid or in-vivo models. These metrics can

potentially be all addressed simultaneously using an electronic probe.
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Figure 3 — Overview of the Silk-Brain Model Cross-
Grey Matter White Matter Section. Porous silk films are seeded with CNS
relevant neurons usually primary cortical neurons
= or human stem cells (induced pluripotent (hiPSC) or
induced neural (hiNSC), see Human Induced Neural
Stem Cells as a Brain Models in 2D and 3D Section).
Model system can come in different geometries
and sizes, this is one typical configuration. System
hiNSCs is usually encompassed in a hydrogel to facilitate
neural outgrowth such as collagen-1. A central

Silk Sponge window hole with no silk material may or may not
be present to compartmentalize neurite
Collagen hydrogel outgrowth. Scale bar is 2 mm.

2.5. Challenges to Applying Commercial Microelectrode Arrays and Probes to the

Silk-Collagen Interface

The integration of a microelectrode array or microwire array into the silk-brain model is non-trivial due
to the mismatch of in-vivo and in-vitro purposes®?3, There are issues of logistics where the temperature
and osmolarity must be clamped. In most scientific in-vitro studies, the system must be unperturbed as
much as possible. Probes would need to be inserted before strong neural network formation, which can
be difficult to ensure, avoid any gliotic response, and electrode drift. The expectation of the number of
electrodes that have good point-contact with neurons cannot rely on in-vivo data due to different ECM
and neural/glial composition in the silk-brain®. The silk sponge has traditionally been approximately 5x
less dense than the in-vivo more connected networks are in the interior of the sponge rather than the
outer region. Recent work by Dingle et al. have investigated increasing the cell density in 3 mm OD x 1.5
height donuts. This was done to analyze high functional activity in a small region of the silk-brain for
small-world property studies. Calculations for Equation 1 have been adapted from Keller et al. and

Cairns et al. >34%
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Mice brain average cortical cell density: ~98,000 cells mm™?2
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Figure 4 — Summary of Brain Modeling Research and Electrophysiological Research for 3D Model
Systems. * represents only limited recapitulation of the parameter. T Sood et al. (2019), Dingle et al.
(2020), had some metrics (Power Spectral Density (PSD), calcium imaging oscillations, synchrony) that
overlap with temporal activity, although exploration into this field was limited and sometimes used
sponges that were terminal (LFP probe studies). Figures adapted from
https://sites.tufts.edu/INSciDE/3d-brain-model/
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Temporal Relationship to In-Vivo Study/ Possible? | Cons
Dependent Tests Method | Studied?
(Silk Sponge)
Culture-Wide Connectivity of neurons during Cl Yes® FOV Limited
Synchrony development. Precursor to graph theory Phenol-Free Media Required
connectivity properties which can be Dyes affect baseline state of cells =
used for testing small-world properties PC/LFP No g
similar to or different to cortical MEAs Possible Point-contact limited D
organization. Higher synchrony or small- =
world property values means more 3
connectivity similar to cortical like
networks.
Local Neuron Connectivity of neurons during Cl No
Synchrony development on a small scale. Higher PC/LFP No Too little neuron-group throughput
synchrony means more connectivity MEAs Possible Point-contact limited
similar to how in-vivo develops
Bursting Event properties of E/I neuron bursts cl No Number of spikes may not correlate
and how deterministic or the breakdown with calcium intensity
of determinism similar to the neocortex PC/LFP Possible Cell or one region only
MEAs Possible Point-contact limited o
Cross-Frequency Patterns of E/I neuron activity between Cl No -g
Coupling various frequency ranges relevant to PC/LFP Possible Cell or one region only g
different rhythms present in various MEAs Possible Point-contact limited @
cortex regions
Oscillatory Power | Patterns of E/I neuron activity of a cl Yes 3¢ Less than ~10 Hz
certain frequency (usually slow
frequency oscillations). PC/LFP Possible* | Cell or one region only
MEAs Possible Point-contact limited
Total Each number is the number of tests | Number of | Limitations Long- Multiple
tests Term Regions
possible Possible? Possible?
Cl = Calcium Indicators Cl 2 | GECls — Limited media use. Maybe* FOV Limited
PC = Patch Clamp Other Calcium Dyes — Terminal
LFP = Local Field Potential Probes Experiments
MEAs = Microelectrode Arrays PC/LFP | 3 | Very low throughput and No No
FOV = Field of View terminal
_GE(,:I = Genetically encoded calcium MEAs 5 | Limited on the neurons that Yes Yes
|nd|catorts - develop point-contact with
E/| = Excitatory/Inhibitory MEA system

Table 1 - Temporal-Dependent Studies Monitored in the Silk-Brain for Different Electrophysiological
Acquisition Techniques. MEA rows are bolded for clarity. Green color in technique row represents
possible technique that has been done or possible with MEAs. Yellow color in technique row represents
possible techniques that has not yet been done but is possible besides MEA. Red represents a technique
that cannot be addressed by the method of acquisition. *GEClIs are toxic beyond a few months in-vivo
which may have an impact for in-vitro studies. Constant improvements are attempted to be made in this

field.
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2.6.  Overview of Probes

2.6.1. Acute vs Long-Term Probes
Rigid electronic probes are useful for small-time frame (i.e. day or less) based recordings in-vivo.
Examples include the Michigan and Utah array as well as a variety of high-density CMOS sensor
probes®?. Unfortunately, the mechanical mismatch between the rigid probes and the very soft nature of
brain tissue leads to gliosis which greatly attenuates neural signal. Progress in flexible based probes have

been developed to reduce the mismatch.

EEG-based flexible probes, such as the Neuronexus EEG and ECoG conform to the surface of brain tissue
for long-term recording. However, these probes cannot probe the interior of brain tissue without
generating a large blockade that prevents neurite outgrowth. Also, the optimized design and a posteriori
in-vivo data (See Challenges to Applying Commercial Microelectrode Arrays and Probes to the Silk-
Collagen Interface) cannot be comparable to the silk-brain tissue due to the cell density differences
between the silk-brain and native brain tissue. Mesh electronic probes attempt to address these

concerns both for in-vivo and in-vitro applications.

2.6.2. Mesh Electronic Probes — Solving the Exterior/Interior Problem
Mesh electronic probes are porous scaffolds with thickness of < 100 um and with embedded flexible
microelectrode array systems that can readily integrate well with in-vivo or in-vitro tissue. This porosity
minimizes a region of ‘blockade’ caused by non-porous devices. The flexible electronic mesh structure
also allows for increase conformability to within the desired tissue due to the low bending stiffness of
the substrate. Feiner et al. have used mesh electronic scaffolds to sense the spontaneous and
electrically/chemically stimulated properties of cardiac in-vitro tissue. For the application of
neuroscience, the Lieber lab has invented a wide variety of mesh electronic geometries for monitoring

the integrability and electrophysiological activity of in-vitro cultured hippocampal neurons and regions
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of in-vivo mice brains *%>, This allowed for the monitoring of the interior of tissue both in-vitro and in-
vivo (See Figure 5). This is particular advantageous for the silk-brain where there are more connections
and near the center of the tissue than the outer region. An overview of recent novelties on how flexible

and mesh electronic devices are modified for different applications is seen in Figure 7.

2.6.3. Mesh Electronic Probes — Minimizing Substrate/Mechanical Inflammation and Gliosis
The low bending stiffness and porosity of the electronic array device also minimizes any potential gliosis
generated by integration of the device for in-vivo tissue (See Figure 8). For applications of the silk-
sponge, integration of the device before seeding of the tissue and collagen embedding allows for the
minimal mechanical disruption. The thin nature, porosity, and low bending stiffness also mitigates gliosis

inflammation that occurs in long-term culture.

2.6.4. Mesh Electronic Probes — Mitigating Lower Cell Densities of In-Vitro Systems

Compared to In-Vivo
For in-vitro systems where iPSC-derived neurons were pre-seeded with very high density in a collagen
matrix, a flexible electronic device with extremely thin vertical probes created a minimal ‘blockade’ of
neurite growth and yielded good signal®. A similar protocol can be done with embedding in-vitro mesh
electronic devices in neuron stem cell rich collagen prior to integration with the silk sponge to ensure
both the benefits of good neuronal point contact and the mechanical/compartmentalization advantages
of the silk-collagen interface. This is not possible with rigid electronic probes or non-porous electronic
scaffolds. Also, it would be difficult to perform other studies such as imaging, and economically
prohibitive/incompatible with the high throughput nature. An electrode array platform that monitors
the interior of the 3D scaffold and is less invasive, porous, extremely flexible, easier to integrate, and
cheap (i.e. potentially discardable) would greatly open new avenues of research in neural development

and neurodegenerative diseases.
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2.6.5. Mesh Electronics — Passive Electrode vs Active Field Effect Transistors (FETs)
Recordings

Electronic devices especially that for mesh electronics has been implemented both in passive electrodes
and active field effect transistors (FETs) as sensing regions for neuronal electrophysiology. Field-effect
transistors is a sensing region that controls the current flow through the electrode by an externally
applied voltage. This is performed by having a source, drain, and gate terminals. Current flows through
the source to the drain. Changes in the gate voltage (i.e. during the course of an action potential)
changes the flow of current. Typically for this geometry, the FETs are designed using semiconducting
materials doped nanowire or graphene-based FETs (Figure 6). Other types of metal oxide semiconductor

(MOS) technology has been made flexible but not yet mesh and falls under active sensing®”-8,

Advantages of the microelectrode array is the simple electronic configuration and lack of any input
current. Planar microelectrode arrays can capture extracellular activity with high temporal resolution or
able to sense intracellular signals if electroporation with or without certain electrode modifications is
involved®"1, While there has been primitive work on increasing the geometric surface area of very small
electrodes to improve signal to noise acquisition at the axon-size level, this has yet to be tested with

high fidelity with neurons and complex neural oscillations’?.

Advantages of FETs is the ability to sense multiplexed signals down to the axon resolution which has
been clearly demonstrated previously in neurons’. These neurons can be kinked to potentially gain
intracellular signals’. These nanowire-FETs are, however, difficult to fabricate and scale. Additionally,
they are active electronics, since they require an input current, and is more complex to fabricate and
maintain. While local field potential changes have been demonstrated, more complex analysis such as
with oscillatory power or cross-frequency coupling has not yet been performed or demonstrated to be

translatable with FET-sensing systems!#,
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Figure 5 — Overview of Embedded Tissue Hybrid Construct. Axis describes integration on size (vertical)
and components (horizontal). Embedded hybrid electronic-tissue constructs have allowed for long-term
monitoring of the interior of the tissue of interest (here in-vitro scaffolds). Cutting Edge technology of
embedded hybrid electronic-tissue constructs have used active-based nanowire field effect transistors,
but research has also looked into using passive electrode sensors. Figure is taken from Tian et al. 14
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Figure 6 — Overview of Nanowire Field Effect Transistor. Semiconductor materials act as the base of the
transistor. Here it is a nanowire between the source and the drain. As there is ionic flow during the
course of an action potential, it influences the gate voltage and hence the conductance which can be
sensed by the FET. Figure is taken from Timko et al.”%.
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Cardiac organoid/spheroid integration with rolled electronics (i) and serpentine shaped stretchable
mesh electronic devices (ii)!*”°. B) Integration of a neuron-shaped mesh electronic device in-vivo for
seamless connection’®. C) In-vitro integration of neurons and a sensing portion of a electronic device
organized in a ring configuration with an FET sensing region (i) or by electronic devices having a ‘hinge’
region so that electronics can freely move out of the plane into the bulk 3D matrix (ii)**%®. Scale bar A) (i)
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Figure 8 — Overview of Mechanical Properties of Various Materials and Types of Probes Relative to
Brain Tissue. The silk-brain has an order of magnitude of between 10 — 100 kPa depending on the type
of construction used. Adapted from Hong et al. and Tang-Schomer et al. 5277

27



3. Theoretical Overview of Neuronal/Electrode Coupling and Function

3.1. Electrode-Electrolyte Interface

The relative potential of a microelectrode array depends on the ionic charge distribution on the
electrode of interest relative to a reference. The ionic charge distribution is dictated by the electrolyte
composition of the fluid. The concept of the interaction between electrical charges within the electrode
and the electrolyte composition can be explained by the Helmholtz plane. Briefly, there is a potential
difference established between the charges in the metal and the ionic solution so there is a capacitance

established at the electrode which can be modulation during ionic flow?s.

3.2. Neuron-Electrode Interface

For electrically active cells, the extracellular fluid has a flux of charges during the process of an active
events. Specifically, cardiac, and neural tissue are of interest. During an action potential of a neuron,
sodium rushes into the neuron causing depolarization followed by repolarization and hyperpolarization
as potassium channels open and close. Depending on the distance, location, and part of the neuron to
an electrode, there is potential to sense extracellular fluid flux. The proximity or overlap of the cell

membrane to the electrode is a junction.

The location of the neural soma or neurite relative to the electrode dictates the magnitude and shape of
the electrode. We will call the interface between a neuron and an electrode the neuron-electrode point
contact model®. The internal resting membrane potential of the neuron can be thought of as the higher
voltage end and the bulk media as the ground. The impedance of ion channels and leak current
influence the current flow. Since these ion channels conductivity for the ions are voltage dependent, the
current flow is not static and can be partially modeled by the Hodgkin Huxley equation (See Neuronal

Modeling section). The cell membrane also can be modeled as a capacitor and the extracellular diffusion
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of ion current between the electrode and point of interest as Reeal. The electrode surface has an
impedance that is influenced by the electrode-electrolyte interface. Signal transmission from the
electrode to the data acquisition device depends on the impedance properties of the electrical lead,
input/output (1/0) interface connections, and internal acquisition device signal propagation and
amplification. An acceptable root mean square noise is at or below 20 uV. A usual maximum amplitude
of neural signal usually varies between 20 uV to 200 uV. If the electrode size is too small, the root mean
squared voltage will increase considerably and reduce signal to noise ratio. If it is too large, neuronal
bodies will generate poorer signals due to a smaller overlap of the electrode with a single neuron’s
activity. For bare electrodes (uncoated with a geometric surface area enhancer), a circular diameter
electrode between 20 um to 40 um is ideal. Variations of this value are due to neuron sizes and types of

electrodes (i.e. diameters closer to 20 um are coated with Pt metal).

The electrode voltage of the electrode can be approximated on the current between a sum of infinite
point sources of the electrode, the distance between the electrode and the point source, and the

conductivity of the media of interest (See Equation 2).

A single neuron action potential will create a waveform with approximately 1-2 ms duration. The shape
will depend on the model properties, but general assumptions of the resistivity of the extracellular
space and capacitive coupling of the neuron body are the primary influences. The extracellular flux
during an action potential at the electrode-neuron junction can create a strong negative peak in the
microvolt signal as sodium ions are depleted followed by a rapid rise and small positive peak as
potassium ions fill the extracellular space. Alternatively, the coupling of the cell membrane can impact
the shape of the signal, particularly when the soma overlaps the electrode. The membrane capacitance
can invert the shape of the signal similar to an intracellular shape where there is a large relative positive

change in voltage followed by a smaller magnitude negative change in voltage (See Figure 9).
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While understanding the magnitude of the waveform depends on a variety of factors mentioned above,
a general principle can noted be as follows by looking at what is on top of the electrode. For a 30 um
diameter circular electrode, a singular neuronal soma that completely covers the electrode will have a
signal on average of ~100 uV*°. An electrode with a single trajected axon across the center of the
electrode can have the action potential signal strength estimated by a few assumptions. We will assume
the axon to be a few micrometers (i.e. 2 um) in diameter. We will assume the area of the axon can be
estimated by a rectangle and not by an area under two chords due to the smaller aspect ratio of the
axon width to the diameter of the electrode and the variability in axonal girth. The strength of the signal
is on the order of ~10 uV which will be difficult to resolve in applications where the RMS noise at or on a

greater magnitude (i.e. ~20 V).

y, = v, 121" [Equation 2]
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intracellular action potential (IAP) various ion channels and
leakage/capacitive effects of the cell membrane can be modeled
by resistors and capacitors. The conductivity of the potassium
and sodium channel are voltage dependent. The effect of ionic
flux depends on distance between the electrode and the neuronal membrane which can be modeled by
Ryaps Rseat, and Rgpreqq- The electrode-media interface can be represented as an ionic double-layer.
Flux of current influences the charge properties along this layer which can be modeled with resistive and
capacitive effects, or R, and C, respectively. This is the measured extracellular action potential (EAP).
The electrode/lead and data acquisition properties can be modeled with the remaining electrical
parameters in the substrate diagram. Lead thickness, defects, 1/O connectivity, data acquisition
amplification all affect these parameters. Figured obtained from Obien et al. %°,

Substrate
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3.3. Neuronal Modeling

3.3.1. Gibbs-Donnan

The Gibbs-Donnan effect can explain the intracellular and extracellular properties of potassium, sodium,
and chlorine ions at the normal resting potential of a neuron, which can be assumed to be at equilibrium
as the leakage current is equal to the ions being pumped out of the cell membrane . If we consider both

the intracellular (1) and extracellular (2) space, the concentration of each ion on either side of the cell

membrane can be dictated by Equation 3.

Cina* _ Cyg+ _ Cicr-

= = Equation 3
Cover Cokr Coar | :

3.3.2. Nernst Potential
The concentration differences between the intracellular and extracellular space creates an inherent
electrochemical gradient and the Nernst Potential is the required voltage to stop that drive. We can

calculate the Nernst potential (AV) based on the following equation:

kgT c kgT c kgT Cycl-
AV = -2 1n <M> =_5 ln< 2'K+> =5 ln< 2l ) [Equation 4]
e C1,Na+ e CI,K+ e Cl,Cl_

Where kg = Boltzmann Constant, e is elementary charge, T is temperature
C2x, C1x IS lonic concentration of x outside and inside of cell respectively for x

= Na*,K*,Cl~

3.3.3. Ohmic Conductance Hypothesis

For very small instants in time, the current from Figure 9 can be approximated by the Ohmic

Conductance Hypothesis Equation, where V), dictates the membrane potential. Using the equation gives

jq,i =2zj; = (AVM - VNernst)gi [Equation 5]
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The sodium-potassium pump is not directly responsible for the reflow of ions across their
electrochemical gradient, but it is necessary to include to assume a steady state equation. If we consider
the sodium and potassium pump, then at the resting membrane potential there is an equilibrium
between the leakage current of potassium and sodium and that of the pump. This gives an internal
membrane resting voltage of -72 mV which is still not precise to the actual resting membrane potential
revealing the imprecision of the hypothesis”n. If we ignore the effects of the pump, also known as the
quasi-steady approximation, we can rederive the resting membrane voltage to be -66 mV, which is
closer to the true resting membrane potential of a neuron. The ionic concentrations and reversal

potential for mammalian cells are listed in Table 2.

Intracellular (mM) Extracellular (mM) Reversal Potential
(mV)
Sodium 15 145 60
Potassium 145 5 -89
Chlorine 10 125 -67

Table 2 — Properties of lons In-Vivo Inside and Outside Neuron. Relative Concentrations and reverse
potentials are listed for mammalian cells®.

3.3.4. Hodgkin-Huxley

lon channel conductance, however, is dynamic with voltage and can be modeled by the Hodgkin-Huxley
Equation. This can be useful to predict the total flux of current during an action potential. The overview
of how the equation is set up to calculate the total current and dependencies that dictate the change in
ionic channel/leakage current conductance is seen in Table 3. Sodium ion channels are broken into two
components, where there is an activation (m) and an inactivation (h) gate. The potassium ion channel
only has an activation gate (n). We can treat these letters as having a probability of being opened or
closed, between 0 and 1. While these are the types of gates on the channels, each type of channel has a
number of each type of gate. For example, the potassium channel has 4 of type n gates, making its

overall conductance dependent on n*. Each one of these components (n, m, h) can be in an open state
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(activation), a, or a closing state (inactivation), B, which are both dependent on the voltage membrane
potential. There is usually a leakage current that is also present, where the reversal or Nernst potential

is close to the resting membrane potential®®.

dv,

I= Cmd—;" + Gxen* WV — Vi) + Gnam3h(Vy, — Vg) + 51(Viy — V) [Equation 6]
dn 1
S =a, V) —n) Where V,, is voltage across membrane
— Bn(V,)n Equation 6 ax(Vn), Bx (Vi) are rate constant functions for
m x=nmh
¢ = (V)1 —m)
— B (V,)m Equation 7 n,m, h are unitless values € [0,1]
% = a,(V.)(1—h) Cn is capacitance of cell membrane

— Brn(V)h Equation 8 V, is reversal potential for y = Na*,K™,leakage

n,mh = Jy is maximum conductance fory
K™ activation,
Nat activation,
Na™ inactivation respectively

Table 3 — Hodgkin-Huxley Parameters that Dictate Current of Neuron. Further information regarding a
and B terms and its relation to different (n, m, h) functions can be found in Schwiening et al®..

The values of a and B can be estimated by steady state approximation of n, m, and h where the

activation and inactivation components.

Also, equally important is wave propagation for both static moving and saltatory conduction cases which
can be modeled by the linear cable and non-linear cable theory”. This, however, is beyond the scope of
this thesis and can be understood by Phillip Nelson’®. The cable theory equation can be paired with the
voltage theory equation to give a relationship between the current and the second-order derivative of
the voltage across the neuronal membrane. This can then model spike trains, for example, by modeling

an input current on the membrane potential of the neuron.
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4. MEA Fabrication and Chip Assembly

4.1. Planar Electronic Fabrication

Masks consisting of a metal-guide and passivation layer were fabricated using facilities at the Center for
Nanoscale Systems (CNS) at Harvard University. LOR3A, $1813 and SU-8 were photoresists used in
constructing a 2x2 array of MEAs on a 4” <100> P-type doped thermal oxide wafer. Chromium (Cr) or
Titanium (Ti) followed by Gold (Au) were sputtered to create the metal layer (20 nm Cr or Ti, 100 nm
Au). The protocol for fabrication has been optimized (unpublished, Timko Lab). The electrodes are
circular pads of diameter 30 um (area = 707 um?2). The wafers were then cut into individual MEA units
and then glued onto custom-made printed-circuit boards (PCBs). Silver epoxy and epoxy was used to
conduct and passivate respectively the MEA input/output (I/0O) pads. Male header pins were manually
soldered to connect leads to the MEA Adapter. A silicone tubing was cut into (~1 cm height), centered
on the MEA, and glued using PDMS. Chips were then tested in Phosphate Buffer Saline (PBS) for channel
baseline activity with <20 puV.ms noise with a function generator. Chips were disinfected for sterility by
soaking the chamber in 1 hr of 70% ethanol (EtOH) followed by 1 hr of UV exposure in a Biosafety
Cabinet (BSC) after the removal of EtOH. If chips were reused, Tergazyme (>= 1% w/v) solution or
Sodium Dodecyl Sulfate (SDS) was applied overnight, rinsed, dried, oxygen plasma etched (50 W, 1 min)

prior to testing in PBS.

4.2. Problems with Planar Electronic Devices on 3D Tissue

Planar electronic devices do not always form good point contact with 3D tissue. For chronic MEA shanks
and EEG surface electrodes placed in-vivo there is enough cell density and tight fit between the shank
and the brain and between the surface of the brain tissue respectively to obtain neuronal signals®. For
the in-vitro silk-brain model, the culture environment is very different. The ECM composition and cell

density are drastically different, and the culture is placed in a reservoir of cell culture. The collagen-
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surface interface likely depends on thickness and at the height of the silk-sponge and does not form a
seal with the surface of the culture. This means that the silk-sponge will not form good neuronal-point
contact with planar electronic devices. There also the concern of drift as electrode positions move in-
vitro. We were able to fabricate flexible mesh electronic devices that can embed with the tissue based
on the advantages of mesh electronic devices that overcomes these issues. This allowed for both long-
term monitoring of the culture, interior monitoring of the silk-brain and minimal change to the

mechanical composition to prevent glial scaring and electrode drift.

4.3. Flexible Mesh Electronics Fabrication

We designed mesh electronic devices using AutoCAD. We incorporated 3 different layers, a base layer, a
mesh electronic layer, and a top layer. The design can be seen in Figure 10. We incorporated two
possible designs one that targets the central window edge and one that is arranged in a ring
configuration to allow for multiple sites of electrode placements along the scaffolds. Masks were also
fabricated at Harvard CNS. The porosity of the pitch was 300 um with a base platform thickness of 80
pum. This gives a total pitch (mesh grid to mesh grid) of 380 um. Reference electrodes were placed out

the outer edge of the donut as a large semicircular ring.

We optimized photolithography techniques with a few modifications to allow for a flexible substrate.
Briefly, 100 nm of nickel (Ni) sacrificial layer was sputtered onto a silicon wafer. An SU-8 (0.5 um or 2
pum) base layer was generated, followed by a Cr + Au (or Ti + Au) metal layer. Finally, a passivation layer
of SU-8 (2 um or 10 um) was generated. Photomasks for all layers were designed using Autodesk and
fabricated at Harvard CNS. Flexible devices were lifted off from the silicon wafer using Nickel Etchant

TFB (Part list, Appendix).

Possible modifications to this protocol will be minor and consist of a 25 um thick passivation SU-8 layer

or a germanium (Ge) layer instead of Ni, which can be etched with water or dilute hydrogen peroxide
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solution and be chemically gentle to the device!® . Advantages of doing this process include the
possibility of being more gentle on the substrate which is important in cases where NWs (see Discussion
and Future Direction) or other metals incompatible with Ni etchants, such as copper (Cu), are used for
the metal interconnects. While Cu would not be used for MEA systems, it can be used for magnetic
stimulation processes which also use similar dielectric and photoresist processes listed here
(Unpublished Timko Lab)®. Disadvantages of Ge include the more difficult nature of deposition and

undesired premature etching of Ge due to water vapor during fabrication or oxidation in heat exposure.

4.4. Input/Output (I/0) PCB Design

Printed circuit board (PCB) designs were designed in Eagle and printed using JCLPCB. For planar and
flexible electronic devices, 32-channel I/O were designed with 2 additional reference electrodes. The I/O
pads are connected to the mesh electronic device via silver epoxy. The configurations of each 1/0 pads

were arranged differently depending on planar or flexible electronic assembly.

4.5. Setup of Mesh Electronic Device With Cell Culture and Technical

Troubleshooting

This section is brief as any cell culture experiments with mesh electronic devices are left for future
study. Surface coatings on electrodes to reduce impedance of the electrode are discussed in the next
section. As for neuronal overlap with the electrodes, mesh electronic devices can improve neuronal-
point contact by surface coating with adhesive proteins such as laminin and NGF>%54, Additionally,
neurons embedded already in collagen at a high density can be seeded onto the bare mesh like
structure prior to gelation to allow for a greater chance of point-contact. This is like other electrode
surface chemistry techniques where neural progenitor cells (NPCs) are seeded onto the electrode for in-
vivo implantation with reduced gliosis®. When gelation finishes on the mesh electronic device, it can be

integrated into stacked silk sponge (See Figure 10 and 11) where the seeding and gelation of the entire
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construct occurs after placement. This technique has been performed in previous in-vitro studies with
neuron-lineage hiPSCs in collagen for hinge-kinked flexible electronic devices with no harm to the cells

at the given seeding density®®.

Devices can be assembled by having the flexible mesh electronic device flush with the petri dish lid

cover (see Figure 10). Modifications to this insertion are possible, possibly by inserting it from the

bottom of the chamber substrate, which has been previously demonstrated®.

Petri dish lid

Figure 10 — Flexible Mesh Electronic Array Scaffold Assembly. A) Schematic of how flexible electronic
device will be interfaced with two silk sponges in Aim 2. We will use silk sponges without a central
window for this aim. Leads connecting the electrodes to the device to the PCB will be flushed to the
petri dish container. B) Optical Reflectance Image of the silk-sandwich electrode configuration. C)
Optical Phase contrast image of the silk-dropdown electrode configuration. Red circles in B and C
represent sensing electrodes. Scale Bar is 500 um.

1

Figure 11 — Improving Neuronal Point Contact via ECM Composition. From left to right, cells can be
inhomogeneous placed in collagen over the mesh electronic device and allowed to gel. Then cells
embedded in media can be inserted into the gel collagen and 3D scaffold before being fully
encompassed by collagen.
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Figure 12 — Overview of Flexible Electronic Device with PCB Design. From A through D. A and B are two
possible configurations of the mesh electronic device to encompass the silk-sponge. A) has electrodes
that ‘drop-down’ to target the central window edge. B) has electrodes that are arranged in a circular
pattern to target the cell bodies. C) Flexible mesh electronic device being fabricated on a silicon wafer.
D) PCB layout for I/O Interconnects designed in Eagle CAD. E) Completed PCB from JCLPCB ready for pin
placement and silver epoxy |/O interconnects.
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5. Surface Coatings of Electrodes

5.1.  Overview
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Figure 13) is an organic,

conductive, conjugated polymer. Platinum black is a spongy form of platinum. Both can be
electrochemically deposited as potential surface coatings on MEA electrodes for short term recordings.
The advantages of both systems are that it increases the geometric surface area of the conductive
sensing region of the electrode and hence reduces the impedance of the electrode. Porous platinum
(also known as platinum black) has been previously used for neural recordings although in spongy
simple deposition, it is known to erode and potentially have cytotoxic effects by free platinum?®. Work
has been developed in creating other forms of structured platinum, such as ‘platinum grass’ which
improves on the integrity of the compound®?®’. PEDOT:PSS has been used for in-vivo recordings. PSS can
induce a gliotic response in-vitro and other conductive compounds such as polymerized ionic liquids

have been used to reduce inflammatory response®,.

5.2. Characterization
We characterized each with impedance spectroscopy and cyclic voltammetry (CV, not to be confused for

coefficient of variation) on a Gamry microelectrode (SKU 932-00010). This involves a working electrode,
a counter electrode and often a reference electrode. The working electrode is usually the electrode of
interest, either for deposition or for measurements. The counter electrode is an inert conductive
material with an order of magnitude less impedance than the working electrode. The reference
electrode is also a large area electrode that involves a reactive salt where there is a known potential of
oxidation/reduction, usually silver/silver chloride. Measurements are usually performed in a conductive

inert media.

Impedance spectroscopy involves the injection of small alternating current (AC) and measuring the

impedance by the required voltage to achieve the desired current and the phase shift of the AC behavior
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to that of the input voltage. Cyclic voltammetry is characterized by a subjecting the working electrode
voltage sweep to a desired higher (cathodic trace) and lower voltage (anodic trace) and measuring the
current. Usually this is done with the voltage under a complete cyclical voltage sweep for example from

0 to +V, to -V, then back to 0. Peaks in the CV represent notable oxidation/reductive reactions®.

For PEDOT:PSS, we used 2 nA of current to inject during deposition for various deposition rates on the
microelectrode. Cyclic voltammetry curves for each run is detailed in Figure 14. PEDOT:PSS reduces the
impedance approximately by a factor of 10 at 1 kHz (Figure 15). This corroborates with past findings for
coated planar MEA cyclic voltammetry measurements (Unpublished Timko Lab) . A figure that shows
the deposition of Pt black can be seen in Figure S1. Pt Black and PEDOT:PSS may suffer from erosion
during long-term culture. There are techniques to attempt to improve the longevity of PEDOT:PSS, such
as playing with the surface roughness of electrodes. However, a possible alternative is using Pt coated
electrodes by physical vapor deposition techniques by an electrode layer mask®°, This is generally
more costly, but Pt placement on the electrode is known to reduce impedance of microelectrode arrays
for long-term in-vivo neural recordings. The impedance of the microelectrode will depend on the size of
the electrode, but generally our 30 um diameter microelectrode arrays have an impedance on the order
of 1 MQ at 1 kHz and 20 um diameter electrodes used for in-vivo purposes have the same order of

magnitude impedance.

(0] 6]
Figure 13 — Molecular Composition of PEDOT:PSS. EDOT monomer (monomer
/\ from compound on top left) is polymerized into PEDOT via oxidation during
S the electrochemical current injection. PSS (bottom right) is joined as a mixture
Z along with PEDOT as an ionic counterbalance. Both are conductive polymers
\\[
S0,
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Figure 14 — Cyclic Voltammetry of PEDOT:PSS on Microelectrode with Various Deposition Times.
Deposition rate was 2 nA. As the length of the deposition increased, so did the charge transfer at the
given voltage and given forward/reverse sweep. (n = 1)
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6. Dorsal Root Ganglia as Models for PNS Sensory Response

6.1. Overview

We investigated the electrophysiological changes leading to the development of a tailored MEA capable
of monitoring a silk-based corneal model cell co-culture. We will use cDRGs as the primary sensory
neurons as they are commonly used PNS-relevant neurons studied extensively®*3, cDRGs are a cheaper
and more readily available than embryonic rat DRGs. They also have been directly implemented in the
silk-cornea model®°. Extraction from rat DRGs are possible and example signals is found in Figure S2. We
will investigate the chronic response and contrast the temporal response in the cornea model using the
agonists methyl anthranilate (avian agonist) in an MEAZ°994 We hypothesize that there will be patterns
of interspike interval (ISI) elucidated by the MEA that are not detected by calcium flux imaging upon

exposure to agonists.

Fertilized White Leghorn Chicken Eggs were obtained and sacrificed after 8 days of embryonic
incubation (E8). Whole lumbar chicken dorsal root ganglia (cDRGs) explants were harvested and excess
tissue was removed using sterilized fine-forceps and scalpel-blades. cDRGs were stored in DMEM/F12
with 1% Pen/Strep at 4 °C during the dissection process and then carefully transferred to the desired

substrate using fine forceps.

MEAs or other surfaces used in the culture of cDRGs were coated with an optimized surface coating of
poly-D-lysine (PDL) and laminin. The media consisted of DMEM/F12 with 10% FBS, 1% Pen/Strep, 50
ng/mL of Nerve Growth Factor (NGF). For the MEAs, cDRGs were carefully allowed to sink by
submerging the whole DRG in 500 uL of media. The DRGs were then carefully centered on the MEA

before incubation at 37 °C, 5% CO..
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6.2. Verifying cDRG Extraction

Steps were critically optimized from the founding works of Wang et al. and Grasman and Kaplan to
ensure the viability and efficacy of cDRG attachment and were extended in our study for allowing for
point-contact®®2°°, As seen in Figure 16, immunocytochemistry (ICC) experiments of DRGs cultured on
glass coverslips 5 days in-vitro (DIV) coated with PDL and Laminin show high neurite outgrowth with the
expression of B-Ill tubulin (TUJ1 marker). Imaging was obtained on the Keyence BZ-X700 (Tufts

University).

6.3. Injection with Agonist

Spontaneous activity was monitored of the cDRG at DIV 5 or later. We were using the same acquisition
settings as noted in the next section, Human Induced Neural Stem Cells as Brain Models in 2D and 3D,
MEA Acquistion. This was the first time-point noted in literature for MEA acquisition in dissociated
DRGs, though spontaneous activity is very low at this time point®*. Then, sensitivity for a stimulant,
methyl anthranilate (MA) (at 1 mM) is analyzed by syringe injecting media infused with the stimulant
during the recording process. This was performed to see whether a MA sensitive TRPA1 receptor is
present. Data is removed during the injection to remove any noise generated by the injection. The
syringe needle is grounded prior to injection to remove any floating voltage potential. This was
compared against a control injection of media without stimulant, which did not show any significant
visual spike train response in activity. Additional studies, such as the application of 30 mM KCl by syringe
injection to lower the firing threshold, demonstrate the ability for the MEA to detect overlapping
neurons activity with high temporal resolution (Figure S3). We were able to detect some responses to
MA (Figure 16) in certain cultures on DIV 5 — 7. This sample did not have any response during media

injection (Figure S4). Most whole DRGs tended to deteriorate beyond DIV 5, even in the presence of
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NGF or other anti-mitotic experiments. This did not improve with the addition of anti-mitotic agents

(Unpublished Timko Lab).

Figure 16— 2D Neurite outgrowth on Lumbar cDRG Explant and Response to Methyl Anthranilate. A)
Immunostaining Image of Neurite Outgrowth after 5 days-in-vitro B) Microelectrode Array coverage of
cDRG after 2 days-in-vitro. Scale Bar is A) 1 mm. B) 200 um. C) From left to right. Images represent a
singular electrode detecting activity for DIV 5, 6, and 7. Purple band represents injection duration. Gaps
in the data trace represent any noise that needed to be zeroed out during injection.

6.4. 3D Culture of cDRGs
cDRGs are reported to be viable for up to 4 weeks in-vitro in a 3D silk-corneal construct. To move
towards a more 3D system, we also seeded cDRGs in collagen thin films (thickness ~1.5 mm) one day
after seeding on a substrate, which demonstrated the ability to have neurites growing in 3D. Further
research with cDRGs embedded in 3D constructs with collagen or 3D silk-corneal constructs may
elucidate high temporal activity of cDRGs in a 3D environment or with innervation on human corneal

stromal stem cells (hCSSCs) and human corneal epithelial cells (hCECs).
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Figure 17 — Immunostaining 3D Image of Lumbar cDRG in Collagen Thin Film. Neurites from the cDRG
are able to extend into the 3D collagen matrix. Cells were fixed after 7 days of in-vitro culture. Scale bar
is 50 um on each colored axis (red, x, greeny, blue z).

6.5.  Summary of Results

cDRG significant response to MA injection demonstrates the ability for the neurons to exhibit TRPA1
receptor on certain neurons. cDRGs also have high neurite branching in collagen thin films. This
demonstrates the potential to use this for future studies regarding nociception in the silk-brain.
Particularly, it would be of interest to see if, upon stimulation, there is any neural oscillation activity that
is elicited by the incorporation of drugs. Understanding oscillations from CNS relevant neurons can
provide a framework to have specific tests that can be used to detect the presence or absence of
oscillations during nociceptive behavior. This can elucidate how signals are potentially propagated

throughout the peripheral nervous system under pain conditions.
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7. Human Induced Neural Stem Cells as Models for CNS Cortical
Response

7.1.  Qverview
We will use the MEA detailed previously to monitor spontaneous activity on hiNSCs once every week (7

days in-vitro). We coated the entire surface with PDL and coated 5 pL of laminin on/near the surface of
the electrodes for preferential adhesion of cells near the electrode site. We seeded 1.6 x 10° cells per
well. We have successfully cultured and monitored spontaneous hiNSC activity for more than 56 DIV in
culture using Neurobasal Electro + 1x GlutaMAX + 1x B27 + 50 ng/mL NGF. Figure 18 shows an example
of measured spontaneous electrophysiological activity on DIV 56. The shape of the single spike
expansion in Figure 18ii can be explained by capacitive effects of the cell membrane during an action
potential which causes a rapid increase in relative electrode potential as Na* channels open, followed by

a rapid decrease as K* channels open.

A data acquisition device (USB-ME16-FAI-System) was used to acquire channel activity at an acquisition
rate at 50 kHz. PCBs were connected to the MEA adapters and placed in a Faraday cage. The Faraday
cage was grounded to the MEA. The MEA was placed inside an incubator and stabilized to 36.5 °C — 37
°C 5% CO;, before recording. The incubator temperature and gas regulator were turned off during signal
acquisition to mitigate any noise generated by the incubator. Depending on the experiment being
conducted, acquisition ranged from 5 — 10 minutes of recording. Files were saved into .mcd files and
then converted to .hdf5 format. Custom made MATLAB Code was used to filter and extract the data. A
2" order Infinite Impulse Response (IIR) Butterworth bandpass (200 — 5000 Hz pass) filter was used for

filtering with an acquisition rate of 50 kHz.
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Figure 18— Overview of 2D hiNSC Data Acquisition. A) hiNSCs are seeded on a PDL and Laminin droplet
coated 32-channel MEA (Left), which is assembled on a PCB. Scale Bar is 200 um. B) Representative
rhythmic activity (i) with spontaneous single action potential resolution (ii) obtained from hiNSCs during
acquisition (DIV 56). C) Raster plot of multiple channels showing synchronous activity (DIV 56). D)
Zoomed in representative raster plot showing two bursts. The burst duration is the time length of the
blue band and the inter-event interval (IEl) is the time length of the green band.

7.2. 3D Culture of hiNSCs
We also preliminary cultured the hiNSCs in the silk-sponge. Sponges were fabricated by a prior protocol
developed by Chwalek et al*®. Sponges were autoclaved by a liquid cycle and coated with PDL (Fisher) in
a sterile laminar flow hood prior to use. Sponges were then moved into an unused sterilized 96-well
plate. hiNSCs were seeded into 4 opposing corners of the sponge so that approximately 5 x 10° cells
existed per scaffold. Imnmunostaining images reveals the presence of B-lll Tubulin indicating neural
differentiation and outgrowth after 14 days-in-vitro. This is verified by control images where there is no
presence of strong signal indicative that autofluorescence had minimal effect from separating signals
from neurons (Figure 19). These cells were used for a hyperglycemic study not talked about during the

scope of this thesis (Unpublished Timko Lab, Appendix E).
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Figure 19 — hiNSC Immunostaining In Silk Sponge. Green color is stained for B-1ll Tubulin in scaffolds
with (A) and without (B) hiNSCs. Clearly neurite outgrowth is seen in A that is absent in B, indicating
extensive neurite outgrowth. Cells were fixed after 14 days-in-vitro culture. Some neurite outgrowth is
visible in central window, although the magnification in the images is too low to resolve clearly. Scale
bar is 100 um for both images.

7.3.  Summary of Results
Our custom-made MEA device can collect very high acquisition rate recordings of electrically active cells
over at least 2 months of culture. hiNSCs is a relevant CNS neuron-lineage with highly spontaneous and
complex active firing patterns that can be analyzed using temporal dependent pattern tests discussed in
a future section (see Techniques for Neural Oscillation and Network Analysis). We also have shown the

ability for these neurons to healthily grow in 3D corroborating past literature.
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8. High Performance Computing
Electrophysiology data from the MEA is captured at a high data acquisition rate (50 kHz). As such, data

files can become very large very quickly. On average, a 5-minute recording at 50 kHz for 32-channels as a
.txt file can be approximately 15 GB in size. Multiplexing with a greater number of channels increases
the file size considerably. High Performance Computing (HPC) is a platform to analyze large amounts of
data by dividing the tasks among many computer nodes. Even if the data can be downsampled for
certain studies, HPC can greatly facilitate in streamlining large amounts of electrophysiological data and
avoid compression of data. Commands on the HPC are typically LINUX based but specific programs
common to regular computer usage is used for the field of the interest. Depending on the specific
analysis performed for neural oscillation study, MATLAB or Python was employed with various packages
or self-created functions. Many functions were created in MATLAB. A summary of the different
techniques used, and the methodology used (package, custom code, and/or programming language) is

detailed in Table 4. Python packages were installed in a conda environment.

Analysis Package Programming Language
Source
Synchrony SPIKY MATLAB
Bursting Custom Code MATLAB
NeuroFun
Spike Sorting (Current) Wave_clus MATLAB
Spike Sorting (Future Possibilities) SpyKING Python
CIRCUS
Spike Sorting (mediating/validating different Custom Code Python
sorting algorithm interfaces and tests) Spikelnterface
Phase Amplitude Coupling Custom Code MATLAB
Oscillatory Peak Dynamics FOOOF Python/MATLAB Wrapper

Table 4 — Analysis Used for Techniques for Neural Oscillations and the Relevant Software. Both Python
and MATLAB are present on the HPC. MATLAB wrapper is a code written in MATLAB that references
Python in-line during execution of the code.
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9. Techniques for Neural Oscillation and Network Analysis

Synchrony is a both a temporal and spatial connectivity property. Synchrony answered by both
calcium/voltage indicators and microelectrode arrays (MEAs). MEAs can be more broadly arranged than
the field-of-view (FOV) limited during calcium/voltage indicator imaging. Increased synchrony is a
guantitative metric to show whether there is increased connectivity among neurons across the culture
during maturation and has been used in spatial arrangement studies such as small-world properties®®8,
Due to the spatial and temporal resolution capabilities of microelectrode systems, different neural
populations with potential single neuronal resolution can be discriminated, a feat not possible using
calcium indicators with high temporal resolution. This has the potential to resolve synchrony between

local neuron clusters similar to in vivo synchrony studies of ‘neural domains’, which is currently not

explored with hiNSCs or the silk-brain mode|®%1%,

Neuron bursting and CFCs are interesting behaviors of neural networks that can better parameterize
patterns of their spontaneous firing behavior to a metric translatable to other models?*°, CFCs are a
way to link interactions between different frequency regions of activity. One specific type of CFC, Phase-
Amplitude Coupling (PAC), is known to play a pivotal role in a variety of brain processes such as memory,
sensory processes, attention, and nociception®’.. Changes in PAC and oscillation power spectra in various
regions in the brain has been linked to brain disorders!®>1%3, A summary of packages required for
analysis is seen in Table 4. PAC and Oscillatory dynamics used downsampled (1 kHz) data where any
electrode above UV of 100 uV was discarded. Other analyses used filtered data at 50 kHz where any

electrode above UVims of 20 UVims Was discarded.
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9.1. Synchrony

9.1.1. Global Synchrony — SPIKE Synchronization

Synchrony is a measure of the connectivity of neurons either in-vivo or in-vitro. For small in-vitro
systems such as 2D culture and organoid systemes, this is usually involved as the instantaneous overlap of
signals between regions of sensing such as electrodes, also known as ‘global synchrony’?*1%, However,
for more complex and broader (> 1 mm size in any dimension) systems such as the silk-brain model,
global synchrony may not yield the best metrics for determining connectivity due to the large distance
of separation between neurons. However, work has been done on linking synchronous activities
between sensed regions of activity to graph theory properties which yield interesting results such as
with small-world property connectivit®y. Small-world property connectivity is a property of how ordered,
random, or somewhere in between nodes (neurons) and edges (synaptic connections) are. In-vivo brains
have the attribute of neither being completely random nor ordered. This shortens connections between

neurons hence creating a ‘small-world’ of edges-nodes®.

An advantage of microelectrode array systems is the ability to discern between different individual
neurons based on previous in-vivo work using spike sorting techniques’®. Although the field of spike
sorting is constantly evolving, this technique can potentially be used to discern neuron in proximity firing
time points from an individual electrode. This can potentially be used to look at local electrode
synchrony rather than system wide synchrony. This is potentially useful in studies that investigate how
local neural networks form before more system wide connectivity events'®1%, Due to the even shorter
distance of different individual neurons near an electrode compared to a 32-Channel MEA system,
graph-theory properties are not necessary to apply to measure connectivity of these local neuron

populations.
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We will use spikes trains (i.e. from a rasterplot) to measure synchrony between electrodes and neurons
within an electrode, as this reduces the complexity of waveforms to a binary value (Figure 18). We will
use the SPIKE Synchronization algorithm developed by Kreuz et al'%1%, We implemented the SPIKY
MATLAB package to compute this value. Briefly, SPIKE synchronization between samples is computed as
the number of spikes between two samples that fall below a coincidence window (Table 5). Synchrony
between all active electrodes (>5 spikes per minute) of the culture over time is seen in Figure 21. An
example of how SPIKY determines the SPIKE Synchrony value can be seen with example data in Figure
20.
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Figure 20 — SPIKE Synchrony Example. A is an example of a spike train raster plot from 40 spikes. B is
the SPIKE Synchrony value across the data trace. The average will be taken of B for the average SPIKE
synchrony. Scale bar is 1 s. Total length of data trace is 4 s.

1,2 .
T~(- ) = Illlll{

; O _ 0@ _ @) 2 _ (2 (2 _

(2)
i+1 ~ Y b i-v Gy 5 G tj—l}

- @ _ @) < 22 1 -
Ci(”) _ {1 if mm} (|t |) Csystem _ T Z Cz(n'm)

0 otherwise men

Table 5 — SPIKE Synchrony Measurement Calculation. Superscript denotes whether sample is from the
first spike train or the second train in the comparison. Subscripts are comparing the spike before or after

the current spike in both the time series (t) for the first spike train (i) or the second spike train (j). T(l 2)

represents the coincidence window. N represents the total number of electrodes calculated in the
synchrony while m and n are the two compared electrodes in a set of electrodes, similar to i and j.

Cl-(l’n and Cgystem represents the synchrony value of the comparison between two electrodes and all
the compared electrodes respectively. 1°671%
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Figure 21 — Culture-Wide SPIKE Synchrony — The SPIKE synchrony was measured across all active
electrodes (> 5 spikes per minute) between DIV 21 — DIV 56. Culture-wide synchrony was low and did
not provide any real trend. DIV 14 was omitted since on that day not all samples had more than one
active electrode.

9.1.2. Verifying Qualitative Synchrony Between Electrodes

From Miccoli et al., CMOS arrays have been used to track signal propagation across 2D rat hippocampal

neural culture and qualitatively synchrony among electrodes. A similar principle has been performed for
hiNSCs using the 32-channel MEA. Figure 22 shows a 1 second time point where there are active signals
on multiple electrodes. On more than one electrode there are spike trains that occur near one another.

Similar results occur on other time points for other days-in-vitro.
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Figure 22 — Close Up of Active Electrode Data Traces at DIV 56. Qualitative assessment reveals multiple
spikes overlap (marked in purple bars) relative to a referenced data trace (marked with black
arrowhead). Blue arrows represent the data traces each row of purple bars has very close spike overlap
to reference. Culture is at DIV 56.

9.1.3. Single-Neuron Separation and Synchrony

We categorized different neural populations by clustering different waveshapes. Each grouped
waveshape is a potential neuronal subcluster, which means it originates from either a single neuron or
multiple neurons (multi-unit). Waveforms with only few ISI counts under 3 ms (<2%), with an average
peak waveform greater than 10 pV, and good validation metrics are assumed and categorized as single
neuron activity. This was done using the Wave_clus package in MATLAB. Another possible direction is by
using SpyKING CIRCUS Package and Spikelnterface package in Python. Spike-sorting is very limited on
how it can analyze multi-unit activity. We calculated the SPIKE synchrony between single neurons on the

same electrode for local cluster synchrony.

Wave_clus was used to classify spikes that had <10% of spikes that overlapped. The choice of this
percentage is arbitrary but consistent with being able to resolve most shapes created by wave_clus.
Briefly, wave_clus relies on a superparamagnetic clustering (SPC) algorithm to cluster the data based on
wavelet coefficients of the spike waveform. Spike waveforms were obtained by a voltage standard

deviation threshold. Clusters were manually inspected and adjusted. Validation of good cluster
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separation was performed by tests available in Spikelnterface and curated by custom-MATLAB code.

Wave_clus is limited by relying on non-overlapping spikes.

SpyKING Circus can be used to cluster spikes for data traces where >10% spikes had poor clustering due
to overlapping spikes. SpyKING Circus uses a template-based algorithm to deconvolve overlapping
waveforms into separate clusters. Spikelnterface can also be used to mediate the wave_clus and
SpyKING Circus input/outputs of clustering. It was also used to determine whether an output cluster was
valid. The tests used to validate a cluster were the ISI violations, amplitude cutoff, L-ratio, classification
accuracy, and silhouette score®*7%, A summary of each metric’s purpose and an example of sorted and

analyzed spikes in culture is described in Table 6 and Figure 23.

There are a variety of other spike sorting software to potentially use. Complementary to Spikelnterface,
SpikeForest is an emerging Python package that organizes preexisting neural recordings'2. Within the
recordings, ground truth information of individual spike trains is known. This can be used to compare
the accuracy of spike sorting among different algorithms. For example, SpyKING CIRCUS can
underestimate the number of resolved units compared to other sorting packages such as Tridesclous.
Tridesclous has advantages of template matching which may have its advantages for overlapping spikes,
however, Tridesclous has its own disadvantage of having poor performance at low signal-to-noise-ratio.
Each spike sorting algorithm has its own advantages and disadvantages which vary depending on the
dataset, paper of study (i.e. SpikeForest vs Spikelnterface). Therefore, understanding nuances between

various spike sorters will be beyond the scope of this paper but is discussed in other works%112,
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Validation Metric (Define Good Clustering) Purpose

ISI Violation (<2% below 3 ms) 113 Check if ISl falls too close to refractory period

Amplitude Cutoff (Varies) Predict how many spikes missing due to
thresholding

L-Ratio (<. 05) 78 Estimate of how well separated cluster is

Classification Accuracy (Varies)

Silhouette Score (average “width” of > .05) 114
Table 6 — Summary of Validation Metrics Used After Spike Sporting. More information of each metric
can be found in Spikelnterfacel®. Values of acceptable quantitative values noted with literature
reference.
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Figure 23 — Example of Single-Neuron Isolation from Spike Sorting. A) hiNSCs cultured on MEA at DIV
56 (Scale Bar 200 pum). Circles with numbers 1-4 correspond to electrodes 1-4 which resolved single
neuron activity listed in B. B) Single neuron activity detected from Electrodes 1 — 4. These were
determined to be resolved neurons after SPC clustering, L-ratio test (each cluster L-ratio <.05) and
qualitative silhouette score analysis (average score per cluster > 0.5). SPIKE Synchrony for Electrode 1
and Electrode 4 listed. Roman numerals (i — iv) on electrode 1 correspond to different neurons. The
synchrony between each single neuron in electrode 1 will be listed in a synchrony matrix heat map in C
and spike train observed for each neuron will be listed in D. C) Representative synchrony heatmap
comparison of single neurons from electrode 1 in B. 0, dark blue color represents no synchrony, while 1
represents completely coinciding synchrony. Diagonals are 1 as expected as each train is compared
against itself. D) Spike train raster plot of each neuron from electrode 1.

9.1.4. Characterization of Brain Networks

Synchrony among electrodes can also be used for the analysis of graph theory properties similar to the
work by Dingle et al. that used calcium-based imaging®. Advantages of MEA systems include the
longevity of recording with minimal perturbation on the system or limitations on the media of use.
Additionally, there is no field of view (FOV) limitations as there is for calcium-based imaging. Most of the

details involving the graph theory analysis are beyond the scope of this thesis; however, a summary of
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different properties that can be captured is detailed in Figure 24. The regions of interest (ROls) can be
the active electrodes. Active electrodes represent nodes while properties between electrodes represent
edges in the graph model. The SPIKE Synchronization value between two electrodes represent the edge
weight where additional properties can be derived in similar manner to Dingle et al.>. This is particularly
useful in determining changes in response to short-term or long-term effects such as pharmacological

agents and neurodegeneration (See Future Direction section).
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Figure 24 — Graph Theory Possibilities With MEAs Similar To Calcium-based Imaging Techniques. The
Edge weight can be represented as the SPIKE Synchrony value and different properties can be
calculated. Adapted from Dingle et al.>.

9.1.5. Summary of Results

Global synchrony is low among the culture and this can be due to the lack of particular drive to form a
structured connected network in a 2D system®*. For the example synchrony values of singular neurons
resolved using spike sorting algorithms the global synchrony value was higher (Figure 21) indicative that

neural populations that are close to one another are likely more connected. While we did not take into
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account graph theory properties in either situation, it can be use used as a future study (See Discussion
and Future Direction section). Possible explanations why wave_clus was poorly able to resolve many
spike shapes include the occurrence of multiple spikes within a single window of spike detection. This
could occur by having many neurons overlap each other which is very likely as in 2D neurons tend to
cluster. It could also be caused by the 2D interface only having extracellular flux dictated by

hemispherical conditions rather than full spherical conditions that would occur in 3D’®,

9.2. Bursting

9.2.1. Overview

Bursts are a more reliable metric to understand patterns of behavior than individual spikes!*°go.
Spontaneous firing patterns that emerge by the E/I neuron feedback loop can be monitored by bursts. A
burst, or a collection of bursts, can be treated as a network ‘event’ or period of active information and
signal propagation that occurs in the culture. The inter-event interval (IEl, a;) defines the start of one
event to the start of the next and the mean event burst () is the average length of the start of one
burst to the start of the next. While the combination number of possible spike trains are too large in
magnitude to compute, the coefficient of variation (Cy or CV) from the IEl, (Equation S3) is a metric to
determine how ‘deterministic’ this bursting property is. Poisson-like events specifically, are a
representation of the stochastic nature of firing in the cortex. Understanding whether Poisson-like
events occur in in-vitro models can be used as a metric to indicate how similar or different they are to
in-vivo cortical tissue. For instance, in cortical organoids, the burst events start off as something regular
unlike in-vivo behavior but then diverge into more irregular patterns indicative of increased complexity
similar to cortical complexity?*. More information about the Poisson-like behavior also known as the

Poisson-process is listed below in the Homogoneous Poisson Process section®®.

o
Cy = (TT) Equation 11
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9.2.2. Methods to Detect Event Bursts for hiNSC Cultures

Bursting metrics was performed by a custom MATLAB code and parameters were adapted based on
previous studies?®1!, We defined a spike using an adaptive threshold metric generated by Quiroga et al..
Spikes were defined as a peak that is 5.5 standard deviations greater than the median with a
discard/dead time window of 1.5 s. For the hiNSC data, a burst is defined as the number of spikes that
have a maximum interspike-interval (ISI) of 100 ms. Each burst must satisfy the requirement of having at
least 11 spikes and per channel the minimum burst spike count must not fall below 10% of the

maximum spike count in a burst on the same data trace. See Figure 18 for an example of a burst event.

Limitations of this technique include the inability to resolve multiple spikes below the detection
threshold. However, we are not concerned about the spike shape with bursts and have other
parameters to study bursts besides the spike count. It is also important to note that there are a variety
of ways to process/parameterize bursts after an ISl threshold including kernel smoothing and gaussian
mixture models!'®!Y7. However, kernel smoothing loses a lot of temporal information regarding each
burst and gaussian mixture models have certain bursting distribution limitations before it can be used to
set a burst threshold metric that we cannot assume for hiNSC cultures since we do not have prior

knowledge of the behavior of the cells.

For this thesis, we will define the following terms from bursts. For 2D, we assumed a burst as an ‘event’.
The Inter-Event-Interval (IEl) is the time between bursts. The burst duration is the time length of each
burst. The Burst Number is the number of spikes counted within a burst. Violin plots of these values for

hiNSC 2D culture over time is listed in Figure S5 — S7 (n=3).

Limitations of this technique include the inability to resolve multiple spikes below the detection
threshold. However, with bursts, we are not concerned about the spike shape and have other

parameters to study besides the spike count. It is also important to note that there are a variety of ways
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to process/parameterize bursts after a minimum number inter-spike interval (ISI) threshold including
kernel smoothing and gaussian mixture models. However, kernel smoothing loses a lot of temporal
information regarding each burst and gaussian mixture models have certain bursting distribution

limitations before it can set a burst threshold metric that we cannot assume for hiNSC cultures*t-1%8,

9.2.3. Homogenous Poisson Process
Processes of neuron firing can be distinguished as something time-dependent or time-independent.
Time dependent processes exist if there would be an expected change in behavior over the recorded

period, say due to a stimulant. In our system we look at the baseline activity of hiNSCs firing patterns.

The term Poisson process is that the culture of interest exhibits a stochastic nature of firing or bursts,
depending on what parameter is analyzed. If the value approaches 1 for Equation 11, the pattern of
interest (i.e. bursts or individual firing rates) exhibits a Poisson process, or in other words, an irregular
non-deterministic occurrence of signals observed in the culture. Specifically events will be categorized as
highly ordered (CV = 0), more Poisson-like in nature (CV = 1), or in multiple bursting patterns (i.e.

plausible multiple overlapping Poisson-like bursting patterns CV > 1)%.

The probability that certain ‘events’ occur in a homogenous Poisson-process can be modeled by the

following equation. Generally, the Poisson process equation is modeled after individual spikes but can

be extended to bursts®%°.

Plt; ...t,] = n! Py[n] (%)n Py[n] = @™

.y e T [Equation 12 and 13]

Where P[t; ...t,] = Probability of n events occuring Pr[n]
= Poisson distribution for n spikes

n = number of events expected, r =rate of event occurance

T = length of data trace At = time step
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It is important to understand that while the coefficient of variation can indicate the presence or absence
of a Poisson process, it cannot be used to resolve or conclude whether the spike train generated by

individual neurons obey the Poisson distribution.

9.2.4. Inhomogeneous Poisson Process
For an inhomogeneous spike process, the rate of events is constantly changing so the probability of n
events occurring depends on the integral of the firing rate over the course of the data trace. This is

particularly useful if there is a stimulus involved and the rate of firing rate can be approximated by a

function.
plty ... tal
n
T
= (e‘fo () ‘“) 1_[ r(t;) where r(t;) is the instantenous value of r(t) at event i [Eq. 14]
i=1

The formula for the coefficient of variation is derived from the Poisson-process equation so for
inhomogenous Poisson-processes it can be also assumed to be changing in time. For example, during

pharmacological experiments, the CV can be separated into a before and after injection regime.

9.2.5. Summary of Results
We expected that since there is no inherent structure organization and synchrony, there is the potential

for multiple overlapping potential Poisson-Processing occurring simultaneously (CV > 1). Figure 25
corroborate these findings. This can be compared against 3D results. There also does not appear to be a
trend over the culture period except values do appear to qualitatively approach a CV of 1, which would

indicate one non-deterministic pattern emerges, similar to the cortex.
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9.3. Oscillatory Peaks

9.3.1. Overview

The mechanism behind neural oscillations generates different frequencies that are linked to various
neural processes. Generally, slow frequency transients represent the excitability of a neural population
and faster frequencies represents a metric for the synaptic connectivity and activity of the population.
Large summations of excitatory post-synaptic potentials (EPSPs) and inhibitory post-synaptic potentials
(IPSPs) manifest in slow-frequency transients (i.e. delta 0 - 4 Hz oscillations). These can be discerned by
electrode-based systems by extracting peaks in a segmented average of the power spectra. The most
robust method to date relies on a dynamic baseline noise removal algorithm due to 1/f noise'®. While it
is generally accepted that E/I neuron feedback loops monitor the oscillatory like activity, further details
of how, when, and why different shifts in brain wave coupling patterns, especially in the neocortex,
occur remains unclear and is currently being investigated. A summary of different brain waves, the
frequency range for the brain wave, and what in-vivo process occurs at such wave is seen in Table 7. It is

also possible that subthreshold potentials also influence oscillatory activity. For example, high density
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CMOS intracellular sensors have shown oscillations in subthreshold potentials of rat neurons (multiple

regions of brain, cortex and hippocampal neurons).

Oscillatory Activity Frequency Range | Frequency Most Prominent In These Functions
(Hz)

A (Delta) wave 0.5-4Hz Slow primitive oscillations, stage 3 NREM and infancy

frequency g
6 (Theta) wave 3.5-7Hz Involved in learning tasks in-vivo 7
a (Alpha) wave 8-13 Hz Involved in NREM sleep
B (Beta) wave 13-30Hz Sensorimotor processing, attention, cognitive control
y (Gamma) wave 25-100 Hz Cognitive abilities — Attention, Memory
HFO (High Frequency 100 — 200 Hz Changes in activity present for neurodegenerative =
Oscillations) diseases &L

Table 7 — Types of Neural Oscillations and Most Prominent In-vivo Process. It is important to
understand that oscillations of different frequency ranges are present in most cognitive functions. Cross-
Frequency Coupling attempts to extract information when the brain wave is present but not necessarily
the largest!?:123,

9.3.2. Measurement

Oscillatory power was quantified from peaks in the average power spectra (10 s windows, 5 s steps) that
fell above 0.5 — 4 Hz above baseline power (delta wave frequency band). This technique has been
performed in previous in-vitro culture?®>°, The Fitting Oscillations & One Over F (FOOOF) Python
package was used to quantify these peaks!?. To calculate baseline power, an aperiodic 1/f curve is fit to
each power spectra (Equation 15). This is necessary due to variability in frequency spectra due to slope
changes and broadband shifts caused by inherent electrode/regional differences and 1/f noise. L
represents the power spectra fit function where b is the broadband offset (y-axis offset), k is the knee
parameter, which introduced a bend in the fit function (in our cases k = 0 for low frequencies), y is a
slope and F is the x-axis frequency input. This equation is generated and mediated to measure power
using the Python FOOOF package?®. We only included fits that were over 0.8 well correlated with the

data to avoid any inaccuracy by bad fitted functions.

L =b —log(k + FX) Equation 15
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9.3.3. Summary of Results

Using FOOF there does appear to be a significant magnitude of oscillatory peaks that emerge in culture,
similar to what would be expected in neural oscillations in-vivo. However, there does not appear to be a
trend of increasing or decreasing power over the 2-month culture period. This would corroborate with
findings from synchrony where there is no directive that emerges to structure the cells that would be
present in a 3D in-vitro matrix or in-vivo. This order is also a lot less than the maximum capability
observed in 3D silk-brain tissue (via calcium imaging) or in organoids where a 3D directive is more
prominent to increase magnitude of delta wave peak presence?>°. A box and whisker plot of different

oscillatory peaks that are present is listed in Figure 26.
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Figure 26 — Delta Wave Oscillatory Power Box and Whiskers Plot Over Time. Values obtained are the
maximum power difference between baseline and fitted FOOOF functions between 0.5 — 4 Hz (delta
waves) for all active electrodes for all samples on all days-in-vitro (DIV). Blue box represents 25" and
75 quartile. Red line represents median. Whiskers extend to 99.3% (+2.70 (standard deviations)) of
data for given DIV. Anything outside this range is an outlier, represented as a red crosshair. Individual
data points omitted by convention and for clarity.
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9.4. Cross-Frequency Coupling

9.4.1. Overview

From these slow-frequency oscillations are periods of higher frequency oscillations by individual firing
patterns that are characterized by gamma waves and high-frequency oscillations. Changes in the
relationship between slow frequency and fast frequency components in these neural oscillations is
linked to different forms of cognitive processing including altered behavior in neurodegenerative
disease states?*. However, faster frequency oscillations typically are at a lower power than the delta
band due to 1/f noise and are broader in frequency range than the slow-frequency peaks making the

relationship between different brain wave regions difficult using power alone?,

Cross-Frequency Coupling (CFC) is a discipline that attempts to parameterize the link, also known as
‘coupling’, between slow frequency (i.e. delta, theta, alpha waves) to higher frequency (typically low,
high gamma; high frequency oscillations)!?>126, There are a variety of ways attempted to try to capture

or parametrize patterns in cross-frequency coupling activity.

9.4.2. Phase-Phase Coupling (Phase Locking Value)

Initial work has looked at the link or coupling between different frequency ranges, sometimes termed as
phase-phase coupling since the phases of each wave of interest, specifically the a, B, and y frequency
ranges in compared to one another!?. This is also modified into the phase-locking value (see Table 8).

Limitations of this technique is the inability to measure the strength of the coupling.

9.4.3. Phase-Amplitude Coupling (PAC)

Research progressed to look more into the strength of coupling between different frequency ranges
rather than looking at just the phases. One way is by measuring the amplitude of a specific higher
frequency band enveloped in a lower frequency. This term is coined phase-amplitude coupling (PAC) as
it compares the phase of a low frequency region to the amplitude of a higher frequency ranges. There
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are many ways to parameterize the strength of this intensity, but the Modulation Index is one accepted
and robust way to monitor the degree of coupling. A list of metrics that can be used are listed below.
The envelope refers to creating a new data trace that is dictated by the value of interest. Here, the
envelope is wrapped around a time component of the high frequency amplitude over time. This
captures the information of a low frequency component’s phase (See Figure 25).

< AfA ><pr 9y
Yi=1 <4, >0, (k)

N
HP)==)  P()og(P(D)  Dia(P,U) = log(W) —H(P) [£q.17)

P(j) = [Eq.16]

_ DKL(PI U)
~ log(N)

Briefly, data traces are Hilbert transformed for either phase or amplitude information based on the band

[Eq.18]

of interest. The normalized amplitude is compared against the associated phase in a histogram. <

Af, ><pr (j) represents the amplitude of the histogram bin j, where the bin is the phase of a bin with a

total of N bins. The Kullback-Leibler distance, Dk, (P, U), is used to determine the degree of coupling
and can be determined by the Shannon entropy, H(P).The Modulation Index (M) is a parameter that
normalizes the Kullback-Liebler of coupling by comparing it against the number of bins used in the

histogram?2®,

9.4.4. Comodulogram

One disadvantage common to multiple metrics is the specific requirement of knowing the band of
interest a priori. If coupling is observed and a more specific phase and amplitude coupling is desired to
be quantified, a comodulogram can be used. A comodulogram is a two-dimensional heatmap that
compares the degree of coupling, typically the MI, between a range of slow and high frequency

components (slow frequency on x-axis, high frequency on y-axis).
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9.4.5. Measurement

We set the phase band from 0.51 Hz — 12 Hz to allow for delta/theta waves and the amplitude band to
30— 200 Hz to allow for all possible couplings of low and high gamma waves. We used the Modulation
Index (MI) parameter to calculate the strength of PAC. A description of the computation can be found in
Equation 17 2>!%%, To determine whether the degree of PAC is statistically relevant, we will generate Ml
values obtained due to random chance (surrogate Ml). This is done by shuffling the phase data trace to
break any associated coupling. Individual electrode traces can have Ml and surrogate Ml values
compared in a paired t-test to test for significance. Since the Ml can vary over the data trace, we will
make a time dependent MI graph by windowing the data used to measure the Ml (30 s window, 1s

)126

step)'*®. We filtered and removed edges from the data trace before windowing to avoid edge

artifacts?®. An example of two sine waves coupled and the associated histogram is seen in Figure 27.

9.4.6. Summary of Results

There appears to be a statistically significant amount of PAC between the delta/theta frequency region
and gamma/HFO region in some cultures. An example of a statistically significant occurrence of PAC is
observed in Figure 29, Figure S9. In most cases, the strong phase amplitude coupling is observed close
to the electrodes as seen in Day 56 in-vitro in Figure 30. This indicates that there is some primitive
processing functionality that occurs in hiNSC clusters similar to cortical processes in-vivo. Therefore,
changes to this processing that is present in diseased conditions can be tested for in both 2D and 3D
system conditions (See Discussion and Future Direction). No changes in having increased/decreased
coupling occurs over time (Figure $8) which would corroborate with other 2D findings where there is

little directive in the culture to increase synchrony or a unified poisson burst process .
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Metric Description Rationale for Metric Cons
Phase Comparing the phase of one frequency Simple comparison for Limitations on intensity of
Locking band to the phase of another frequency coupling coupling
Value (PLV) band Noise sensitive
Requires a priori
Height Ratio | Percentage ratio of height difference of Measures intensity Insensitive to width changes

maximum and minimum peak in Figure
25 compared to maximum peak

Adopted metric from
established wave analysis
from radio industry
Minimally affected by noise

or multimodal behavior in
Figure 25
Requires a priori

Mean Vector
Length (MLV)

Complex vector of oscillations on the
complex plane and deviation from a circle

Quantifiable Metric
Minimally affected by noise

Worse at sensitivity in
measuring coupling than

Modulation with a bias in a certain vector direction GLM, PLV, ESC
Index 1% indicates presence of coupling. Requires a priori
Amplitude of amplitude band is the
magnitude of vector and phase of phase
band is angle in complex plane.
Kullback- Deviation of normalized mean amplitude | Sensitive to multimodal Calculation is more complex
Leibler in Figure 25 from normal distribution is distributions and various Value is data length sensitive
Modulation | characteristic of coupling and is widths in Figure 25 for short epochs (<30 s)
Index quantified by the Kullback-Leibler Minimally affected by noise
distance or Shannon-Entropy value. Requires a priori *
Envelop Correlation between phase of phase Correlation can look for links Limitations on intensity of
Signal band and amplitude of amplitude band in various frequency bands coupling
Correlation Phase of coupling sensitive.
(ESC) # Unable to detect coupling at
1/2 radians.
Noise Sensitive
Requires a priori
Generalized Extension of ESC by applying a linear Sensitive coupling at all Affected by noise level
Linear Model | regression and measuring the correlation | phases Limitations on intensity of
(GLM) by a sum of squares difference of the coupling
sum (amplitude band) and gaussian noise Requires a priori
compared to sum
Power Frequency spectra of amplitude envelope | No a priori required Insensitive to width or
Spectra between amplitude multimodal changes in Figure
Density 25
Noise sensitive
Coherence Compares integration of coherence No phase band a priori Limitations on intensity of
Value spectra of amplitude band and original coupling

unfiltered signal

Requires amplitude a priori

Table 8 — Metrics to Measure Cortical Neural Oscillatory Coupling. A priori means prior knowledge of a
band of interest is required. See Tort et al. for more information if the reference is not provided!? *A
comodulogram can be used to ascertain specific coupling bands in the signal
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Figure 27 — Example Embedded Sine Wave and
Associated Coupling — Coupling can be described by 0 - ' -
an example sine wave where there is an amplitude -200 -100 0 100 200 300 400 500
modulating fast and phase modulating slow Delta/Theta Wave Phase

component. If we bin the low frequency phase to

the amplitude of the high frequency oscillation in a histogram, we obtain a bimodal shape. This binning

can be fed into Equation 16-18 to obtain the Modulation Index where strong coupling will occur.
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Figure 28 — Example of Comodulogram and In-Vivo Positioning Example. ECoG recordings were placed
on human subjects. A shows a model comodulogram obtained during an electrical recording near the
frontal lobe. Units are different than Ml calculated by Tort et al. as it has not yet been developed. B
shows varying amounts of PAC by ECoG activity where there is different occurrence of phase bands that
have the majority on cognitive processes during visual tasks on human subjects. Obtained from Voytek
et al. and Canolty et al.124130

69



Ll d A Al L 1

b R

% %k %k k

1x10°3 50 pv
l— 50 s 50 s

Figure 29 — Modulation Index and Surrogate on Electrode Data Trace. Black line represents raw data
trace downsampled to 1 kHz. Red line represents modulation index value of a 30 s window with 2
second steps as it sweeps through the data trace. Blue line represents coupling due to chance (surrogate
modulation index). There is a significant difference between the real and surrogate value representing
that there is statistically significant coupling observed in culture. **** (P < .0001), paired t-test.
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Figure 30 — Locations of Ml Intensities in Culture. Heatmap of Ml values on different electrodes on DIV
56 hiNSCs. Darker green circles represent higher Ml values. Black circles represent high Ml values that
were not significantly different from surrogate values and hence omitted from the heatmap. In many
cases stronger Ml are under or close to visual aggregates of neurons.
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10. Discussion and Future Direction

10.1. Future Works from This Study

From the results of global synchrony across the culture and spike sorting algorithms, we can construct
graph theory properties of the neural culture both for culture-wide and local neuron populations. This
can be advantageous in looking at small-world properties in local neuronal clusters and in long-term
cultures in any media condition. These advantages do not currently exist in previous established work by

the Kaplan lab®.

Future studies of this work can include comparison of neural bursting signal properties in 2D or the silk-
brain to those of organoids and neonatal EEG recordings to potentially provide a regression model for
analysis. This can be used as a metric to compare how similar 2D and the silk-brain is in
electrophysiology in comparison to organoids and in-vivo. New avenues of research capabilities can be

studied by the MEA interface with the silk-brain model by providing high temporal resolution.

10.2. Neurodegenerative Disease Electrophysiology

Potential studies conducted by the Initiative for Neural Science Disease (INSciDE) can utilize the flexible
mesh electronic device to facilitate long-term, non-terminal changes in electrophysiology in models such
as Traumatic Brain Injury (TBI), Alzheimer’s, Parkinson’s, Autism and brain cancer (Unpublished Kaplan
Lab)3>38131 QOne clear avenue is monitoring CFCs, which have implicated changes in degenerative
diseases but have not yet been monitored in recent developments such as HSV-1 induced
Alzheimer’s*>®° Recent unpublished developments in Parkinson’s disease modeling in the silk-brain uses
hiPSC derived neurons which require longer culture periods. The device can be apropos for monitoring
CFC similar to the Alzheimer’s disease model and compare results to changes that occur in-vivo.
Additionally, since Parkinsonism disease models involved the culture of hiPSCs, using GECI may be
potentially toxic on the cells, given the time scale of culture (months). This makes the flexible electronic

71



device apropos for synchrony and small-world property changes. All properties related to neural
oscillation changes during pathogenesis can be tracked in the silk-brain in real-time with minimal
perturbations. The results of the in-vitro study can be compared against in-vivo degeneration or
aberration to compare how similar or different the model is to in-vivo patients or in what degeneration

stage is the model recapitulating.

After each individual property of hiNSCs is elucidated, they can be compared in tandem for a specific
purpose. This is particularly useful in neurodegenerative diseases. For example, computational modeling
has shown bursting properties between different neurons show specific coupling patterns that emerge

in generic cortical responses and in neurodegenerative diseases such as Parkinson’s disease®®32,

10.3. Other Silk-Based Models

Minor changes to the flexible mesh electronic device can also be adapted to integrate into a variety of
tissue models such as the silk corneal or intestinal model. For example, devices can study the effect of
interleukins, necrosis factors, and inflammatory proteins on heightened sensitization of nociceptors in
sensory cornea model neurons'®, They can also be tailored to the in-vitro enteric nervous system model
to elucidate inflammation responses®.. Devices can also be used for simultaneous photo-induced
experiments that are not possible with imaging techniques. For the cornea, this could include

monitoring photokeratitis. Or it can be specific photoinduction.

10.4. Conjunction with Nano-based Photo-stimulation

SiNWs are one way to introduce FETs (see below) but also for biodegradable transfection-free
‘optogenetics’34. SINWs are fabricated via chemical vapor deposition and more information on an
automation process for CVDs is listed in Appendix C. Particularly, this could be useful in photo-induced
epilepsy-relates studies in 2D and in the silk-brain to study how neural oscillations change based on

short-term and chronic induction. This can include optogenetic or nanowire light induced firing which is
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difficult to simultaneously monitor with imaging or real-time LFP probe studies**3*13%, SiNWs could also
be used for chronic stimulation of different rhythms/frequencies to test for how neural oscillations and
excitatory/inhibitory neurons and glial phenotypes change during differentiation in response to the

different stimulation patterns®®,

10.5. Changes to Flexible Electronic Device

Changes to the flexible electronic device elements can also be done for prospective studies aside from
MEA acquisition. The flexible mesh electronic device can also be adapted into biologically sensitive FETs
to probe real-time spatial neurotransmitter release’*3” using SINW or other mono/divalent nano-based
elements such as graphene. Photo-active FETs can also be used for optogenetic based studies as an

alternative to SiNW or graphene suspensions in cell media (Appendix D).

Additional work has been done to improve the dielectric properties to more in-vivo relevant tissue,
including the use of photo-crosslinkable silk fibroin (PSF)*32. This can be potentially applied in
conjunction with the other future studies in this section to allow for more in-vivo based bioelectronic
composition and incorporation for in-vitro tissue. PSF can also be potentially modified with ester groups
to increase its biological degradability (Appendix B). This could be potentially useful for integration
where degradation is desired in certain highly lithographic features such as increasing the mesh-like
properties. Courser based degradation of elements attached to the electronic devices can also be

achieved with dissolvable silk fibroin®°.
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Appendix A
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Figure S1 — Platinum Black Deposition on Macroscopic Electrode. Large current explained by ~1 cm?
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Figure S2 — Example Spontaneous Activity in Rat DRG. A) Signal of a single action potential B) Neurites
growing from rat DRG body. Scale bar is 200 pm.
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Figure S4 — cDRG with Control Injection. Sample was injected with media without any stimulant. This
same sample is the one that showed a response to MA.
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Figure S5 — Interevent Interval (IEl) Violin Plot for hiNSCs in 2D Culture. Individual data points removed
for clarity. Quartile ranges represented by lighter dotted line (Q1 and Q3) and darker dashed line (Q2).
Pooled from all samples. (n = 3). IEl is defined as the start of one event to the start of another event.
Here an event is a burst, so the start of one burst to the next burst.
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Figure S6 — Burst Duration Violin Plot for hiNSCs in 2D Culture. Individual data points removed for
clarity. Quartile ranges represented by lighter dotted line (Q1 and Q3) and darker dashed line (Q2).
Pooled from all samples (n = 3).
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Figure S7 — Number of Spikes in Burst Violin Plot for hiNSCs in 2D Culture. Individual data points
removed for clarity. Quartile ranges represented by lighter dotted line (Q1 and Q3) and darker dashed

line (Q2). Pooled from all samples (n = 3).
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Figure S8 — Median Modulation Index (MI) Box and Whiskers Plot Over Time. Values were obtained by
the median MI from windowed Ml values of active electrodes for all samples on all days-in-vitro (DIV).
Blue box represents 25" and 75" quartile. Red line represents median. Whiskers extend to 99.3%
(+2.70 (standard deviations)) of data for given DIV. Anything outside this range is an outlier,
represented as a red crosshair. Individual data points omitted by convention and for clarity.
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Figure S9 — One Electrode Histogram Distribution of Ml and MI Surrogate Windowed Values. Each
color represents one active electrode from a separate sample (n=3). Histogram values are the active
electrode’s Modulation Index (Ml) and surrogate Ml values across all windows (30 s window, 1 s steps)
of the data trace. Culture is at DIV 56. MI histogram represented by wider bars (bin size =1 x 104,
broadly distributed) and surrogate Ml values (bin size = 5 x 10, darker, narrower shaded colors near Ml
= 0) represented by narrow bars near 0 on x-axis. Colors of surrogate Ml of a given active electrode, on a
given sample, is a slightly darker shade of the same color for clarity. Bar colors are slightly transparent.
Each sample active electrode’s Ml is compared against its surrogate Ml in a paired t-test. **** (P <
.0001), paired t-test.
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Appendix B

Development of Photocrosslinkable and Biodegradable Silk Fibroin Thin Films
Introduction

Silk is a commonly used biomaterial used across many biomedical disciplines. Silk is primarily composed
of two types of protein molecules: fibroin, a core structural component of silk, and sericin, a
glycoprotein that helps with the adhesive properties of silk. Many studies have looked at isolating the
fibroin component of silk and using light induced polymerization them to form various structures from
hydrogels to thin and microscale films (terms used interchangeably in this paper) [1]. While recently
scaffolds and films made from sericin have been explored, they traditionally were marginalized due to
the potential inflammatory effect of the sugar groups [1], [2]. Thus, the work herein will discuss on using
fibroin.

Hydrogels made of fibroin are especially useful to provide cell scaffolds in tissue engineering
applications, such as mimicking the viscoelastic properties of cartilage for chondrocyte migration [3].
The mechanical and biodegradative properties of fibroin hydrogels can be easily tuned for in vivo use.
For example, Xiao et al. have shown that polymerizing gelatin methacrylate (Gel-MA) monomers with
silk fibroin under light polymerization produced ‘interpenetrating’ hydrogel networks which can
biodegrade with collagenase, a ubiquitous human enzyme [4]. This implies that it can be considerably
biodegraded in vivo. By controlling the pH and concentration of silk fibroin in aqueous solution, the
mechanical properties of fibroin hydrogels can be tuned significantly [5]. These attributes are likely due
to the porous and bulk nature of hydrogels.

For silk fibroin thin films, the mechanical properties and degradative properties are a bit trickier to
manage. Fibroin thin films made from photocrosslinkable fibroin photoresist (FPP), a modified form of
fibroin, are a necessary component in providing flexible and biocompatible electronics where a thin film
is needed for flexibility and patterning under ultraviolet (UV) exposure [6]. These films tend to be dense
since they need to act as a dielectric and support that insulates electrical connections so that only the
electrodes are exposed and not leads [7]. While there appears to be a certain component of swelling
under aqueous environment of these films, there should not be enough porosity to allow cells to
penetrate [8].

It is also important to classify what defines biodegradability. The Kaplan research group typically defines
a material non-biodegradable if it retains a significant amount of its property (i.e. film thickness) beyond
a few weeks [3]. A material is not also considered biodegradable if it elicits an immune response, as this
means a lack of biocompatibility and many things degrade upon immune response. While FPP is soluble
in water, polymerized FPP is not. This makes polymerized FPP inherently non-biodegradable due to its
bulky structure. The biodegradability of such thin films has been demonstrated in vitro using protease
XIV, but this is not something that can be translated in vivo. Other modified protein compounds like Gel-
MA have not yet been studied in thin films.

Hypothesis. In this work we propose a way to form biodegradable thin films comprised of silk fibroin
using either an attached cyclic ketene acetal group for homopolymerization, or alternating
copolymerization with either cyclic ketene acetal or gelatin methacrylate.
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Approach

The two main factors determining biodegradability in vivo is the ability for enzymes to penetrate the
scaffold and how well enzymes can biodegrade components along the polymer. In our case, the thin film
is dense, unlike a hydrogel, so we cannot rely on enzyme penetrability. This means we should rely on
enzymes degrading components along the polymer. If we can degrade the polymer backbone, then we
can send FPP monomers into solution which can be easily degraded. However, traditional FPP
polymerization relies on a carbon-carbon backbone, which does not easily biodegrade. An example of a
functional group that can biodegrade is an ester group [9], [10]. We are also limited to free radical
polymerization, as photolithography solely relies on this method. Cyclic ketene acetals are one example
of a compound that upon free radical polymerization will create an ester backbone (Figure 1) [source].

We will propose 3 alternative approaches to obtain a biodegradable FPP thin film. The first two involve
the use of cyclic ketene acetals. One approach would be mixing the cyclic ketene acetal and FPP
monomer generated in literature (Kurland et al.) in solution [8]. The second approach is to create FPP
that incorporates the cyclic ketene acetal group. The last approach would be to use gelatin methacrylate
with FPP to potentially make a thin film.

Figure 1 — Ring opening polymerization of cyclic ketene acetals. X represents a

o~ o variable amount of carbon groups in the ring. Obtained from Young and Lovell

! [ ' ] [source]
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Approach 1 — Using a Separate Solution of Cyclic Ketene Acetal and FPP

In this approach we will talk about using cyclic ketene acetal synthesis as a separate monomer
that will copolymerize with FPP. Since cyclic ketene acetals use the acetal group, they must be
polymerized in the absence of water. From Table 1, it is also better to use carbon groups where x is 4 or
5. This is because the ring opening polymerization mechanism reaches 100% at room temperature at
those x values [Book Source]. Thus, when synthesizing the cyclic ketene acetals monomer, we will focus
on x carbon chain values of 4 or 5.

X (Number of CH; groups) Temperature (°C) Ring-Opening Polymer Percentage (%)
2 160 100

2 125 83

3 130 85

4 >25 100

5 >25 100

Table 1 - Effect of Ring Size and Temperature on the Extent of Ring-Opening Polymerization of Cyclic
Ketene Acetal. Obtained from Young and Lovell [Source]

To produce the cyclic ketene acetal, we will use the synthesis procedure used by Argade and
Joglekar [11]. The reaction scheme is detailed below in Figure 2. Acetonitrile will be reacted with
Compound A. After addition of HCl gas and diethyl ether at 0 ° C for 4-5 days, a precipitate can be
collected. This precipitate can be treated with anhydrous sodium methoxide. The compound will be
allowed to react under stirring for 30-40 minutes at room temperature. The cyclic ketene acetal should
be formed with yields above 50%.
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To create FPP, we will need to isolate silk fibroin from silkworm cocoons [8]. We will then need
to perform dialysis and centrifugation to purify the fibroin. The fibroin will be then lyophilized to be
separated from water. This lyophilized fibroin was then dissolved in 1 M lithium chloride/dimethyl
sulfoxide (LiCl/DMSO) solution and reacted with 2-isocyanatoethyl methacrylate (IEM) at 60 ° C for 5
hours [8]. After reacting, the FPP monomer was again lyophilized and placed in hexafluoro-2-proponal
(HFIP) [8]. The methacrylate reaction is seen in Figure 3.

We can now dissolve the cyclic ketene acetal precipitate in the HFIP solution with FPP. Both
compounds should be dissolved between 4%-16% weight per volume [8], [Timko Lab*]. A small amount
of photoinitiator (PI), Irgacure 2959, is also dissolved, usually between 0.8%-2.0% [Timko Lab*]. This
solution can be ready to photopolymerize using standard procedures. It is important in this approach we
optimize the concentrations of the Pl, as well as the FPP and cyclic ketene acetal to produce the best
quality film.

For photolithography, the procedure is quite standard. We will spincoat the HFIP solution
containing PI, FPP, and the cyclic ketene acetal on a silicon wafer. We will then prebake the wafer
containing the spincoated solution at 60 ° C. The UV exposure should be between 103-104 mJ cm-2 of
exposure [Timko Lab*]. The length of time of prebake and exposure will depend on the thickness of the
film obtained during spincoating.

To characterize the biodegradability, the thin film should be placed tissue scaffolds and the
thickness of the film should be monitored overtime similar to Kurland et al. [8]. An example that has
been recently explored at Tufts University is 3D tissue scaffolds to hold iPSCs and neural stem cells. To
be biodegradable, the scaffold should erode significantly after a few weeks.

A potential issue with this reaction scheme is the reactivity ratios between the methacrylate
group and the cyclic ketene acetal. While the reactivity ratio of cyclic ketene acetals is difficult to
measure, similar compounds such as dioxane is less reactive than methacrylate [Book Source]. This
could potentially incur a block copolymer where the FPP macromonomers react first and form a block of
an FPP polymer before the cyclic ketene acetal attaches. This is a potential issue since we need an
alternating copolymer for biodegradability.

Approach 2 — Using an FPP Monomer that Contains a Cyclic Ketene Acetal Group

If Approach 1 becomes unfeasible due to block copolymerization complications, a plausible
alternative is to attach the cyclic ketene acetal group to the monomer, similar to how 2-isocyanatoethyl
methacrylate is attached. This would ensure that the backbone comprises solely of ester groups that can
be broken. A key challenge is finding a reaction mechanism that can be suitable to reach this monomer.
According to FTIR, the isocyanate group on 2-isocyanatoethyl methacrylate reacts fully with the alcohol
on the fibroin monomer to form a urethane (carbamate) group, which indicates an excellent mechanism
to follow when considering this approach. On the other hand, alcohol groups are required for the
synthesis of the cyclic ketene acetal, so an isocyanate group is incompatible. In this approach we will
discuss three potential solutions to combat this problem.
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Approach 2.a. — Using a Diels-Alder Mechanism

The first mechanism is to rely on a Diels-Alder reaction to add the cyclic ketene acetal. The method
involves using 4-isocyanatocyclohexene (Compound B) (location of double bond on ring is flexible) [Book
Source]. The cyclic ketene acetal will be formed similar to Approach 1, however, we will use cis-2-
butene-1,4-diol (location of double bond flexible) as the diol compound (Compound C) instead of
Compound A. In parallel you would create cyclic ketene acetal and the fibroin attached to a urethane
group with Compound B and C respectively. Since we are preparing the cyclic ketene acetal separately,
we can remove any unreacted trans-2-butene-1,4-diol impurities. Then you will use the Diels-Alder
Mechanism to attach the cyclohexene ring on the fibroin macromonomer to the ring on the cyclic
ketene acetal. We would need to optimize the temperature, but research suggests that the temperature
will not need to be excessively elevated (> 90 ° C) for the reaction to occur [12]. Consider we need 60 ° C
for pre-bake conditions during photolithography (See Approach 1), this temperature is not
unreasonable. An example of such reaction scheme is seen in Figure 4.

Approach 2.b. — Using Sodium Borohydride to Reduce Aldehydes or Ketones

A key advantage of silk fibroin is that it consists only of amide and alcohol functional groups [Insert
reference here]. This makes compounds such as sodium borohydride acceptable to use, as it will not
reduce any of these compounds readily. If we can synthesize a similar dialdehyde containing an
isocyanate group as Compound D (See Figure 5) then we can attack the isocyanate group on Compound
D with the fibroin monomer. A plausible way of doing this is by using O3 and dimethyl sulfide to convert
a methylene end group to an aldehyde as no compounds readily exist for Compound D. We can then
reduce the aldehydes into alcohols and proceed with the regular cyclic ketene acetal synthesis. A major
disadvantage with this approach is that many compounds need to be synthesized before hand and side
reactions involving sodium oxide and fibroin need to be considered.

Approach 2.c. — Using Silyl Ether as a Protecting Group for Alcohol

A protecting group can be placed on the alcohol to protect it rather than relying on the reduction of an
aldehyde or ketone mentioned in Approach 2.b. to obtain an alcohol group. We can place a silyl ether on
the alcohol as a protecting group, as seen in Compound E (similar structure to Compound D). A distinct
advantage of using silyl ether is that it only will be removed upon acid or fluorine ions [Book Source]. We
can react the isocyanate in Compound E with the fibroin macromonomer. We can then proceed with the
cyclic ketene acetal reaction detailed by Argade and Joglekar [11]. We do not need any other reagent, as
the HCl will deprotect the alcohol group by removing the silyl compound. This can ensure a controlled
formation of the [A] intermediate presented by Argade and Joglekar [11]. Two distinct disadvantages
would be the requirement of synthesizing Compound E and the potential side reactions of sodium oxide
with the fibroin as mentioned in Approach 2.b.

Approach 3 — Using Gelatin Methacrylate and FPP to Form a Copolymer Film

As mentioned in the introduction, Gel-MA has been only explored with fibroin in a hydrogel.
Thus, it might be difficult to produce dense biodegradable polymerized gelatin methacrylate and FPP
thin film composites and copolymers that retain the robust mechanical and dielectric characteristics of
polymerized FPP. This approach will be considered as a last resort if Approach 1 and 2 fails, however it
may be useful if the composition of solely FPP is not necessary. This approach does not rely on forming
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an ester group along the backbone. Rather, the Gel-MA and FPP will be polymerized together with a
carbon-carbon backbone. This is simply done by forming Gel-MA detailed by Xiao et al [4].

To do this, type A gelatin was dissolved in Dulbecco’s Phosphate-Buffered Saline (DPBS) with a
concentration of 10 wt% and at 60 °C. 5 mL of methacrylic anahydride was added to this solution and
the reaction was allowed to continue for 3 hours at 50 °C. The solution was then diluted 5 times using
more DPBS and dialyzed at the same temperature for 6 days. This compound was then lyophilized to
form Gel-MA [4].

We can mix this lyophilized compound with lyophilized fibroin containing the methacrylate group. We
can then follow the photopolymerization steps detailed in Approach 1. A key advantage of this
procedure is it has relatively easier procedures to follow. The mechanical properties can also potentially
be tuned by controlling the ratio between the Gel-MA and FPP. A disadvantage is that the carbon-
carbon backbone is retained. This in conjunction with a lack of a porous membrane like hydrogels may
significantly retard the degradation rate even though collagenase is present in human cells [4].
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Appendix C

For this project, | will be building a functioning VI for a CVD Machine that will run in Dr. Timko's
laboratory. The main components of the device are 5 gas inlets, 5 mass flow controllers, as well as a tube furnace,
a growth chamber, and a pressure regulator connected to a vacuum. The 5 gases are: silane, germane, diborane,
phosphine, and argon. These can be controlled between 0 and 200 SCCM. The tube furnace goes between room
temperature (288 K) and 500 °C (773 K). The pressure involves three valves. One chamber regulates the pressure
by controlling the variable output of gas to the vacuum (labeled c in Figure 1). Another one acts in parallel, which
acts as a ‘gate’ valve, which opens or closes fully to vacuum (labeled b in Figure 1). This is useful for steps that
require purging of gases involved. These valves cannot handle pressures near atmospheric pressures. The last valve
is in series to both previous valves, and redirects air when the chamber is open, so that the air does not damage
the other pressure valves (labeled a in Figure 1). A schematic of the system is seen in Figure 1. The pressure is
regulated to be between 0 — 100 mTorr and the growth time is between 0 — 20 minutes. The red/yellow lights on
the front panel dictate when the temperature/pressure/growth is in process, while the green light means it is
complete.

Silane
Germane  —
:
Diboranc i—%
)
Phosphine |_D<

1

Pressure Contol

Figure 1 — Schematic of CVD system

0-200 SCCM
The file to open is the Main.vi file in the Main Folder. This runs the furnace in parallel to the state machine.

The state machine has the following states:

[ Argon

1. Either on or after ending a process, the program waits for the start button to be pressed
Once pressed, the valve gate is opened and the heater is turned on

3. Global Variables which will communicate with the furnace part of the program will dictate when the
heater temperature is reached, and the pressure can be set (Same as temperature)

4. The gas flows are set now, the gate valve is closed, and the nanowires can grow for a certain amount of
time. The abort button should be able to be pressed during this time.

5. The flow of gases is stopped by opening the gate valve and then argon is filled into the chamber

6. The gate valve is closed and the system ends the processing. Go back to step 1

7. If the user stops the program, the communication with the furnace ends and the program ends.

Special consideration has been given to the ‘abort’ button and the ‘stop button’, which are distinctly different. The
abort button only can be pressed when the program is running between steps 2- 7. The stop button can only
operate in step 1 or 8. The advanced button has not yet been programmed but will show communication settings
that a user can change possibly in the future.

After contacting Yokogawa, | was able to find a source code for a UP150 controller, which the furnace
uses. | was able to modify the program and incorporate it into Main.vi. | placed all communications involved in a
disabled structure so that we can run the program without causing serial communication error (since we do not
have the parts). | have also contact MKS to find out more information about the mass flow controller’s digital
communication and the pressure controller. They replied once saying they cannot send information through the
gmail server and have not yet replied to my follow up email.
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Appendix D

Title: Nanowire Nanoelectronics for electronic interfaces in Optogenetics
Kevywords: Optogenetics, nanowires, electrophysiology, neurons, stimulation, recording
Introduction

Advances in nanoscience and nanotechnology have enabled entirely new classes of interfaces
with electrically active cells. For example, semiconductor nanowires (NWs) have been elucidated as
field-effect transistors (FETSs) that could measure extra- or intracellular signals from neurons or cardiac
myocytes [1,2]. These NW interfaces represented a significant advancement over conventional
electrophysiological tools, such as patch clamp pipettes and microscale multi-electrode arrays (MEA),
since they were relatively noninvasive and offered high spatial and temporal resolution [1,3].

A technology that could stimulate neurons at the nanoscale would complement NW-FETs by
enabling two-way communication at the single-neuron level. Stimulation, however, has remained a
challenge; conventional microfabricated electrodes, which stimulate neurons with capacitive currents,
cannot be scaled down to nanoscale since the capacitive currents would be reduced as well [4]. Optical
stimulation with cells expressing optogenetic proteins is an alternative strategy. Optogenetics involves
using depolarizing or repolarizing light-gated ion channels, such as Channelrhodopsin-2 (ChR2) or
Halorhodopsin (Halo/NpHR) respectively [5]. However, Optogenetics has traditionally only been
explored using macroscale and microscale light sources, such as light emitting diode (LED) arrays and
fiber optic cables, which do not have the spatial resolution achieved by NW-FET sensor arrays. Other
techniques such as two-photon microscopy and nanofibers are limited by their depth of penetration and
limited potential in vivo respectively [6].

Hypothesis. I hypothesize that NW-based light-emitting diodes (NW-LEDs) will enable point-
like contacts with neurons expressing optogenetic ion channels in an artificial tissue construct. These
contacts will enable neuronal stimulation at the level of individual dendrites, mimicking inhibitory- or
excitatory- postsynaptic potentials (IPSPs or EPSPs). Moreover, localized stimulation at the soma or
axons could modulate the resting potential, enabling control over excitability.

Research Plan
Aim 1 — Design NW-LED Interfaces with Neurons Expressing Optogenetic Actuators

NW Fabrication. NW-LEDs will be fabricated using NW building blocks composed of gallium
nitride (GaN), a group III-V direct-band gap semiconductor. I will synthesize core-shell-shell (CSS)
nanowires composed of n-doped GaN, indium gallium nitride, and p-doped GaN (n-GaN/InGaN/ p-GaN)
using the vapor-liquid-solid (VLS) growth and metal-organic chemical vapor deposition (MOCVD)
growth mechanisms [7]. The peak photon emission wavelength of this CSS nanowire composition used
by Qian et al. is 448 nm with a full width at half maximum (FWHM) peak of 40 nm. These emission
properties can be modulated by changing the composition and geometry of Indium in the NWs [8]. This is
especially useful for ion channels with varying absorption peaks.

NW-LED Device Fabrication and Characterization. NWs will be removed from their growth
substrate and organized onto a patterned and polymerized photoresist, SU-8 2025, resting on a silicon
wafer by using standard assembly and photolithography techniques. Metal contacts and passivation layers
will be deposited by thermal evaporation and plasma enhanced chemical vapor deposition, respectively
[2,9]. I will analyze the morphology of NW-LEDs through transmission electron microscopy (TEM) and
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characterize the optical properties of each NW-LED by measuring its emission intensity as a function of
channel current.

Culturing Rat Hippocampal Neurons Expressing ChR2. Rat hippocampal neurons will be
extracted by the protocol listed by Pacifici and Peruzzi and maintained in Neurobasal/ B27 medium
[10,11]. ChR2 will be expressed in hippocampal neurons through viral transfection. Using an adenovirus,
we can use a cre/lox genetic recombination technology to express neurons with ChR2 [12].

Interfacing Hippocampal Neurons and NW-LEDs. Using photolithography, demonstrated in
Patolsky et al., a patterned square well with an attached wide channel was patterned onto the SU-8
containing NW-LEDs. Using this technique, we treated the square wells with a PLL coating [2]. The
hippocampal neuron body will be placed into this PLL-coated square well on the silicon wafer and the
axons will be allowed to grow along the connected channel. The surface coating will help the neurons
adhere to the surface and guide the shape of their growth [13]. Multiple arrays of this set up will be placed
on the silicon wafer. The final schematic of the system is shown in Figure 1. Note that due to capacitive
currents, no stimulation is caused by an electrical potential difference. The NW-LED neural interface is
detailed in Figure 2.

Figure 1 — Schematic of Array System on the Silicon Wafer.
The following letters represent the following: a — (in blue) a
neuron inside a channel, b — (in darker gray) a channel with a
PLL coating to hold a neuron, ¢ — (in gold) microelectrodes
providing current to the nanowire, d — (in blue) nanowires
connected to the microelectrodes. One channel in b does not
contain a neuron for clarity of the channel with the PLL coating

(described in b).
hy F

The CSS NW-LED has many auspicious characteristics. Its
peak light emission wavelength falls within the range where ChR2 can
cause enough depolarization to make a neuron fire [14]. GaN
nanowires also show little cytotoxicity when interfaced with
hippocampal neurons [15]. The intensity of light is strong enough to

activate the ion channel and the wavelength range of light emission does Figure 2 — 3D Schematic of NW-
not cause ionization [7] LED Neural Interface. NW-LEDs will

be placed on the SU-8 substrate
I will irradiate the NW-LEDs at different intensities through the and neurons will grow over the N\W
transmission of an electrical current in order to determine the excitation interface. The irradiation of the NW
threshold of the neuron [2]. I will determine the effect of changing the
diameter of each nanowire, voltage/current through the nanowire, and array of nanowires on neural
activity. The neural intercellular potential (IC) will be monitored using a glass microelectrode or a MEA
system [2].

Aim 2 — Achieving Two-Way Interfaces Using Integrated NW-LED/NW-FET Systems

Following this proof of concept, we can test the interface of two or more NW-LEDs with neural
dendrites, manipulate the shape of the nanowire, and incorporate nanowire field effect transistors
(NWFETs) in order to noninvasively create and detect neural signals [2,7]. Depending on the application
we can tune the application to p or n-type NWs [2]. These NWFETs and NWLEDs will be multiplexed
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into a 16-element array and then scaled up to 64 elements. A printed circuit board (PCB) will be used for
stimulation and detection of neural signals. Our bandwidth during detection will range from 0 — 10 kHz.

Our goal is to achieve >90% functional interfaces. We will then move onto study NW-LED
interfaces with neurons expressing NpHR. In parallel, we will test the effects of changing SU-8 to
photocrosslinkable silk fibroin photoresist (FPP), which is widely studied as a suitable and robust tissue
implantable scaffold in Biomedical Engineering laboratories at Tufts University [16]. These interfaces
will be useful for chemical biomarkers.

Dr. Brian Timko and Dr. Eric Miller at Tufts University have investigated pain modeling systems
in corneal tissues. We will use inflammatory biological species such as capsaicin, to monitor how the
compound will affect neural sensory and pain response in our film interface. Our high precision neural
stimulation interface will be useful in developing a mathematical framework where a stimulus can be
algorithmically linked to an analgesic or inflammatory agent. This will help determine different states of
the tissue (i.e. ‘normal’ versus ‘injured’) by understanding the neural patterns they possess.

Aim 3 — Implementing the NW-LED Neural Interface in 3D Microporous Scaffolds

Flexible Microelectrode Arrays (FEAs) are an important tool for incorporating neural detection
pathways in 3D tissue scaffolds. Our multiplexed NW-LED and NWFET interface can be used to develop
a biocompatible, microporous FEA. We will start to incorporate 16 element FEAs in the 3D tissue
scaffold before moving onto 32 and 64 clement FEAs. These FEAs can be used to further improve the
signal processing and modeling of pain stimuli in 3D tissue scaffolds with minimal invasiveness in the
tissue structure. At Tufts University, the Tissue Engineering Resource Center (TERC) uses silk scaffolds
to create 3D tissue structures [17]. The facility has been used to conduct a wide variety of tissue models.

Anticipated Results

Under the supervision of Dr. Timko, I anticipate that it will take me one year to optimize the
nanowire interface with the neurons, by determining the nanowire-neuron array spacing and current
through the nanowires that produces the most precisely controlled neural activity. We will test the density
of neurons and optimize the necessary light intensity required for stimulation and minimum neural cross-
talk in 16 element base systems. I will then spend two years to develop more complex circuits by
multiplexing up until 64 element FEAs are achieved and monitor the effects of inflammatory agents.
Finally, we will study the FEA as an interceding layer in a 3D tissue scaffold produced at the TERC. A
timeline of these proposed outcomes is seen in Table 1.

Goal/Outcome | Year of Project: 05 1.0 |15 120 |25 3.0 3540 [45 (50

Optimally synthesize and organize NW-LEDs on an
SU-8 film. Use of MEA and/or glass IC electrode
required for neural stimulation detection. (Aim 1)

Analyze stimulation of neurons on a NWFET interface
(16 element array) with >90% functionality in
conjunction to the NW-LED matrix. (Aim 2)

Increasing the complexity of NW-LEDs and NWFETs
to 32 and 64 element array systems. (Aim 2)

Analyze the effects of irritants such as capsaicin on the
firing pattern of neural networks. Useful for
developing a mathematical neural framework. (Aim 2)

Analyze a FEA composed of NWFETs and NW-LEDs
on 3D tissue scaffolds. Scale from 16 element arrays to
64 element arrays. (Aim 3)
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Table 1 — GANTT Chart of Desired Outcomes of the NW-LED Proposed Research Project. Project is estimated over a
period of 5 years. Fulfilled aims are listed in the goal/outcome description.

Impact

There is no patent or publication that implements this use of nanowires in Optogenetics. This
technology could also provide a new paradigm in creating precise neural stimulation in Optogenetic
studies and in regenerative medicine. Other research groups at Tufts University, such as those in the
Kaplan Laboratory have developed ways to study the firing of 3D neural and cardiac tissues using
microscopic electrodes in alternating or coexisting layers of electrode patterned thin films and an
extracellular matrix scaffolds using the facilities at the TERC [18]. If the interface between the nanowires
and neurons is successful, I will incorporate this technology into these extensively studied artificial tissue
matrices to translate research in this field into incorporating high precision neural stimulation. This is
important for Engineering Sciences research at the Army Research Laboratory as well as the Chemistry
and Biological Sciences Team at Wright Patterson Air Force. From this information, we will have a better
understanding in providing a potential platform in nanobioelectronic tissue engineered therapeutics for
conditions such as spinal cord injury, functional prosthetics and vision substitutes for the blind, since
current research and solutions are stymied by the lack of precise stimulation [1]. The eventual goal is that
these artificial tissues can be used to replace damaged spinal tissue, create high functioning prosthetics, or
an interface to transmit retinal prosthetic information, which is important for veterans suffering from war
casualties [1].

References. [1] Timko et al. IEEE Transactions on Nanotechnology. 9(3): 269-280. (2010). [2] Patolsky
et al. Science. 313(5790): 1100. (2006). [3] Obien et al. Frontiers in Neuroscience. 8: 423. (2015). [4]
Horowitz, P., & Hill, W. (2015). The Art of Electronics. [5] Han, X. ACS Chemical Neuroscience. 3(8):
577-584. (2012). [6] Prakash et al. Nature Methods. 9, 1171 — 1179 (2012). [7] Qian et al. Nano Letters.
4(10): 1975-1979. (2004). [8] Qian et al. Nano Letters. 5, 2287-2291 (2005). [9] Yu et al. ECS
Transactions. 6(2): 133-136. (2007). [10] Pacifici & Peruzzi. Journal of Visualized Experiments. (63):
€3965. (2012). [11] Tchumatchenko et al. Frontiers in Neural Circuits. 7: 184. (2013). [12] Britt et al.
Current Protocols in Neuroscience. Unit 2.16. (2012). [13] Lee et al. Nanoscale Research Letters. 5(2):
410-415. (2010). [14] Zhang et al. Nature Methods. 3(10): 785-792. (2006). [15] Zhao et al. Nano Letters.
16(4): 2644-2650. (2016). [16] Kurland et al. Advanced Materials. 25, 6207-6212 (2013). [17] Tang-
Schomer et al. Proceedings of the National Academy of Sciences. 111, 13811-13816 (2014). [18] Chen et
al. Nature Scientific Reports. 5, 1-11 (2015).
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Appendix E

Analysis of High Glucose Concentration on Differentiating hiNSC Metabolism and Neurite
Growth in 2D and 3D Silk Sponge Donut Models

Bilal Haider, Jingzhu Hao, Nandita Satish Menon, Brendon Clover
Objective and Introduction

Diabetic patients are at risk for hyperglycemia due to a lack of insulin secretion®. Hyperglycemic
conditions are known to cause complications in physiological environments. In the case of neural

generation, studies have shown that hyperglycemic conditions disrupt proper neural development?3.

There has been a great interest in studying neural development including the use of stem cells.
Cairns et al. have invented a human induced neural stem cell line (hiNSC) for studies related to neural
development and growth®. Neurons have been incorporated into organ-based in-vitro models made
from a porous silk sponge, including corneal and brain models>®. While hiNSCs have only recently
gained relevance in the brain model, previous work has focused similar neurite development using
human induced pluripotent stem cells (hiPSCs). Particularly for the brain model, the use of the in vitro
sponge system is used to test the effects of pathological and neurodegenerative diseases. While some of
these studies still rely heavily on animal-based neural cells, these systems are motivated to eventually
limit animal based models, which are typically expensive, limited in translational applicability to human
subjects, and to a limited degree, controversial in its use'®. However, the effects of hiNSCs development
in hyperglycemia have yet to be studied.

In this study, we test the effects of hyperglycemic cell media on hiNSC metabolism and neurite
outgrowth. We used the hyperglycemic condition and 1.5x the hyperglycemic condition reported by
Guleria et al. as two experimental groups (See Experimental Methods). We accepted their approach to a
hyperglycemic condition since it was involved in reduced differentiation of rat cortical neurons?. We
anticipate the hyperglycemic conditions will reduce metabolic activity and reduce hiNSC neurite
outgrowth. We used Immunocytochemistry (ICC) and an alamarBlue Assay to qualitatively and
guantitatively assay these effects.

Experimental Methods

Cell Media and ICC Buffer Preparation. hiNSC complete media was used by preparing KnockOut DMEM
with bFGF media similar to past protocols listed by Cairns et al*. For hyperglycemic conditions, D-glucose
was added to the desired concentration. This hyperglycemic solution was filtered using a syringe and a
0.2 um filter to help maintain sterility. Blocking reagent was prepared by using 15 mL goat serum, 250 uL
of TritonX-100, 5mL NaAzide and ~230 mL of PBS.

We had our treatment group cell media consist of 25 mmol/L (regular), 60 mmol/L, and 90
mmol/L of D-glucose. Regular KO Media has 25 mmol/L of glucose. We chose 60 mmol/L as a
hyperglycemic condition based on the study performed by Guleria et al?. From there we decided to use
1.5x the hyperglycemic condition used to test the effects of this hyperglycemic condition on our cell line.

Cell Culture. hiNSCs were obtained (Tissue Engineering Research Center, Tufts University) and either
diluted) or concentrated as necessary. Dilution occurred with regular addition of KO Media + serum
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(Fisher Scientific). Cell were concentrated by being spun down into a pellet, removal of the supernatant
in amount adequate to concentrate the solution.

2D Cell Culture. A 12 well plate was used. Approximately 500 pL of gelatin was used to coat the bottom
surface of the well plate for approximately 20 minutes and subsequently washed out. 1.5 x 10° cells
were plated onto the well plate and allowed to adhere overnight. Media was subsequently changed
every other day. For the 2D Cell culture used for alamarBlue analysis, regular KO Complete media was
used for 7 days. After the 7 days, various treatment group media were used. For the 2D Cell culture used
in immunostaining, the treatment group media were immediately used after allowing the cells to adhere
overnight due to time constraints related to the class.

3D Cell Culture. Sponges were fabricated by a prior protocol developed by Chwalek et al®. Sponges were
autoclaved by a dry gravity cycle and coated with PDL (Fisher) in a sterile laminar flow hood prior to use.
Sponges were then moved into an unused sterilized 96-well plate. hiNSCs were seeded into 4 opposing
corners of the sponge so that approximately 5 x 10° cells existed per scaffold. One group of sponges had
no cells and was treated as a negative control for the alamarBlue and Immunofluorescence analysis.
Unlike the Chwalek protocol, the sponges were immediately collagen filled with neutralized rat tail |
collagen after cell seeding rather than allowing for overnight incubation. Regular KO Complete media
was used for 7 days where the media change occurred daily. After 7 days, the scaffolds were moved to a
48 well plate where they were treated with various treatment group media. The normalized intensity
was determined by the following equation:

experimental fluorescence — control fluorescence

Normalized Intesity (% Activity) = control fluorescence
AlamarBlue Analysis. After 6 days of the treatment groups, 2D and 3D cells were analyzed for metabolic
activity. Media was aspirated, and a 10% alamarBlue solution was added (ThermoFisher). After 3 hours
of incubation at 37 °C and 5% CO,, a 100 pL aliquot was removed from each well and subsequently
placed into an empty well in a black 96-well plate. The solution was analyzed using a UV-Vis
Spectrofluormeter. Fluorescence measurement was recorded by using an excitation wavelength of 560
nm and 590 nm. The aliquots obtained from the control sample from the 3D scaffold was used as the
negative control.

Immunocytochemistry (ICC) Analysis. Cell media was removed and washed with 1x PBS. Enough 4%
paraformaldehyde (PFA) was added to cover well plate or sponges to fix cells the cells. For 2D cell
cultures, cells were fixed 7 days after seeding. For the 3D scaffold, the fixation step occurred subsequent
to the alamarBlue Analysis. PFA was removed was washed with PBS three times. Blocking buffer was
added and allowed to incubate for 30 minutes. For the 2D case, blocking buffer was diluted to half the
concentration for this step in PBS. Primary antibodies (Rabbit anti-Tuj1) were added to blocking buffer in
a 1:500 concentration and allowed to incubate at least overnight at 4 C. After incubation, the solution
was washed 3 times with PBS and secondary antibodies (goat anti-rabbit Alexa FlourTM 488) diluted to
1:1000 in blocking buffer was added. These antibodies were chosen based on previous studies and
optimized by previous unpublished studies related to ICC on hiNSCs®. Incubation took place at least for
30 minutes at 4 C. Cells were washed three times with PBS before fluorescence imaging took place. 3D
cells were imaged using fluorescence imaging on a Keyence Fluorescence Microscope and 2D cells were
imaged on a Nikon Fluorescence Microscope.
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Image Analysis. Images obtained by Immunofluorescence were analyzed using FlJl and scale bars were
added using the program.

Results

The alamarBlue results for the 2D culture and 3D scaffold culture is detailed in Figure 1 and 2
respectively. There appears to be no significant difference between any treatment groups though the
standard deviation in each treatment group was very high. Immunostaining for the 2D and 3D cells are
shown in Figure 3 and Figure 4 respectively. Only one of the well/scaffold per treatment group has been
shown. The rest can be found in Figure S1 and S2 for 2D and 3D conditions respectively. The central
window of the donut was captured to show the contrast between the sponge and the surrounding area.
While no quantitative assessment was performed on the 2D and 3D morphology, BllI-tubulin is indeed
present in the seeded well plates and sponges albeit poorly in the 2D case. For the 3D scaffold, the 60
mmol/L concentration of glucose appeared to yield the best neurite outgrowth.
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Figure 1 — AlamarBlue Results for 2D Hyperglycemic Culture Experiments. Mean average error is listed
as standard deviation divided by the square root of the number of samples (n =9).
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Figure 2 — AlamarBlue Results for 3D Hyperglycemic Culture Experiments. Mean average error is listed
as standard deviation divided by the square root of the number of samples (n =9).
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Figure 3 — Immunocytochemistry on hiNSCs on Gelatin Coated Wells. Concentrations represent
glucose. Glucose concentrations used in each well from left to right are A) 25 mmol/L, B) 60 mmol/L, and
C) 90 mmol/L. Scale bar represents 500 um. Staining is for BllI-tubulin.

Figure 4 — Immunocytochemistry on hiNSCs on 3D Silk Sponges. Concentrations represent glucose.
Glucose concentrations used in each well holding the sponge containing cells are A) 25 mmol/L, B) 60
mmol/L, and C) 90 mmol/L. In D) there are no cells, but the sponges were treated with 25 mmol/L
glucose as a negative control. Scale bar represents 100 um. Staining is for BllI-tubulin.
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Discussion

For the alamarBlue Blue, there didn’t appear to be any significant difference among the
metabolic activity in 2D and 3D cases. However, the 90 mmol/L glucose treatment group had the highest
mean metabolic activity in both 2D and 3D systems. This potentially suggests that the metabolic activity
may be greater for the 90 mmol/L scaffolds. If cell death does not occur, this corroborates with more
glucose available for metabolism. A larger sample size would give enough statistical power to verify this
claim. alamarBlue may not necessarily be the best assay to gauge the health of hiNSCs as it is a marker
of metabolic activity and proliferation. Cells may be more active at higher glucose concentrations but
that does not necessarily translate into healthy neurite formation and connectivity. A possible
alternative would be to test the effects of the treatment groups on oxidative stress with glutathione
(GSH), glutathione s-transferase (LPO), and thiol levels as performed in the protocol detailed by Guleria
et al’.

The immunofluorescent staining of Blll-tubulin should help elucidate whether proper neurite
formation occurs with varying glucose concentration levels. The 2D culture used for immunostaining had
poor neurite growth for all cultures. We however did notice neurite development near the edge of the
wells (Figure S3). Our 2D cell culture used for performing an alamarBlue analysis ran parallel and
simultaneous to the 3D culture experiment. Upon fixing these cells, the cells lost all their neurite
morphology and hence were not used for immunostaining. In Figure S4, phase contrast microscopy of
these cells 9 days after 2D culture, and treated with regular KO media, shows healthy neurite
morphology. This is indicative that hiNSC growth is indeed possible on a 2D gelatin covered surface as
past literature suggests®. This could potentially suggest that the poor neurite growth in the 2D
immunostained cells is due to improper the gelatin coating on the well plate or the poor viability of
hiNSCs prior to seeding.

For the 3D cells however, there did appear to be a qualitative difference between the various
glucose concentration levels. The 60 mmol/L concentration of glucose appeared to have the greatest
BllI-tubulin expression and neurite outgrowth homogenously throughout the sponge. The culture of
cells in the regular glucose media also appeared to have homogenous distribution and neurite growth.
Seeded sponges treated with 90 mmol/L of glucose began forming ‘clumps’ of cells and expression of
the protein marker. This is not indicative of healthy neurite outgrowth as cells should not form
segregated neurite clusters since they will not be able to communicate via proper synaptic connections
in this manner. The synaptic connectivity of neurons throughout the sponge is important for firing
connectivity in the brain model®. No neurite outgrowth was seen through the central window. This could
potentially be due to the immature state of the hiNSCs (still being at 2 weeks of culture). Another
potential possibility is that the collagen did not properly form through the central window. This can only
be tested if the cells are incubated for a longer period of time to allow for neurite outgrowth through
the central window.

Future studies could reevaluate the 2D culture for immunostaining of Blll-tubulin with the
various treatment groups and use Imagel to evaluate the extent of neurite outgrowth as demonstrated
by past literature!l. Another reevaluation could be testing the 3D constructs for longer time periods to
see if the hiNSCs grow through the central window. Once this is established, calcium indicative dyes or

101



the use of microelectrode arrays could be used to check the differences in emergent firing that occurs
between the different treatment groups in 2D and 3D in-vitro systems.

Abbreviations

hiNSCs — human induced Neural Stem Cell
PDL — poly-D-lysine

KO- Knockout

bFGF — Fibroblast Growth Factor — Basic
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