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ABSTRACT

Investigation and modulation of the electrical activity of neurons and cardiomyocytes is
essential to understand the underlying mechanisms and treatment of neurological and cardiac
diseases. Furthermore, having two-way interfaces with cells is crucial for brain-machine
interfacing and engineering of more effective tissue regenerative scaffolds. Development of
various optical and bioelectronics platforms over the decades has enabled probing of excitable
cells to monitor and modulate their electrical activity. Ideally, the recording/stimulating platform
should enable long-term stable interfaces and multi-site recordings/stimulation with sub-
millisecond temporal and sub-cellular spatial resolution. Even though significant progress has been
made, the current technologies are still limited on various fronts. Specifically, (i) patch clamp
technique is limited by its recording sites, (ii) metal-based microelectrode array (MEA) are
incapable to record at a single cell or sub-cellular level, (iii) high rigidity of Si-based probes lead
to mechanical mismatch with the tissue thus impeding long-term stable interfaces, (iv) planar field
effect transistors (FETs) are limited by the charge storage and injection capacities needed to
stimulate cells, (v) voltage/ion sensitive dyes are limited in temporal resolution especially for

volume measurements, and (vi) optogenetics is limited by the need of genetic modification of cells.

In this thesis work, the limitations of current techniques were addressed by developing
platforms using an extraordinary carbon-based nanomaterial called graphene. Graphene’s
physical, chemical and electrical properties were tuned by tailoring its morphology and structure.
The high transparency of two-dimensional planar graphene was leveraged to develop transparent
MEA platform that enabled simultaneous optical and electrical recordings, thus integrating the
high spatial and temporal advantages of both the techniques. The high surface area of out-of-plane

grown three-dimensional (3D) graphene was leveraged to develop ultra-microelectrode arrays that

vii



enabled recordings at sub-cellular spatial and sub-msec temporal resolutions. The high photo-
absorbance and photo-thermal efficiency of nanowire-templated 3D graphene was leveraged to
enable non-genetic photo-stimulation of neurons with high precision and sub-cellular spatial
resolution. The tools developed in this thesis push the limits of the current technology which will
further enhance our understanding of the tissue functioning both in healthy and disease states.
Furthermore, it will enable development of better diagnostic and therapeutic platforms for both

cardiac and neurological disorders.
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Chapter 1- Introduction

“There is plenty of room at the bottom”, a great lecture in 1959 by the Nobel Laureate, Richard
Feynman, where he seeded the concepts of nanotechnology and introduced the ground breaking
idea of developing molecular machines.! Since then, scientists and engineers have been exploring
this concept and trying to develop nanomaterials with extraordinary properties using two
approaches, i.e., bottom-up approach which refers to building up from molecules and
nanostructures, and top-down approach, which refers to miniaturization of bulk materials and
structures.? At the nanoscale, material properties are dominated by surface energy and surface
properties which are different from those of bulk counterparts, thus enhancing their electronic,
optical, magnetic, and structural properties that cannot be achieved at macro-scale.* Given that the
functional elements and components in biology, such as nucleic acids, proteins, organelles, cell
membrane, etc. are in nano- to micron-scale, development of nanomaterials has led to the

possibility of probing, investigating and manipulating the biological processes.

1.1 Nanomaterials in biology and medicine

One of the important aspects of nanotechnology lies in the ability to tune materials such that
their spatial and temporal scales are compatible with biomolecules. Nanomaterials are defined as
materials with building units smaller than ca. 100 nm at least in one dimension.>® Nanomaterials
include nanoparticles, nanoclusters, nanotubes, nanofibers, nanowires, nanorods, two-dimensional
(2D) sheets or films, etc., and can be made of metals, ceramics, polymers, organic materials and
composites. Various top-down and bottom-up techniques such as electrospinning, phase
separation, self-assembly processes, thin film deposition, chemical vapor deposition (CVD),
chemical etching, nano-imprinting, photolithography, and electron beam lithography have been

developed to synthesize nanomaterials and fabricate nanomaterial-based platforms.* 1% Scaling-
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down the material size into the nanoscale significantly increases the surface area, surface
roughness and surface area-to-volume ratios thus enhancing the physiochemical properties such
as mechanical, electrical, optical, catalytic, magnetic properties, etc.* 1* The enhanced properties
of nanomaterials in addition to their ability to interact with sub-cellular components make them a
great candidate for various biomedical applications, such as bioactive scaffolds for tissue
engineering,> 12 drug delivery for therapeutic applications,*** and biosensors for diagnostics,
investigation and modulation of cells and tissues.’>” However, there are two key points that are
needed to be considered while applying nanotechnology in biology or medicine: first, the
nanomaterials interfaced with cells or tissues should not interfere with the biological activities,

and second, nanomaterials must be non-toxic.

1.2 Electrophysiology

The most complex network in the body, the nervous system, is made up of specialized cells
called glia and neurons. Glial cells mechanically support the neural growth, form the immune
system, supply nutrients to the neurons, and electrically isolate the neurons from each other.'8
Neurons are electrically excitable cells that relay information down a neuronal network in terms
of electrical signals. The electrical signals, also referred to as action potentials, occur due to flow
of certain ions such as Na* and K* across the cell membrane through the ion channels present in
the cell membrane (Figure 1.1A).18 At the resting state, the voltage-gated ion channels are closed.
Since the resting membrane comprises of high number of leak channels specific to K* ions, the
resting membrane potential (Vwm) is around -85 mV to -60 mV, i.e., closer to the K™ equilibrium
potential. However, if an external stimulus or summation of multiple stimuli at the origin of the
axon increases Vv above a threshold value of ca. -55 mV, it triggers the voltage gated Na*

channels. When the channels open, Na* ions flow inside the cell and depolarize the cell, thus,



generating a positive intracellular potential change. The reversed Vw results in the closing of Na*
channels and activation of the voltage gated K* channels. The outflow of K" ions repolarizes the
cell which eventually crosses the resting Vm leading to hyperpolarization. The exchange of 3
intracellular Na* for 2 extracellular K* via Na™-K* pumps, gets the cell back to its resting Vm. Once
an action potential is initiated on a small section of the membrane, it triggers an action potential in
the subsequent section, ensuring the signal propagation along the membrane. At the same time a
transient negative shift due to the hyperpolarization prevents the backpropagation of the signal.®
The amplitude of an action potential remains constant while traveling down the axon because the

action potential is an all-or-none impulse that is regenerated at regular intervals along the axon.*®
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Figure 1.1 Schematic of an action potential.
(A) Action potential of a neuron. 1, 2, 3, and 4 denote depolarization due to Na* influx,
repolarization due to K* outflux, hyperpolarization, and resting membrane potential,
respectively. (B) Action potential of a cardiomyocyte. 1, 2, 3, 4, and 5 denote depolarization
due to Na' influx, repolarization due to K* outflux, plateau phase due to Ca?" influx,
repolarization due to K* outflux and resting membrane potential, respectively. Dotted red line

denotes the threshold potential to initiate an action potential.



The communication between neurons, also called neurotransmission, is accomplished either
by the movement of chemicals across the chemical synapse or electrical signals across the gap
junctions.!® The frequency and pattern of the action potentials determine the functions of the
neuronal networks. Another tissue in the body, heart, also consists of excitable cells called
cardiomyocytes. These cells also have ion channels that enable flow of ions across the cell
membrane thus leading to action potentials. However, one major difference between cardiac and
neural action potential is the role of Ca?* ions in depolarization of cardiomyocytes. The 1% two
phases of action potential are similar to neurons, i.e., depolarization of the membrane due to Na*
influx and repolarization due to K* outflux. However, during the repolarization, the voltage-gated
Ca?* channels get activated. The combination of K* outflux and Ca?* influx leads to the plateau
phase as observed in Figure 1.1B. Once the voltage-gated Ca?* channels close, outflux of K* ions
repolarizes the cell membrane. Cardiomyocytes are coupled by gap junctions allowing the
movement of ions between cells to coordinate the action potential propagation and contraction

across the heart.?°

1.3 Investigation and modulation of electrical activity

Since the seminal works of Luigi Galvani, Kenneth Cole, Howard Curtis, Alan Hodgkin and
Andrew Huxley in the 18" and 20" century that laid the foundation of the electrophysiology of
excitable cells,?3! generations of investigators have invested immense efforts into developing
tools for recording and modulating the electrical activity of neurons and cardiomyocytes.
Characterizing the electrical signals has enabled understanding of the intracellular processes and
intercellular communications crucial for the functioning of the heart and brain tissues.6"
Investigating electrical signals is crucial to understand pathophysiology, since most cardiac and

neurological disorders are linked to impaired electrical activity at the cellular as well as tissue



level 223233 |n addition to fundamental research, pharmaceutical industries rely heavily on in vitro
electrophysiological assay systems since the ion channels that are the basis of electrical activity
serve as one of the major therapeutic drug targets.'® 3+% More recently, stimulation and recording
of electrical activity has been explored for enabling brain-machine interfacing,* as well as tissue

engineering applications for regeneration of cells and tissues.3’°

1.3.1 Current techniques and platforms
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Figure 1.2 Comparing current imaging and bioelectronics platforms with the biological
length scale.

Positron emission tomography (PET) and electrocorticography (ECoG) are specifically for
monitoring brain activity, and electrocardiography (EKG) is specifically to monitor electrical
activity of heart. The fluorescent indicators, patch clamp and microelectrode arrays (MEAS) are
used for both neural and cardiac cells.

Development of patch-clamp technique in the late 20™ century, that enabled electrical

recordings at a sub-cellular scale with sub-msec temporal resolution, has played a crucial role in

understanding the basic electrophysiology of excitable cells.*® However, patch-clamp requires a



dedicated 3D manipulator for precise interfacing between a micropipette and cell membrane
performed under a microscope, which impedes multiplexed recordings. Whole-cell patch clamping
also leads to mixing of cell cytosol and the exogenous solution filling the pipette, which can lead

to cell damage and complicate long-term measurements, 6 4142

Over the years, many modalities have been developed to monitor and/or modulate the
electrical activity of cellular networks and tissues (Figure 1.2), that can be categorized into three
groups: First category includes neuroimaging approaches, such as functional magnetic resonance
imaging (FMRI) and positron emission tomography (PET),**** that allow noninvasive and long-
term monitoring of brain activity. However, the detected signal represents a low bandwidth
superimposition of the activity of large neuron populations leading to low spatiotemporal

resolutions which limit the investigations and study of circuit dynamics at the cellular level.**

Second category includes optical imaging techniques, such as voltage and Ca?*-based
fluorescent indicators,* and optogenetics,*® that use reporter chemicals or proteins that convert
changes in membrane potential or flow of ions to an optical signal. These techniques enable
recording and/or stimulation at sub-cellular as well as cellular network scale, however, they are
limited by the penetration depth of light in the tissue, the toxicity of the fluorescent dyes, genetic

incorporation of the proteins, or slow temporal-resolution in macroscopic 3D imaging.*®

Third category includes the use of passive electrodes such as microelectrode arrays
(MEAs) and active devices such as field effect transistors (FETSs) (Figure 1.3). When an excitable
cell is interfaced with an electrode or a transistor, a cleft is formed which generates a resistance
called seal resistance or Rsear as shown in Figure 1.3C, D. Excitation of the cell leads to the flow

of ions across the cell membrane. This gives rise to an extracellular potential difference called



junctional voltage, V;, with respect to the bath solution. When the electrode or transistor is
interfaced with the cells, the V; leads to changes in the recorded potential in the case of an electrode

or changes in the recorded current in the case of a transistor, thus enabling recording of the cellular

electrical activity.16-17:41

2pOIRBRODIN YD

Figure 1.3 Cell-sensor interface.

Schematic illustrating the interface of excitable cells with (A) FET and (B) MEA. Electrical
circuit analog of the (C) cell-FET and (D) cell-microelectrode interfaces. S and D represent
source and drain leads, respectively. Ry, Rny, Rseal, and Re represent junctional, non-junctional,
seal and electrode resistances, respectively. C;, Cni, Ccoupling, and Ce represent junctional, non-
junctional, coupling, and electrode capacitances, respectively. Vi, Vsp, Vg, Viee and lIsp
represent junctional voltage across the cleft, source-drain voltage, gate voltage, recorded

voltage, and source-drain current, respectively. RE represents reference electrode.



The primary strength of this technique is the capability to achieve high temporal resolution
that enables investigation of a wide range of phenomena, from the sub-msec spiking activity of
individual cells to the slower network oscillations of small populations.*”*° In addition, the passive
electrodes can be used to inject charge to the cell thus stimulating the cells electrically.
Furthermore, the quality of the recorded signals by electrodes can be improved by tuning certain
design parameters that affect the impedance of the electrode and the seal of the sensor-cell

interface, as per the equation:

Z

Z +(

Ve
Ye .
m 1) (2 + 2,)

seal

where, Ve is the voltage detected by the electrode, Vi is the membrane potential, and Zj, Z, and Ze
are the junctional, load and electrode impedances, respectively.'®1" 4150 MEAs and FET arrays
allow for the simultaneous recording of signals from multiple excitable cells at multiple locations,
thereby improving the understanding of signal propagation in a cellular network. However, typical
metal-based MEAS, such as Au and Pt, and Si-based MEAs, such as Utah arrays, are limited by
the presence of rigid materials with different mechanical properties from the biological tissue,
leading to mechanical mismatch.>*® Furthermore, the poor biocompatibility of these electrodes’
materials lead to chronic immune responses.>>®% These factors lead to degradation of recording
and stimulation capabilities over time.>! 54 %859 61-65 Fyrthermore, there is a trade-off between
spatial resolution and sensitivity of MEAs since decreasing the geometric area of a recording site
to a cellular or sub-cellular scale causes (i) a significant increase in the electrode impedance, Ze,
thus affecting the recording capabilities of the MEAs, and (ii) reduction in charge storage and

injection capacities, thus affecting the stimulation capabilities of the MEAs.%6-70



1.3.2 Factors for ideal platform and promise of nanomaterials

There are certain key factors that make a platform ideal for interfacing with excitable cells
and tissues'®-1" 4 70-71: (j) high biocompatibility to avoid immune response and cell death, (ii) high
flexibility to minimize mechanical mismatch and avoid shear motion at the cell-electrode interface,
thus enabling long-term stable interfaces, (iii) multi-site recordings to enable investigation of
cellular behavior at a network scale, (iv) high temporal resolution to allow recordings of sub-
millisecond events, and (v) sub-cellular spatial resolution to enable high precision and accuracy,

avoid averaging of signals from multiple cells, and enable investigation of sub-cellular events.

Nano-bioelectronics, an interdisciplinary field that combines nanomaterials and
nanoscience with biology and electronics, offers the potential to overcome existing challenges
faced by conventional platforms, such as low spatial resolution, low signal-to-noise ratio (SNR),
poor specificity, and limited biocompatibility.*6*" 7> Nanomaterials’ high surface area-to-volume
ratio and comparable size scale as that of biological building blocks offers possibility to interface,

investigate and perturb biological processes from tissue scale down to sub-cellular scale.

In this thesis work, we addressed the above-mentioned limitations of the current techniques
by developing platforms using an extraordinary carbon-based nanomaterial called graphene. By
tailoring the morphology and structure of graphene we tuned its physical, chemical and electrical
properties.!> 7® The high transparency of 2D monolayer graphene was leveraged to develop
transparent MEA platform.'® This enabled simultaneous optical and electrical recordings, unlike
standard metal/Si-based MEAs, thus integrating the high spatial and temporal advantages of both
the techniques. The high surface area of out-of-plane grown 3D graphene was leveraged to develop
ultra-microelectrode (UME) arrays with ~600 folds smaller geometric area of the electrodes

compared to conventional MEAs, thus enabling recordings at sub-cellular spatial and sub-msec
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temporal resolution. The high photo-absorbance and photo-thermal efficiency of nanowire-
templated 3D graphene was leveraged to enable non-genetic photo-stimulation of neurons with
high precision and sub-cellular spatial resolution. The tools developed in this thesis will further
enhance our understanding of the tissue functioning both in healthy and disease states.
Furthermore, it will enable development of better diagnostic and therapeutic platforms for both

cardiac and neurological disorders.

1.4 Flow of thesis

This thesis is divided into 7 chapters: Chapter 1 focused on the brief introduction about the
electrophysiology of excitable cells, investigation and modulation of electrical activity of excitable
cells, current techniques and platforms, the nanotechnology and its usage in bioelectronics, and
the ideal device parameters. Chapter 2 focuses on the synthesis and characterization of graphene-
based nanomaterials with varying morphology, and physical, chemical and electrical properties.
Chapter 3 focuses on investigation of the biocompatibility of graphene-based nanomaterials with
both non-excitable and excitable cells. Chapter 4 focuses on the development of monolayer
graphene-based transparent MEA platform to enable simultaneous electrical and optical
recordings. Chapter 5 focuses on the development of 3D fuzzy graphene-based ultra-
microelectrodes for electrical recordings at sub-millisecond temporal and sub-cellular spatial
resolution. Chapter 6 focuses on development of a nanowire-templated 3D fuzzy graphene-based
platform that enables non-genetic optical modulation of neurons at high spatial and temporal
resolution. The final chapter summarizes all the other chapters and shines light on the future
directions and further applications that can be pursued using the recording and stimulation

platforms developed in this thesis work.
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Chapter 2- Graphene-based nanomaterials

2.1 Introduction

Graphene is a one-atom thick 2D honeycombed arrangement of sp-hybridized C atoms.
Since its discovery in 2004, it has attracted considerable interest in the scientific community
owing to its chemical stability,” high electrical conductivity (charge carrier mobility up-to 200000
cm? V1 s71),78 mechanical robustness (Young’s modulus of ca. 1 TPa),’” high surface-to-volume
ratio (theoretical value of ca. 2630 m? g1),”® and optical transparency (optical transmittance of ca.

97.7%).7®

2.2 2D graphene

Over the years, different methods have been developed to obtain planar graphene, such as,
(i) mechanical exfoliation, i.e. isolating monolayer graphene sheet from the highly ordered
pyrolytic graphite (HOPG) using scotch tape;’ (ii) chemical exfoliation, i.e. formation of graphene
oxide (GO) suspension from graphite using Brodie, Staudenmaier, or Hummers method, followed
by formation of thin films, and reduction of the GO to graphene using thermal, ultraviolet light or
chemical methods;%#2 (iii) epitaxial growth by thermal decomposition of SiC at 1200-1700 °C
under high vacuum;® and (iv) chemical vapor deposition (CVD), a surface-catalyzed process that
decomposes C precursor gases such as CHa, on transition metals such as Ni, Co, and Cu-based
substrates at elevated temperatures of ca. 1000 °C either under ambient pressure (APCVD) or low

pressure conditions (LPCVD).84-8

Graphene film produced by mechanical exfoliation is the cheapest way to produce high
quality graphene, however, graphene production is labor intensive and not scalable, and the flake

size is restricted to <1000 pm?.85 Chemical methods provide low-cost synthesis and fabrication of
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large-scale films, however, these assembled graphene films show relatively inferior electrical
conductivity owing to the poor interlayer junction contact resistance and the structural defects
formed during the exfoliation and reduction processes.®* Thermal decomposition of SiC yields
relatively large graphene sheets on insulating substrates, however, it is not transferrable to other
substrates, thus impeding the usage of graphene for flexible and transparent devices. CVVD process,
on the other hand, enables controlled synthesis of high-quality defect-free monolayer graphene.
Furthermore, CVD synthesized graphene is transferrable to any substrate of interest using wet

transfer and dry transfer techniques.®”-8°

2.2.1 CVD synthesis of monolayer graphene

We have optimized the synthesis of high-quality monolayer graphene using a custom-built
LPCVD system. The quality of graphene sheet is determined by 3 major steps: (i) preparation of
the growth substrate, (ii) synthesis of graphene via CVD process, and (iii) transfer of graphene to

the desired substrate.

2.2.1.1 Substrate preparation

Cu foil was used as a growth catalyst because of its low solubility for C.2 The as-purchased
Cu foil has a native oxide layer on the surface which can hinder graphene growth.*® The quality of
Cu foil affects the graphene synthesis, therefore a pre-treatment of the foil is necessary. The foil is
cut into desired dimensions and sonicated in acetone and isopropyl alcohol (IPA) to remove all the
organic impurities from the surface. This is followed by HNOs acid treatment of the foil. 5.4%
wt/wt HNOs acid treatment for 30 seconds was found to be most effective to clean the Cu foil
without inducing any damage to the surface. After thoroughly rinsing the foil with deionized (DI)

water and blow drying, it is introduced in the CVVD system.
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2.2.1.2 CVD synthesis

Mass
Flow Pressure

Controllers ’ , controller

Furnace
I l@:—»% exhaust
H — i f
CH, =~ ' / /

Ar —> Cu foil Quartz tube

Figure 2.1 Schematic of the LPCVD system.
The quartz tube acts as a chamber for the substrate. The mass flow controllers, furnace and
pressure controller regulate the gas flow rates, temperature and the pressure inside the chamber,

respectively.

The foil is loaded in the quartz tube as shown in the Figure 2.1. The system is kept under
vacuum to prevent environmental impurities to affect the foil and the synthesis process. The
process occurs under the flow of CH4 and H> over Cu substrate heated to a 1050 °C which is
slightly below the melting point of Cu thus enabling adsorption of C atoms at the surface.®> The
low solubility of C in Cu restrains the growth of graphene to the surface of the catalyst, thus
allowing formation of monolayer graphene. CHa acts as a C precursor gas whereas H. acts as a co-
catalyst in formation of active surface bound C species (CyHx)s which is required for graphene

growth.®! Hy also controls the grains shape and dimension.®!

2.2.1.3 Graphene transfer

Transfer of CVD-grown graphene can be done either by wet transfer and dry transfer
techniques.®’-%° Here we optimized the transfer of graphene using wet etch technique to both

hydrophilic and hydrophobic substrates. The transfer process is illustrated in the Figure 2.2.
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Figure 2.2 Schematic of graphene transfer process.
Monolayer graphene is synthesized by Cu-catalyzed LPCVD process and can be transferred

to any substrate of interest using wet-transfer method.

During the LPCVD process, graphene is synthesized on both sides of the Cu foil, therefore
to facilitate the transfer, graphene needs to be etched off from one side. Polymethylmethacrylate
(PMMA) polymer is spin-coated on one side of the Cu to provide mechanical support and protect
one of the graphene layers. Graphene on the other side is etched off using the UV/Ozone treatment.
Post graphene etch, the PMMA-graphene-Cu foil stack is exposed to a FeClz-based Cu etchant.
Once the Cu is etched, the PMMA-graphene stack is carefully transferred to clean DI water 3 times
to remove traces of Cu etchant. The stack is then scooped onto the transfer substrate. Prior to this
final transfer, the substrate is cleaned with acetone and IPA. In case of glass and Si/SiO; based
substrates, we realized that UV/Ozone treatment leads to a smoother transfer with minimal tears.
UV/Ozone treatment renders the surface hydrophilic which promotes spreading of water on the
substrate leading to a smoother transfer. Furthermore, it enables the escape of water between the
graphene-PMMA stack and the substrate during the drying step thus minimizing tears due to water
evaporation. In case of polymer-based substrates that are sensitive to UV/Ozone treatment, such
as SU8, we found that transferring the graphene-PMMA stack to IPA water mixture (1:3

IPA:water) followed by scooping on to the substrate led to a smoother transfer since IPA reduces
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the surface tension and promotes wetting of the polymer-substrates. Post-transfer, the samples are
dried overnight, followed by baking of the PMMA-graphene-substrate stack above the glass
transition temperature (Tc) of PMMA. The baking step promotes adhesion of graphene on to the
substrate and leads to conformal coating of PMMA on to the graphene thus minimizing cracks and
tears during the final step of PMMA removal. The sample is then exposed to acetone to dissolve
the PMMA layer. Finally, the samples are annealed at 300 °C for an hour in the reducing
environment to get rid of any residual PMMA and enhance the substrate-graphene adhesion. (For

more details about Cu preparation, graphene synthesis and transfer, see Appendix A).

2.2.2 Characterization of monolayer graphene

To characterize graphene film continuity and integrity, LPCVD synthesized graphene was
transferred to a Si substrate with a 285 nm thick oxide layer (Si/285nm SiO-), which provides
optimal optical contrast for monolayer graphene imaging.®? As evident from the DIC image, the
synthesized graphene film is highly continuous with minimal observed tears (Figure 2.3A). To
further validate the film quality, Raman spectra of graphene transferred on glass coverslip and
Si/285 nm SiO were acquired (Figure 2.3B, Table 1). The acquired spectrum exhibits a sharp G
peak at ca. 1580 cm™, a symmetric 2D peak at ca. 2700 cm™ with full width at half maximum
(FWHM) of ca. 38 cm™, and no significant D peak at ca. 1350 cm™, indicating defect-free
monolayer graphene.®® This conclusion was further supported by measurement of ca. 97.7%
transmittance, confirming high transparency and presence of mono-layer graphene®” (Figure
2.3C). We note that the dip at 250 nm is observed due to the presence of benzene rings in the
graphene sheet.®* Since presence of surface impurities can have an adversely affect graphene’s

properties as well as biocompatibility, the fine microstructure and surface of the graphene films
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were further investigated using scanning electron microscope (SEM).% The SEM characterization

confirmed the absence of surface contaminants on the graphene film (Figure 2.3D).
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Figure 2.3 Characterization of graphene.

(A) Optical image of graphene transferred on Si/285 nm SiO> substrate. Purple and red arrows
indicate grain boundary and a tear in the graphene film, respectively. Scale bar: 200 pm. (B)
Raman spectra of graphene on glass cover slip (blue) and Si/285 nm SiO substrate (green).
(C) Transmittance of graphene transferred on a quartz substrate. (D) SEM image of graphene.
Red, green and blue arrows indicate tear, nucleation point of second layer graphene and grain

boundary, respectively. Scale bar: 15 pm.

The synthesis and transfer methods optimized in this work enables high quality defect-free

monolayer graphene suitable for studying graphene-cell interactions and development of

graphene-based bioelectronics.
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2.3 3D graphene

High transparency of planar graphene makes it an attractive material for bioelectronics,
however, the low available surface area due to its 2D planar structure limits its use as ultra-
microelectrodes for sub-cell recordings and electrical stimulation. High surface area is crucial to
enhance electrochemical activity, reduce the electrode impedance, and enhance the charge storage
and injection capacities. Recently, 3D topology of graphene has been demonstrated by various
approaches, including, synthesis of graphene or assembly of reduced graphene oxide (rGO) on
nanoparticles followed by their organization in 3D,%% synthesis of graphene on Ge nanowires
(NWs),100-101 synthesis of graphene on transition-metal foams,'%? and synthesis of 3D graphene
hydrogels.1% All these forms enhance the properties of graphene by increasing the surface area.
However, in all these cases, the graphene flakes or films are lying flat, hence exposing a 2D surface

topology thus limiting the advantages of extremely high surface area-to-volume ratio of graphene.

Another approach is to enable exposure of both sides of graphene, i.e., by out-of-plane
growth of graphene. Out-of-plane graphene flakes have been synthesized using various methods,
such as, thermal decomposition of SiC to synthesize large-area vertically aligned graphene sheets
(VAGS),1%41% and plasma-enhanced chemical vapor deposition (PECVD) for catalyst-free
vertical growth of carbon nanowalls (CNWs).1%-1% Dye to the out-of-plane morphology, the
specific surface area of these materials is significantly higher as compared to planar graphene.
However, the VAGS and CNWs are generally composed of few-to-dozens of graphene layers

tethered to a 2D surface.

To further enhance the 3D morphology that leverages graphene’s outstanding surface area-
to-volume ratio, we developed a highly-controlled out-of-plane synthesis of single- to few-layer
3D fuzzy graphene (3DFG) on a 3D Si nanowire (SiNW) mesh template.” By varying SiNW and
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graphene growth conditions, we can control the size and density of the NW-templated 3DFG (NT-
3DFG), thus tuning the physical, electrical, electrochemical and optical properties of this hybrid

nanomaterial.

2.3.1 Synthesis of nanowire-templated 3D fuzzy graphene (NT-3DFG)

Synthesis of NT-3DFG hybrid nanomaterial is a three-step process (Figure 2.4)":

A B

o—AuNP

" collapse
Anneallng

Figure 2.4 Synthesis process schematics of nanowire-templated growth of out-of-plane
three-dimensional fuzzy graphene (NT-3DFG).

(A) NWs are synthesized by AuNPs catalyzed vapor-liquid-solid (VLS) process. (B) NWs are
collapsed using liquid N2 and annealed with H.. (C) Out-of-plane 3DFG is synthesized on the
NW mesh using plasma enhanced chemical vapor deposition (PECVD) process. Inset

illustrates the growth of 3D fuzzy graphene flakes on a collapsed NW.

Briefly, SINWs are synthesized by the Au nanoparticle catalyzed vapor-liquid-solid (VLS)
process, followed by formation of an interconnected mesh by collapsing and annealing the SINWS,
and finally, synthesis of 3DFG on the SINWs mesh through inductively coupled PECVD process.”
Various synthesis conditions such as CH4 partial pressure and PECVD process time were explored
to demonstrate the tunability of the 3DFG flake size and density.” (For more details about NT-

3DFG synthesis, see Appendix A).
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2.3.2 Characterization of NT-3DFG

Structural characterization of NT-3DFG was performed using SEM, Transmission electron
microscopy (TEM) and Raman spectroscopy, whereas electrical and electrochemical
characterizations were done by sheet resistance and cyclic voltammetry measurements,

respectively.

2.3.2.1 Structural characterization

The out-of-plane growth of 3DFG from the SINW core was revealed by the SEM and TEM
characterizations. Furthermore, the effect of varying PECVD conditions, i.e., CH4 partial pressure
and PECVD process time, on the growth of NT-3DFG was explored. Both SEM and TEM images
revealed that increasing the CHs partial pressure from 22.7 mTorr to 25 mTorr, as well as
increasing the synthesis time from 10 min to 30 min led to increase in the density and size of the

graphene flakes (Figure 2.5).

The crystallinity of NT-3DFG was investigated using selected area electron diffraction
(SAED). The diffraction patterns indicated that 3DFG is polycrystalline in nature (Figure 2.5B
lI(inset), Table 2).1%° The inter-planar distances for the 1%t and 2" nearest C-C neighbors were
experimentally derived to be 0.119 nm and 0.205 nm. These values agree with the expected inter-
planar spacing for the (1120) plane (d;13, = 0.123 nm) and the (1010) plane (d;7o = 0.213 nm).
The distance between individual graphene layers (dggo2 = 0.350 nm) concurs with the expected

value of 0.344 nm indicating the presence of turbostratic graphene.'0-112,
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Figure 2.5 Effect of varying PECVD synthesis conditions on NT-3DFG growth.

(A) SEM images of NT-3DFG synthesized under the following conditions: (1) 22.7 mTorr CH4
partial pressure for 10 min. Scale bars: 1 um, 250 nm (inset); (11) 25.0 mTorr CH4 partial pressure
for 10 min. Scale bars: 2 um, 250 nm (inset); and (I11) 25.0 mTorr CH4 partial pressure for 30
min. Scale bars: 2 um, 250 nm (inset). (B) TEM images of NT-3DFG synthesized under: (1) 22.7
mTorr CHg partial pressure for 10 min. Scale bar: 30 nm; (I1) 25.0 mTorr CH4 partial pressure
for 10 min. Scale bar: 10 nm; and (I11) 25.0 mTorr CH4 partial pressure for 30 min. Scale bar:

500 nm. Inset is a representative SAED pattern. Scale bar: 5 nm™,

3DFG structure was further investigated using Raman spectroscopy. The presence of
characteristic peaks in the Raman spectra, i.e., D, G, and 2D peaks, confirmed the presence of

graphene (Figure 2.6A, Table 3). The D and D’ peaks are produced due to one-phonon defect-
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assisted process, and D+D’ peak is produced due to two-phonon defect-assisted process.!*® In the
case of 3DFG, the emergence of the D peak, at ca. 1335 cm™, and the D’ peak, as a shoulder to the
G peak, is caused by breaks in translational symmetry due to the presence of 3DFG edges, as
evident in the SEM and TEM images.'%"-1** The observed broad 2D peak can be fitted with a single
Lorentzian, and explained by the presence of juxtaposed single- to few-layer graphene flakes, in

the form of high-density 3DFG. 411>
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Figure 2.6 Raman spectroscopy of NT-3DFG.
(A) Representative Raman spectra of NT-3DFG synthesized under 25.0 mTorr CH4 partial
pressure for 30 min. Peak intensity ratio of D peak to G peak (Ip/lg) as a function of (B) FWHM

of G peak and (C) dispersion of G peak.

The appearance of a strong D peak due to edge effects was further verified by dual-
wavelength Raman spectroscopy. Increase in both the position of the G peak as a function of
excitation wavelength (Disp(G)) and G peak full width at half maximum (FWHM(G)) is observed
with an increase in the disorder in the carbon structure.'® Therefore, a higher Ip/l corresponds to
higher Disp(G) and FWHM(G) in the case of bulk structural defects.!***1> The lack of clear

correlation between Ip/lg and FWHM(G) as well as between Ip/lg and Disp(G) (Figure 2.6B, C,
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Table 4) further confirms that the major contribution to the D peak is due to edge defects rather
than bulk-structural defects.!41%> 117 The saturation of Disp(G) at 0.1 cm™/nm with change in
excitation wavelength, is another indication of the presence of sp? hybridization and lack of large

structural defects 113114, 116

2.3.2.2 Electrical and electrochemical characterization

The electrical property of NT-3DFG was determined by characterizing the sheet resistance
of NT-3DFG by the van der Pauw method.'*® The sheet resistance of NT-3DFG decreased with
increasing CHj partial pressure and PECVD process time (Figure 2.7A). This change in the sheet
resistance is attributed to the increasing density of single- to few-layer 3DFG flakes, which leads
to the ability to sustain large current densities.!%” The sheet resistance for the 90 min PECVD
process was as low as 84 + 6 Q o (conductivity of 1655 + 450 S m™), significantly lower than
other polycrystalline graphene films, 3D graphene nanostructures and 3D graphene composites. !
78,102, 120-123 £y rthermore, HNOs treatment, further reduced the sheet resistance of NT-3DFG to 59

+ 12 Q o}, (conductivity of 2355 + 785 S m™) by increasing carrier concentration.'?*

For electrochemical characterization, cyclic voltammetry measurements were performed
in a three-electrode electrochemical cell configuration, with NT-3DFG as the working electrode,
Ag/AgCI as the reference electrode and Pt wire as the counter electrode, in presence and absence
of a redox probe [Fe(CN)s]* (Figure 2.7B, C). NT-3DFG performance was compared to the
standard Au working electrode. The increase in the faradaic redox peak currents for NT-3DFG
compared to planar Au working electrode (Figure 2.7B 1) can be attributed to the increase in the

electrochemically active surface area due to the presence of 3DFG.1%

22



= 125 s
s 5o
~ 104 ~
vl g L B
G 6 ‘% 5 |#
@ v 44
R} ) RY%)
w 44 N
g g =)
= o e - 2
g g
< R B
w 0-1 T T T T 1 v O-I T T T T B_|
0 5 10 15 20 2 0 20 40 60 80 100
CH4 partial pressure (mTorr) PECVD process time (min)
lNg 30- |I&'\ 32- Go
S0 £ v .
<C ) - 5 »
£ 0] < o7 2878
> é =
= __..-.-'.'.
20.0- £ 0.0 S
] @ K-, i
T-1.04 = S N
o O-1.6- Sa X
c S A
L-2.04 - A .
S & 3.2 AA
V-3.0 T T T T T 1 R, T T T 1
-04-0.20.0 0.2 04 06 0.8 00 01 02 03 04
E vs Ag/AgCl (V) (Scan rate)"2 (V/s)'2
|§4.o- I ||§\3.5- o
§ I, :’. LE) 30" ,/,
g 2.0+ ,I’ : 2 2.5+ l,'l
2 ; £ 204 -
§ 00- 5 15- ,"
© : ] t . ",
2204 ; g0 g .-
o b %057 BEFV =t Ly
6_4.0_ :" . . " a 0.04 -] - |
04 -02 00 02 04 0.0 0.1 0.2 0.3 04 0.5 0.6

E vs Ag/AgCl (V)

Scan rate (V/s)

Figure 2.7 Electrical and electrochemical characterization of NT-3DFG.

(A) Sheet resistance of NT-3DFG synthesized under (1) varying CHa partial pressure for 10 min,
and (1) under 25.0 mTorr CHg partial pressure with varying PECVD process times. (B) Cyclic

voltammetry characterization. (1) Representative cyclic voltammograms (n=3) acquired with 5.00
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Figure 2.7 continued: mM [Fe(CN)g]® in 1 M KClI at a scan rate of 50 mV s™. Blue, yellow and
red colors denote Au working electrode, NT-3DFG synthesized under 25.0 mTorr CH4 partial
pressure for 30 min and 90 min, respectively. Dashed lines denote NT-3DFG after 2 hours of
HNOs treatment. Inset presents the cyclic voltammetry setup with representative NT-3DFG
working electrode (WE), Ag/AgCI reference electrode (RE) and Pt wire counter electrode (CE).
(11) Peak current as a function of square root of scan rate (anodic and cathodic peak currents are
denoted by circles and triangles, respectively). Closed and open circles-and-triangles denote NT-
3DFG before and after 2 hours of HNO3 treatment, respectively. (C) Double layer capacitance
characterization. (1) Representative cyclic voltammograms (n=3) acquired with 1 M KCI at scan
rate of 500 mV s. Blue, yellow and red colors denote Au working electrode, NT-3DFG
synthesized under 25.0 mTorr CH4 partial pressure for 30 min and 90 min, respectively. Dashed
lines denote NT-3DFG after 2 hours of HNOs treatment. (11) Current density as a function of scan
rate. Blue, yellow and red colors denote Au working electrode, NT-3DFG synthesized under 25.0
mTorr CH4 partial pressure for 30 min and 90 min, respectively. Closed and open squares denote

NT-3DFG before and after 2 hours of HNO3 treatment, respectively.

Treating NT-3DFG meshes with HNO3 further increases the peak currents due to change
in the surface wettability from super-hydrophobic to hydrophilic, thus increasing the accessible
surface area. Both anodic and cathodic faradaic peak currents increase linearly with increasing
square-root of scan rate and increasing [Fe(CN)s]*> concentration (Figure 2.7B I). These results are
in good agreement with the Randles-Sev¢ik model and establish that diffusion is the sole means
of mass transport for NT-3DFG electrodes.'?® Increase in the slope of the peak current versus
square root of scan rate curve further supports the increase in electrochemically active surface area

(90 min NT-3DFG > 30 min NT-3DFG > Au) (Figure 2.7B 11).2?° Faradaic peak separation for 90
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min NT-3DFG (ca. 0.12 V) is smaller than that observed for 30 min NT-3DFG (ca. 0.30 V). This

is attributed to faster electron transfer rates in 90 min NT-3DFG compared to 30 min NT-3DFG.!%

To determine the double-layer capacitance, CV was performed in the 1 M KCI electrolyte
solution. The double-layer capacitance was calculated as the change in current density with respect
to the scan rate (Figure 2.7C).1?” The significantly higher capacitance of NT-3DFG (0.56 + 0.01
mF cm and 1.85 + 0.02 mF cm for 30 min and 90 min NT-3DFG, respectively) compared to
that of Au working electrode (0.009 + 0.001 mF cm™) can be explained by the remarkably high
surface area of NT-3DFG (calculated specific electrochemical surface area of 117 + 13 m? gt and
340 + 42 m? g for 30 min and 90 min NT-3DFG, respectively). HNO3 treatment significantly
increased the double-layer capacitance of NT-3DFG to 2.25 + 0.07 mF cm and 6.50 + 0.10 mF
cm? for 30 min and 90 min NT-3DFG, respectively, due to enhanced wettability and
pseudocapacitance.'?® These values correspond to specific electrochemical surface area of 472 +
53 m? gt and 1017 + 127 m? g for 30 min and 90 min NT-3DFG, respectively, significantly
higher than other 3D carbon-based electrode materials such as graphene foam,'%2 3D macroporous
chemically modified graphene electrodes,? graphene aerogel,'?! and carbon nanotube (CNT)-

based platforms such as composites, graphene-SWCNT gels, films and electrodes,?3 129-131

2.4 Conclusions

This work demonstrated that graphene’s properties can be further enhanced by developing
hybrid nanomaterials and tailoring the morphology, size and density of the graphene flakes. The
extremely high surface area, and outstanding electrical and electrochemical properties makes
graphene a very promising candidate for tissue engineering, biosensors and bioelectronics
applications, such as engineering of scaffolds for tissue regeneration, and development of devices

for monitoring and modulating electrical and chemical activity of the cells.
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Chapter 3- Biocompatibility of nanomaterials

3.1 Introduction

The outstanding and tunable properties of nanomaterials make them great candidates for a
range of biomedical applications, including imaging, diagnostics, targeted drug delivery,
biosensing etc. However, before these nanomaterials can be interfaced with the biological systems,

one crucial parameter to consider and evaluate is their biocompatibility.

3.2 Toxicity of monolayer graphene

Since the discovery of planar monolayer graphene,’ there has been an immense interest in
its use for various applications including bio-interfaces due to its outstanding electrical
conductivity (charge carrier mobility up to 200,000 cm? V! s1), mechanical flexibility, and high
transparency of up to 97.7%.”> 13 Despite the outstanding properties, the prospective use of
graphene in a biological context requires interaction of graphene with cells and tissues to be
minimally toxic. The potential toxicity of graphene in biological systems has generated growing
debate in recent years due to mixed findings.'**** In the case of cytotoxicity, hemolytic activity
on red blood cells and generation of oxidative species in adherent skin fibroblasts due to graphene
sheets was reported.’*® Cytotoxic effect of graphene on phaeochromocytoma (PC-12) cells was
also demonstrated.'® High toxicity of pristine graphene was also reported on monkey renal cells,
macrophages and red blood cells due to high oxidative stress, which was averted by surface
functionalization of graphene by carboxyl groups.’*”"*3® Modification and functionalization of
graphene and its derivatives has been done to inhibit acute and chronic toxicity.*** *3° On the
contrary, there have been reports that suggest that graphene is biocompatible with fibroblast

cells.’®> 140 Graphene was also found to promote growth, proliferation, and adhesion of
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mammalian colorectal adenocarcinoma HT-29 cells, human osteoblasts, and mesenchymal stromal
cells.}*-1%2 Graphene has also been shown to promote differentiation and growth of neurons.143-145

One of the major reasons behind mixed findings is the material preparation, i.e., the synthesis
and the transfer processes of graphene. Graphene preparation can influence its physicochemical
properties, such as size distribution (and lateral dimension), surface chemistry (i.e. surface
functional groups and surface charge) and purity. These properties can affect the graphene-cell
interactions.®® Other factors that can explain the contradictory findings are: first, the type of assay
used, e.g. the most commonly used viability assay, the MTT assay, has been shown to indicate a
false biocompatibility as graphene reacted with MTT to form purple formazon, a result that would
indicate viable cells even though there were no cells in this control sample;*** and second, most of
the studies focus on the viability assays, however, these assays are not sufficient indicators of cell
health, i.e. whether the cell is under stress. The key limitation in previous studies is the lack of
investigation of the graphene effect on cell stress using reliable and sensitive intracellular
indicators under physiological conditions. We overcome this limitation by assessing the effect of
graphene on cell stress using three highly sensitive indicators: mitochondrial membrane potential

(MMP), mitochondrial morphology, and autophagy levels.

3.2.1 Effect of graphene on cell viability
To access graphene’s toxicity, effect of monolayer graphene was accessed on the viability
of monkey renal fibroblast (Cos-7), primary E18 rat hippocampal neurons, and human embryonic

stem cells-derived cardiomyocytes (hESC-CM).1> 132

The monolayer graphene samples were synthesized using Cu catalyzed-low pressure

chemical vapor deposition (LPCVD) process and were transferred to glass coverslips.
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Figure 3.1 Effect of graphene on Cos-7 cells viability.

Live-dead assay performed on Cos-7 cells cultured for (A) 24 hr, (B) 48 hr and (C) 96 hr, on (1)
glass and (I1) graphene substrates. Green, red and blue denote live cells, dead cells and cell
nuclei, respectively. Scale bars: 100 um. Quantification of (D) cell number and (E) % viability
of Cos-7 cells cultured on glass (orange) and graphene (green) substrates for 24, 48 and 96 hr,
respectively. (*) and (**) denote statistically significant difference with p<0.05 and p<0.005,

respectively. NS denotes no statistically significant difference. Results are presented as mean *

SD (n=4).
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Optical, Raman and SEM characterizations were performed to check graphene’s integrity,
quality and absence of any impurities. Cellular viability was assessed by a calcein acetoxymethyl
and ethidium homodimer based Live/Dead assay, which was preferred over the commonly used 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay because graphene was

previously shown to reduce MTT salt thus interfere with the assay results.3

Figure 3.2 Effect of graphene on cultured hippocampal neurons viability.
Live-dead assay performed on neurons at (A) 6 DIV and (B) 9 DIV, cultured on (1) glass and
(11) graphene substrates. Green, red and blue denote live cells, dead cells and cell nuclei,

respectively. Scale bars: 100 pum.

Graphene substrates had no detectable cytotoxic effects on the cell viability as evident from

the fluorescent images and the viability quantification of the Cos-7 cells (Figure 3.1). Graphene
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substrates further promoted healthy proliferation and confluency of the Cos-7 cells (Figure 3.1D).
After 24 hours of incubation, the cell count on graphene was seen to be significantly higher than
on the glass cover slip (p<0.05). This can be attributed to high interaction of the fibroblasts
secreted-ECM proteins with graphene due to hydrophobic interactions, therefore, promoting high

cell adhesion with the underlying substrate. 4
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Figure 3.3 Effect of graphene on cardiomyocytes viability.

% Viability
[ N w B w D ~J
o o o o o o o

o

Live/Dead assay performed on hESC-CMs cultured on (A) glass control and (B) graphene
substrates for 10 days. (I) represents DIC images, (11-1V) represent live cells, dead cells and cell
nuclei, respectively. Scale bars: 100 um. (C) Quantification of %viability of hESC-CMs cultured
on glass (orange) and graphene (green) substrates. NS denotes no statistically significant

difference. Results are presented as mean £+ SD (n=3).

Effect of graphene on the viability of excitable cells, i.e., neurons (Figure 3.2) and human
embryonic stem cells-derived cardiomyocytes (hESC-CMs) (Figure 3.3), was also assessed. No
significant difference in the %viability of cells cultured on monolayer graphene vs glass control,

confirmed biocompatibility of monolayer graphene.
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3.2.2 Effect of graphene on cell stress- mitochondria

To further investigate the effect of graphene on cellular physiology and stress, the
mitochondrial membrane potential (MMP) of both non-excitable and excitable cells was

examined.
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Figure 3.4 Effect of graphene on mitochondrial potential and morphology in Cos-7 cells.

(A-C) TMRE assay performed on Cos-7 cells cultured on (1) glass and (11) graphene substrates.
(A) Confocal images of the cells labelled with TMRE for mitochondria (red) and Hoechst for
nuclei (blue). Scale bars: 100 um. (B) High magnification single cell confocal images
representing mitochondrial morphology. Insets: Expanded view of the marked white dashed
area. Scale bars: 10 um, 2.5 um (insets). (C) Relative fluorescence readout of the TMRE-labeled
cells cultured on glass (orange) and graphene (green) substrates. NS denotes no statistically

significant difference. Results are presented as mean = SD (n=3, 50 cells).

MMP plays an important role in maintaining the proton gradient across the mitochondrial
membrane, which is essential for the electron transfer chain.!*’ MMP is one of the most reliable
and sensitive intracellular indicators of cell health or injury.}*” The depolarization of the

mitochondrial membrane is one of the key events associated with cellular stress.**® Disruptions of
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the MMP may cause severe physiological consequences, including decrease in ATP synthesis,
increase in reactive oxygen species generation, and the redistribution of pro-apoptotic
mitochondrial factors leading to apoptosis of the cell.1*8149 Tetramethylrhodamine ethyl ester

(TMRE) is a quantitative fluorescence marker for the activity of mitochondria.

The higher the concentration of dye inside the mitochondria, the higher the TMRE
fluorescence. This fluorescence determines the actual MMP.*#" In normal cells, because of the
electrochemical potential gradient, the dye concentrates in the mitochondrial matrix, where it
forms red fluorescent aggregates as observed in the cells cultured on control substrates (Figure
3.4A 1). On inducing stress to the cells, the dye no longer accumulates in the mitochondria due to

loss in membrane potential as observed in the cells treated with ethanol (Figure 3.5).

A B

Figure 3.5 Loss of mitochondrial membrane potential in cells under stress.

(A) DIC and (B) fluorescence images of Cos-7 cells treated with ethanol. Scale bars: 100 pum.

No significant difference in the fluorescence intensity of TMRE dye in cells cultured on
graphene as compared to cells cultured on glass (Figure 3.4), indicates that graphene does not
affect the MMP. Similar observations were made for cultured hippocampal neurons (Figure 3.6),

indicating that graphene does not induce stress in both neuronal and non-neuronal cells.
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A B
Figure 3.6 Effect of graphene on mitochondrial potential and morphology in neurons.
TMRE assay performed on neurons at 6 DIV, cultured on (1) glass and (11) graphene substrates.
(A) Confocal images of the cells labelled with TMRE for mitochondria (red) and Hoechst for
nuclei (blue). Scale bars: 100 um. (B) High magnification single cell confocal images

representing mitochondrial morphology. Insets: Expanded view of the marked white dashed

area. Scale bars: 10 um, 2.5 um (insets).

Mitochondrial morphology provides another reliable and sensitive indicator for cell stress.
Decrease in connectivity and formation of short, round mitochondria are observed under
conditions that compromise mitochondrial function.*>® These shifts from highly branched tubular
to fragmented morphologies of mitochondria are regulated by the rates of fission and fusion events,
which get disrupted when the cell is under stress.™®® The similar appearances of mitochondria with
tubular morphology in the cells cultured on both glass and graphene substrates (Figure 3.4, Figure

3.6) further confirms that graphene does not induce cell stress.
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3.2.3 Effect of graphene on cell stress-autophagy

To further examine the effect of graphene on cell stress, we checked the level of autophagy,
a tightly regulated cellular pathway for the intracellular degradation of cytoplasmic organelles or
cytosolic components. The level of autophagy provides another reliable and sensitive indicator of

cell stress. 15!

NS
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*% *%

Glass Graphene

Figure 3.7 Effect of graphene on autophagy levels in Cos-7 cells.

High magnification single cell confocal images of the Cos-7 cells cultured on (A) glass and (B)
graphene substrates labelled with RFP-LC3 for autophagosomes (red) and Hoechst for nuclei
(blue), cultured in (1) presence of serum (i.e. normal) and (I1) absence of serum (i.e. starvation)
in the medium. Yellow arrows point to autophagosome puncta. Scale bars: 10 um. (C) Relative
RFP-LC3 puncta per cell normalized by the cell area for the cells cultured on glass and graphene
substrates, under normal (cyan) and starvation (magenta) conditions. (**) denotes statistically
significant difference with p<0.005. NS denotes no statistically significant difference. Results

are presented as mean + SD (n=4, 50 cells).

During autophagy, a cytosolic form of microtubule-associated protein 1 light chain 3 (LC3)

called LC3-1, binds to phosphatidylethanolamine to form LC3-phosphatidylethanolamine
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conjugate (LC3-I1), which translocates rapidly to double-membraned vesicles called
autophagosomes.t®* Therefore, fluorescently labelled-LC3 is commonly used as a marker of
autophagosomes.t®1"1°2 To determine the autophagy levels in the cells cultured on graphene, we
transfected the cells with red fluorescent protein fused LC3 (RFP-LC3) plasmid DNA using

electroporation.

Under normal conditions, RFP-LC3 has a diffused distribution throughout the nucleus and
cytoplasm with small number of autophagosome punctae!®® as observed in the cells cultured on
both glass cover slips and graphene (Figure 3.7A |, Figure 3.7B 1). However, stress conditions,
such as nutrient deprivation, induce high levels of autophagy which leads to a significant increase
in autophagosome vesicles,> as observed in Figure 3.7A 1l, B Il. To quantify the relative
autophagy levels in the cells cultured under different conditions, we counted the autophagosome
puncta per cell, as recommended in ref 13 (Figure 3.7C). The diffused RFP signals throughout the
cytoplasm and nucleus with significantly low number of autophagosome puncta in the cells
cultured on graphene substrates compared to cells under nutrient starvation (p<0.005), validates

that graphene does not induce cell stress.

3.3 Effect of 3D graphene on cell viability and stress

Even though graphene has been shown to be biocompatible with both non-neuronal and
neuronal cells, it is crucial to investigate the effects of out-of-plane graphene on cell behavior
owing to the differences in physical properties of the nanomaterials. Previously, the presence of
sharp edges in the vertical graphene-based substrate was demonstrated to damage the cell
membrane of the bacteria upon direct contact thus leading to bacterial inactivation.*>* Therefore,
to evaluate the toxicity of NT-3DFG on mammalian cells, hESC-CMs were interfaced with NT-

3DFG meshes with different graphene flake sizes and densities for 7 days.
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Figure 3.8 Effect of NT-3DFG on cell viability and stress of human embryonic stem cells
derived cardiomyocytes.

(A) Live-dead assay performed on CMs cultured on NT-3DFG substrates. Green, red and blue
denote live cells, dead cells and cell nuclei, respectively. Scale bar: 50 um. (B) High
magnification single cell confocal image of CM labelled with TMRE for mitochondria (red) and
Hoechst for nuclei (blue). Inset: Expanded view of the marked white dashed area. Scale bars:
20 pum, 5 um (inset). (C) % Viability and (D) Relative fluorescence readout of the TMRE-
labeled cells cultured on glass (blue), 30min grown NT-3DFG substrates (green) and 90min
grown NT-3DFG substrates (red). NS denotes no statistically significant difference. Results are

presented as mean + SD (n=3, 50 cells).
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Live/dead assay was performed to investigate the effect on cell viability, and TMRE-based
mitochondrial assay was performed to investigate the effect on cell stress. NT-3DFG did not have
any negative effect on the cell viability as evident in the fluorescent images (Figure 3.8A) and %
viability quantification (Figure 3.8C). The similar mitochondrial membrane potential and
mitochondrial morphology in the cells cultured on different types of NT-3DFG meshes and glass

control, confirmed that NT-3DFG does not induce cell stress (Figure 3.8B, D).

3.4 Conclusions

In conclusion, we have demonstrated that both monolayer graphene and 3D fuzzy graphene
promote cell adhesion and cell proliferation of both non-excitable and excitable cells. In addition,
graphene does not affect the MMP, the mitochondrial morphology, or the autophagy levels,
indicating no detectable adverse effect on the cell stress. The cellular biocompatibility of graphene
highlights the potential of graphene to be used in biomedical applications by providing long-term
and stable cellular interfaces, especially in the field of bioelectronics to study neural and cardiac

electrophysiology.
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Chapter 4- Monolayer graphene-based transparent MEAs for electrical
and optical recordings

4.1 Introduction

Recently, MEASs have been gaining tremendous popularity in the field of cardiac and neural
electrophysiology because of their well-established microfabrication methods, consolidated
transduction principle,*® and the possibility to enable long-term and multi-site recordings at sub-
msec temporal resolution.*: ¢ However, achieving high spatial resolution still remains a
challenge since decreasing the geometric area of a recording site causes an increase in the
impedance thus significantly reducing the SNR of the recorded signal.®®-"® Optical indicators, on
the other hand, provide sub-cellular spatial resolution but are limited by the temporal resolution
either due to kinetics of the chemical reporters or the standard acquisition systems, especially

during investigation of a 3D tissue.'>® 4

Complementing electrical recording with optical imaging using fluorescent indicators such
as Ca?* sensitive dyes can leverage the temporal resolution and spatial advantages of both the
techniques. Commonly used metal based MEAs have high opacity which hinders simultaneous
optical and electrical recordings. Previously, indium tin oxide (ITO)*’ and bilayer nanomesh*°8-
based electrodes have been developed as transparent platforms, however, they are either limited
by the brittle nature of the electrode material or limited transparency over a wide spectral range.
Therefore, developing a platform that allows simultaneous electrical recordings and optical
measurements over a wide visible spectral range will enable measurements at high spatial and
temporal resolution, and will potentially enable optical stimulation of the cells at electrode-cell

interface using optogenetics.>®
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The high transparency of up to 97.5% of monolayer graphene over a wide spectral range
makes it a perfect candidate to develop transparent electrodes, thus allowing simultaneous
electrical recordings and optical measurements.® Leveraging on graphene’s high transparency, we
have developed a graphene-based transparent and biocompatible platform to simultaneously
perform Ca?* imaging and electrical recordings in human embryonic stem cells derived

cardiomyocytes (hESC-CMs).

4.2 Monolayer graphene MEA fabrication

The graphene based electrical and optical recording platform is illustrated in Figure 4.1.
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Figure 4.1 Schematics of graphene microelectrode array (MEA) fabrication and recording.
(A) LPCVD synthesized monolayer graphene transferred on glass coverslip. (B) Fabricated
graphene MEA. (C) Simultaneous optical and electrical recordings from human embryonic stem

cells-derived cardiomyocytes (hESC-CMs) cultured on graphene MEA.

First, monolayer graphene was synthesized using low pressure chemical vapor deposition
(LPCVD) and transferred to a glass coverslip or a Si/285nm SiO; substrate (Figure 4.1A). Second,
the samples were annealed under reducing environment to enhance adhesion between graphene
sheet and the substrate. Third, the devices were fabricated by top-down patterning of graphene
sheet into electrodes with 50 um x 50 um recording sites, followed by patterning and evaporating
Au interconnects, and passivating the Au interconnects and graphene lines with SU8 polymer

(Figure 4.1B). For control, Au MEAs were fabricated with the same design and dimensions as the
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graphene MEAs. Prior to passivation, graphene electrodes were treated with 69% HNO3 acid for
2 h to enhance graphene’s electrochemical properties. Fourth, the surfaces of the devices were
coated with fibronectin, and the fibronectin-conditioned hESC-CMs were seeded on the devices.
Finally, simultaneous electrical and optical recordings were obtained from the spontaneously
beating hESC-CMs (Figure 4.1C). (For details regarding graphene MEA fabrication, and electrical

and optical recordings from cells, please see Appendices C and D).

4.3 MEA characterization

The optical image confirmed high continuity of graphene film with minimal micro-tears
(Figure 4.2A). The 32-electrode Au and graphene MEA devices were fabricated on both glass
coverslips and Si/285nm SiO> substrates. Figure 4.2B shows an optical image of a graphene MEA
fabricated on a glass coverslip, demonstrating the transparency of the center region with 32
graphene electrodes (cyan dashed box). The optical images of the graphene MEA fabricated on

glass coverslip (Figure 4.2C, D), show the patterned passivated graphene electrodes.

The Raman spectra (Figure 4.2E) confirms the patterning of graphene electrodes with no
damage to the film during the fabrication process, and the presence of a sharp G peak at 1590 * 2
cm ™, a symmetric 2D peak at 2690 + 2 cm™* with full width at half-maximum (fwhm) of 36 + 4
cm™?, and no significant D peak at 1364 + 4 cm™, indicates presence of defect-free monolayer
graphene. The presence of monolayer and high transparency of graphene was further confirmed
by UV-vis spectroscopy that shows ca 97.7% transmittance (Figure 4.2F).%” The dip in the
transmittance spectra at 250 nm is observed due to the presence of benzene rings in the graphene

sheet.%
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Figure 4.2 Characterization of graphene MEA.

(A) DIC image of LPCVD synthesized monolayer graphene transferred on Si/285 nm SiO>
substrate. Purple and green arrows indicate tears and grain boundary in the graphene film,
respectively. Scale bar: 100 um. (B) Image of a graphene MEA fabricated on a glass
coverslip. Cyan arrow marks the area with graphene electrodes (cyan dashed box). Scale bar:
2 mm. (C) DIC image of graphene electrodes fabricated on glass cover slip. Scale bar: 50
um. (D) Expanded view of the marked red dashed box. Scale bar: 20 um. Red and yellow
arrows indicate exposed and passivated graphene, respectively. (E) Raman spectra acquired
from graphene electrode (red) and non-electrode (blue) regions. (F) Representative

transmittance spectra of monolayer graphene transferred to a quartz substrate.

To investigate the electrochemical properties of the electrodes, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) characterizations were performed in a three-
electrode electrochemical cell. To test the functionality of graphene electrodes, CV was performed
at varying scan rates and compared to Au electrodes. A conductive electrode enables
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electrochemical oxidation and reduction of a redox probe or analyte.!?® Absence of graphene
electrodes resulted with no current recorded, indicating that the Au interconnects are properly
passivated (Figure 4.3A, purple curve). The 50 um x 50 pum graphene electrodes resolved the
reduction and oxidation peaks of ferrocene methanol (FcMeOH) similar to that of Au electrodes

indicating that graphene is electrochemically active (Figure 4.3A).1%
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Figure 4.3 Electrochemical characterization of graphene MEAs.

(A) Cyclic voltammograms of 50 pm x 50 pm electrodes acquired with 5 mM FcMeOH in
1M KCI at 500 mV/s. (B) Cyclic voltammograms acquired with 1 M KCI at 800 mV/s. (C)
Impedance versus frequency plots for 50 um x 50 um electrodes. (D) Phase versus frequency
plots for 50 um x 50 um electrodes. Purple, green, blue and red traces denote no graphene

control, graphene electrode, Au electrode, and HNOgz treated graphene electrode,

respectively.
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Interfacing electrodes with the electrolyte leads to a formation of an electrical double layer
that behaves as a capacitor.1® Sweeping the potential across the working electrode with respect to
the reference electrode leads to the capacitive currents, as observed for both graphene and Au
electrodes (Figure 4.3B). Treatment of graphene with HNO3 acid enhanced the faradaic and
capacitive currents (Figure 4.3A, B) due to the increase in charge carriers and oxide containing

species on the surface of graphene leading to pseudo-capacitance.1?* 128

To further characterize the impedance of the electrodes EIS was performed. The Au and
graphene electrodes showed impedances of 1.2 = 0.2 MQ and 2.1 + 0.3 MQ, respectively,
measured at 1 kHz (Figure 4.3C). The impedance of the graphene electrodes dropped down to 1.5
+ 0.2 MQ after HNOz3 acid treatment, comparable to the Au electrodes. This reduction in
impedance can be explained by the increase in the charge carriers due to p-type doping introduced
by HNO3.1?* The phase plots indicate that Au electrodes exhibit more resistive characteristics at
high frequencies and more capacitive characteristics at lower frequencies.'®® Graphene electrodes
show a deviation in the capacitive properties compared to Au electrodes which might be attributed
to quantum capacitance of graphene.’®162 The HNOs acid treatment enhanced the capacitive
characteristics of graphene, which is in line with the increase in capacitive currents in the CV

curves performed with 1M KCI.

4.4 Optical and Electrical recordings

The Au and graphene electrodes were then interfaced with hESC-CMs for simultaneous
electrical and Ca?* imaging. The cells cultured on the MEA chips spread out uniformly as evident
by the immunofluorescent and DIC images (Figure 4.4). The immunostaining of alpha-actinin

bands confirms the presence of CMs.*63
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Phalloidin

Figure 4.4 Immunofluorescence of hESC-CMs on graphene MEA.

(A) DIC image of hESC-CMs cultured on graphene MEA. The dashed black boxes denote
graphene electrodes. Scale bar: 100 um. (B-D) Confocal images of hESC-CMs cultured on
graphene MEA. Red, blue and green channels represent a-actinin, nucleus and actin,

respectively. Scale bars: 100 um.

Both Au and graphene-based electrodes recorded the field potentials with spike frequency
of 1.1-1.4 Hz at high SNR of >14 (Figure 4.5A, B). The high temporal resolution of the electrical
recordings provides information about the Na* current (upstroke), K* current (repolarization) and
Ca?" current (plateau phase) across the cell membrane with recorded field potential amplitude
(FPA) of 815 £ 12 uV and FPD of 217 £ 9 ms (n=70 peaks) (Figure 4.5A 111, B 1ll). The values
for beating frequency, field potential duration (FPD) and FPA are in line with the previously

reported values, 57 164-165
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Figure 4.5 Electrical and optical recordings using graphene MEA.

(A) Electrical recordings using Au MEA. (1) Optical image of hESC-CMs cultured on Au
MEA. Scale bar: 50 um. (1) Representative recorded field potential traces using Au
electrodes marked in (I). (111) Averaged peak (red trace) and raw data (grey traces, 87 peaks).
(B) Electrical recordings using graphene MEA. (1) Optical image of hESC-CMs cultured on
graphene MEA. Scale bar: 50 um. (11) Representative recorded field potential traces using
graphene electrodes marked in (). (111) Averaged peak (red trace) and raw data (grey traces,
70 peaks). FPA and FPD denote field potential amplitude and field potential duration,
respectively. (C) Ca®* fluorescence signal recordings. (I) Confocal image of hESC-CMs
loaded with Fluo-4 dye, cultured on graphene electrodes. Scale bar: 50 um. (I1) Fluorescence

intensity as function of time at the electrode region marked in (I).

45



As evident from the fluorescent imaging, high opacity of the Au microelectrodes hinders

the imaging of the cells interfaced with the electrodes (Figure 4.5, Figure 4.6).

AV:

Figure 4.6 Ca?* imaging of hESC-CMs through Au and graphene MEAs.
() DIC and (Il) confocal images of Fluo-4 loaded cells cultured on (A) Au MEA and (B)

graphene MEA. The dashed boxes in (B) denote graphene electrodes. Scale bars: 100 pm.

The high transparency of graphene electrodes enabled simultaneous Ca?* imaging from the
cells at the cell-electrode interface (Figure 4.5C). The Ca®* spike frequency extracted from the
time lapse imaging of Ca?* sensitive dye (Fluo-4) labeled cells matches the electrical spike
frequency recorded using the electrodes. This shows the ease of performing simultaneous
recordings, thus allowing integration of the advantages of both modes of recording, leading to high

spatial and temporal resolution.

4.4.1 Graphene MEA for investigating the effect of drugs on cardiomyocytes
To further validate the recorded electrical signals and check if graphene MEA platform can

be used to detect changes in electrophysiology, the cells were treated with a standard drug,
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isoproterenol that stimulates the f-adrenergic receptors leading to an increase in beat frequency

and a decrease in FPD.166
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Figure 4.7 Effect of -adrenergic receptor agonist on recorded electrical signals.

(A) Representative recorded field potential using Au MEA. (1) Trace before and after
application of the 3-adrenergic receptor agonist, isoproterenol. (I1) Averaged trace (87 peaks)
before (red) and after (green) isoproterenol application. (B) Representative recorded field
potential using graphene MEA. (1) Trace before and after application of isoproterenol. (11)
Averaged trace (70 peaks) before (red) and after (green) isoproterenol application. (C)
Representative recorded field potential trace using graphene electrode showing reversibility

of drug effect. Arrows denote addition and washout of isoproterenol.
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A 1.3 fold increase in the peak frequency from 1.4 Hz to 1.8 Hz in case of Au electrodes,
and 1.2 fold increase from 1.1 Hz to 1.3 Hz in case of graphene electrodes was observed post drug
treatment (Figure 4.7A 1, B ). The beat frequency returned to its original value post washout of
isoproterenol (Figure 4.7C), suggesting feasibility of performing multiple assays on the same
electrode-cell setup.
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Figure 4.8 Effect of p-adrenergic receptor agonist on the Ca?* fluorescence signals.

Ca2* signals recorded from hESC-CMs cultured on graphene MEA, (A) before and (B) after
application of isoproterenol. () Confocal image of hESC-CMs loaded with Ca?* sensitive dye
(Fluo-4), cultured on graphene electrodes. Scale bars: 50 pum. (I1) Fluorescence intensity as

function of time at the electrode region marked in (1).

The increase in the beat frequency was further supported by the simultaneous Ca?* imaging
performed on the cells interfaced with graphene electrodes (Figure 4.8). The addition of the drug

also led to 0.9 fold decrease in FPD from 215 + 9 msec to 187 + 3 msec for Au electrodes (n=350
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peaks across 5 channels), and 0.9 fold decrease from 215 + 7 msec to 195 + 6 msec for graphene

electrodes (n=350 peaks across 5 channels) (Figure 4.9).
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Figure 4.9 Effect of p-adrenergic receptor agonist on field potential duration.

The field potential duration of hESC-CM recorded using Au and graphene MEAs, before
(red) and after (green) application of isoproterenol. (**) denotes statistically significant
difference with p<0.005. NS denotes no statistically significant difference. Results are

presented as mean + SD (n=350 peaks across 5 channels).

4.5 Conclusions

In this work we developed a transparent biocompatible graphene-based platform that enables
simultaneous electrical and optical recordings without affecting either of the recording modes. The
high temporal resolution of the electrical recording provides information about all three ionic
currents involved in action potential (i.e. Na*, K* and Ca?"), whereas high spatial resolution of the
Ca?" imaging provides information at a single cell level. The HNOs acid treatment of graphene led
to electrode impedance reduction to values similar to Au electrodes, thus enabling recording of

electrical signals at high SNR of ca. 14. This further indicates the flexibility and ease of surface
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modification of graphene electrodes to enhance their electrochemical properties. The fabrication
protocol suggested in this work can be easily extended to dense arrays of graphene electrodes to
enable recording and studying of larger cellular networks. The biocompatibility of graphene
demonstrated in this work and previous studies indicates the potential of graphene-based devices
for long term stable tissue interfaces. The major advantage of the presented platform is the high
transparency of the electrodes, which provides the flexibility to perform simultaneous optical
studies for both electrophysiology applications such as Ca?* imaging, and non-electrophysiology
applications such as optogenetic manipulation of the cells,**® optical coherence tomography (OCT)
imaging,*®” monitoring biochemical activity of the cells using fluorescently labeled dyes and
proteins,'®-170 and further investigation of the tissue health'*? at the electrode-cell interface over
time. The developed platform will set the ground for further investigations of the relationship
between electrical signals and reported diseases such as Alzheimer, Parkinson’s disease and

arrhythmias.
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Chapter 5- 3D fuzzy graphene-based ultra-microelectrodes for sub-
cellular electrical recordings

5.1 Introduction

The microelectrode array (MEA) technology has enabled investigation of network dynamics
of excitable cells at high temporal resolution.’®*” However, one of the biggest challenges in the
field is to achieve sub-cellular spatial resolution since scaling down the geometric size of
microelectrodes leads to an increase in the electrode impedance which significantly affects the
recording capabilities of MEAs.!® 41 Sub-cellular spatial resolution is crucial to enable high
precision and accuracy of the cell under investigation, avoid averaging of signals from multiple
cells, and enable investigation of sub-cellular events such as distribution of ion channels and
propagation of electrical activity within a single cell.1® 172173 Recent works related to development
of mesh electronics'’* and ultracompliant nanoelectronic probes'’® have demonstrated that
reducing the geometric size of the electrodes enable fabrication on flexible probes with smaller
footprint, thus leading to seamless integration with tissues and minimize mechanical mismatch and
immune response. These studies suggest that further scaling down of the electrode size will
improve interfaces between electronics and excitable tissues.!’*"1”> Furthermore, smaller footprint
will enable increasing the density of recording sites thus enabling investigation of dense cellular

networks 171,173,176

Reducing the impedance by surface modification of the electrodes has led to an
improvement in the performance of the MEASs. Porous structure of Pt black coatings has led to
reduction in impedance of metal electrodes.’’*® Various Au nanostructures have also been

reported such as deposition of nanoflake,®182 and fuzzy Au® structures. The rough surface of
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these nanostructures increases the net surface area, thus reducing the impedance of the
microelectrodes. To increase the effective surface area, the microelectrodes have also been
modified with carbon nanotubes (CNTS) by direct synthesis®* and electrodeposition of CNTs*®®
on the electrode surface. Electrodeposition of iridium oxide films and conductive polymers such
as poly(3,4- ethylene dioxythiophene) (PEDOT) and polypyrrole to the MEAs have also been
demonstrated to reduce the impedance of the electrodes.'8-18 In addition, the use of PEDOT/CNT
composites’®® and polypyrrole/graphene oxide composites’®® has shown to increase charge
injection capacity of the microelectrodes (>200 mC/cm?) by two orders of magnitude when
compared with planar Pt electrodes (1.4 mC/cm?). Even though the surface modifications improve
the sensitivity of the MEAs by reducing the surface impedance and increasing the signal-to-noise
ratio (SNR), the electrodes’ geometry of tens of microns limits the capability for recording signals
from subcellular structures, such as single axon and dendrites.”® Additionally, poor adhesion of
surface coatings suffer from delamination problems thus limiting long-term stable interfaces of the

electrodes with cells and tissues.'%21%

To address these limitations, we have developed microelectrodes using out-of-plane grown
graphene. The extremely high surface area of three-dimensional fuzzy graphene (3DFG) and
nanowire-templated 3DFG (NT-3DFG) enables scaling down the geometric size of the

microelectrodes to sub-cellular scale.

5.2 3DFG and NT-3DFG MEA fabrication

The design of the 3DFG-based MEA is illustrated in Figure 5.1. The fabrication of 3DFG
and NT3DFG MEAs was optimized using standard microfabrication techniques. Briefly, Pt
interconnects and contact pads were patterned on Si/SiO> chips using photolithography and e-beam

evaporation of Pt. Pt was chosen over Au because of higher melting point of Pt to avoid any breaks
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in lines during the fuzzy graphene synthesis in the PECVD system. For NT-3DFG MEAs, 2 nm
thick Au films were patterned in the sensing areas of the MEA chip. Si nanowires (SINWSs) were
synthesized using Au-catalyzed vapor-liquid-solid (VLS) method. 3DFG was synthesized using
plasma enhanced chemical vapor deposition (PECVD) process with growth times of 30 min and

90 min to investigate the effect of flake size and density on the performance of the electrodes.

A B C o __

Figure 5.1 3DFG-based 32-channel MEA design with varying electrode geometric sizes.

(A) Hlustration of a 32-channel 3DFG MEA. Blue arrows indicate alignment marks. Orange
lines and squares indicate Pt interconnects and contact pads, respectively. The 1.5 mm x 1.5 mm
region in the center marked by the red dashed box represents 3DFG electrodes. Scale bar: 2 mm.
(B) Expanded view of the marked dashed red box in (A). The purple, blue, red and green arrows
denote 50 um, 10 um, 5 um and 2 um 3DFG electrodes, respectively. Scale bar: 500 um. (C)
Expanded view of the marked dashed blue box in (B). The orange, green and grey arrows denote
passivated Pt lines, passivated 3DFG lines and exposed 3DFG electrodes, respectively. Scale

bar: 100 pm.

Since synthesis of 3DFG is a substrate-independent process, 3DFG grows on the entire chip.
Therefore, top down patterning of 3DFG is required to fabricate 3DFG and NT-3DFG electrodes.

Top-down patterning usually uses resist or metal-based hard masks to protect the underlying
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material in the regions of interest and the rest is etched using wet (acids/solvents) or dry
(gas/plasma) techniques. Unlike monolayer graphene, the out-of-plane topography of 3DFG
makes the patterning challenging. To address the rough surface of 3DFG, 100 nm of SiO, was
deposited using PECVD system. PECVD deposition leads to conformal coating of SiO2 on the
3DFG flakes thus enabling smooth coating of photoresists during the subsequent photolithography
processes. Furthermore, SiO; layer prevents the flakes from physical damages from the subsequent
steps. Next, Cr is patterned on top of SiO.-coated 3DFG using photolithography and e-beam
evaporation. Using Cr as the hard mask, SiO2and 3DFG from the non-electrode regions are etched
off by CHFs-based and O»-based reactive ion etching (RIE) processes, respectively. Post-
patterning, the Cr and SiO- layers present on top of the 3DFG electrode regions are then etched
off using Cr etchant and buffered oxide etchant, respectively. In the final step, the non-sensing
regions, i.e., Pt lines (Figure 5.1C, orange arrow) and 3DFG lines (Figure 5.1C, green arrow), are
passivated with SU8 polymer, thus exposing only the 3DFG or NT-3DFG ends to the solution
(Figure 5.1C, grey arrow). (For more details regarding 3DFG and NT-3DFG MEA fabrication,

please see Appendix C)

5.3 MEA characterization

5.3.1 Structural

The structure and integrity of 3DFG and NT-3DFG post-fabrication was investigated by
performing scanning electrode microscopy (SEM) and Raman spectroscopy characterization. The
out-of-plane morphology of graphene flakes, as observed in the SEM images of 3DFG (Figure
5.2A) and NT-3DFG (Figure 5.2C) electrodes, confirmed that the fabrication process did not
damage the flakes. The presence of graphene was confirmed by the presence of characteristic peaks

in the Raman spectra, i.e., D, G, and 2D peaks (Figure 5.2B, D).!*® The D and D’ peaks are
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produced due to one-phonon defect-assisted process, and D+D’ peak is produced due to two-

phonon defect-assisted process.!
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Figure 5.2 SEM characterization of 3DFG and NT-3DFG MEAs.

(A) (1) SEM image of 50 um 3DFG MEA. Orange and red arrows denote passivated and
exposed 3DFG electrode, respectively. Scale bar: 100um. (I1) Expanded view of the red
dashed box marked in (I). Scale bar: 500um. (B) Raman spectra acquired from the points
marked in (A). (C) (1) SEM image of 50 um NT-3DFG MEA. Yellow and cyan arrows denote
passivated 3DFG and exposed NT-3DFG electrode, respectively. Scale bar: 100um. (11)
Expanded view of the red dashed box marked in (1). Scale bar: 500um. (D) Raman spectra

acquired from the points marked in (C).

In the case of 3DFG, the emergence of the D peak, at ca. 1335 cm™, and the D’ peak, as a
shoulder to the G peak, is caused by breaks in translational symmetry due to the presence of 3DFG

edges, as evident in the SEM images (Figure 5.2A, C).1"113 The observed broad 2D peak can be
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fitted with a single Lorentzian. This confirms the presence of juxtaposed single- to few-layer
graphene flakes, in the form of high-density 3DFG.4!>, Furthermore, the absence of these peaks
in the spectra acquired from the non-electrode regions confirmed successful patterning of 3DFG

(Figure 5.2B, D).

5.3.2 Electrochemical
The electrochemical performance of the 3DFG and NT-3DFG electrodes was investigated

using cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
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Figure 5.3 Electrochemical characterization.

(A) Cyclic voltammograms of 50 um x 50 um Au (orange), 30 min 3DFG (green), 90 min 3DFG
(blue) and 90 min NT-3DFG (purple) electrodes acquired in 1 M KCI at 500 mV/s. (B)
Impedance versus frequency plots for 50 um x 50 um monolayer graphene (red), Au (orange),
30 min 3DFG (green), 90 min 3DFG (blue) and 90 min NT-3DFG (purple) electrodes acquired
in 1X PBS. (C) Impedance values at 1 kHz for Au, monolayer graphene, 3DFG and NT-3DFG
electrodes. Red, blue, green and orange bars denote 50, 10, 5 and 2 um electrode geometric

sizes, respectively (n=5-8 electrodes for each electrode type).

The characterizations were performed using a three-electrode setup with Pt wire and

Ag/AgCl as counter and reference electrodes, respectively. The 3DFG, NT-3DFG and Au-control
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electrodes were used as working electrodes. To compare the electrochemically active surface area
of different types of electrodes, capacitive currents were characterized by conducting CV with 1

M KClI electrolyte solution. The area under the CV curves provides information about the charge

Area under curve

storage of an electrode (charge =

), Where area under the curve is the product of

scan rate

capacitive current and voltage. Since capacitance is related to the charge as per the equation:
Charge = capactiance X voltage, therefore capacitance of an electrode is directly

proportional to the capacitive current.

Prior to exploring different electrode geometric sizes, the effect of 3DFG flake size and
density was investigated on the electrochemical performance of 50 um x 50 um 3DFG and NT-
3DFG MEAs. The flake size and density was controlled by changing the 3DFG synthesis time.”
The high surface area of 30 min 3DFG electrodes led to ca. 40 folds higher capacitance compared
to planar Au electrodes as observed in the CV characterization (Figure 5.3A). 90 min 3DFG, that
had bigger flake size and more density and thus higher surface area, led to ca. 100 folds higher
capacitance. Synthesizing 3DFG on a NW template in case of NT-3DFG further enhanced the net
surface area of the electrode thus leading to ca.200 folds increase in the capacitance (Figure 5.3B).
Since capacitance is directly proportional to the electrochemical surface area of an electrode,*?”
1% the CV curves suggest 200 folds higher electrochemical surface area of NT-3DFG

microelectrodes compared to planar Au electrode of similar geometric area.

To characterize the impedance of the electrodes, EIS was performed in 1X phosphate buffer
saline (PBS) solution. The frequency was scanned from 0.1 Hz to 100,000 Hz with Vpc 0of 0 V and
Vac of 10 mV, and impedance values at 1 kHz were noted. Increase in the surface area of 3DFG

and NT-3DFG electrodes led to reduction in the electrode impedance, as evident by the EIS
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characterization. Extremely high surface area of 90 min NT-3DFG electrodes led to ca. 200 folds
reduction in the impedance compared to planar graphene and Au electrodes of similar geometrical
surface area. Therefore, different geometric sizes of NT-3DFG electrodes ranging from 50 um to
2 pum were fabricated and characterized using EIS. The 2 um NT-3DFG electrodes showed similar
impedance values as that of 50 um planar graphene electrode (Figure 5.3C). The high surface area

of NT-3DFG thus enabled scaling down of the geometric area of the electrode by 625 folds.

5.4 Electrical recordings using varying size NT-3DFG electrodes

The recording capabilities of NT-3DFG microelectrodes and ultra-microelectrodes were
investigated by interfacing the human embryonic stem cells derived cardiomyocytes (hESC-CMs)

with the NT-3DFG MEA chips with varying size electrodes ranging from 50 pm to 2 pm.

5sec

Figure 5.4 Electrical recordings using NT-3DFG electrodes.

(A) DIC image of hESC-CMs interfaced with NT-3DFG electrodes of varying geometric
sizes. Purple, red, green and blue arrows denote 50, 10, 5 and 2 um electrodes. Scale bar: 200
pum. (B) Representative recorded field potential traces using 10 um (red), 5 um (green) and 2

pum (blue) NT-3DFG electrodes.
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NT-3DFG electrodes of 2, 5, 10 and 50 um geometric area led to recording of field potentials

with amplitude of 400-800 pV and high signal-to-noise ratio (SNR) of >10 (Figure 5.4).
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Figure 5.5 Extracellular field potential waveform analysis of signals recorded using NT-
3DFG electrodes.

(A) Averaged peak (red trace) and raw data (grey traces, 60 peaks) of field potentials recorded
using (1) 50, (11) 10, (111) 5 and (IV) 2 um electrodes. (B) Na* peak width and (C) field

potential duration as a function of electrode geometric sizes.

Additional analysis was done on the extracellular field potential waveforms. The field
potentials recorded using ultra-microelectrodes of 10 um and lower geometric sizes had
significantly lower field potential duration (FPD) and Na* peak width compared to 50 pm
electrodes (Figure 5.5). The wider FPD and Na* peak width in case of 50 um electrodes is
attributed to the averaging of the signals either from multiple cells or due to propagation of signals

within the same cell, as opposed to the ultra-microelectrodes. These results highlight the
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importance of using ultra-microelectrodes that enables higher spatial resolution and avoid

averaging of signals which cannot be achieved with electrodes similar to or bigger than a cell.

5.5 Conclusions

This work demonstrates for the first time, recording of the electrical activity of excitable cells
using ultra-microelectrodes ranging from 10 um down to 2 um, without the need of any surface
coatings. The extremely high surface area-to-volume ratio of NT-3DFG enables fabrication of
ultra-microelectrodes, as small as an axon, thus opening up possibilities to probe at sub-cellular
scale and investigate activities such as distribution of ion channels and propagation of electrical
activity within a single cell, which is not feasible with the current MEA technology. In addition,
the ultra-microelectrodes are crucial for (i) improvement in precision and accuracy of cellular
recordings, (ii) fabrication of high density electrode arrays to study network dynamics of dense
cellular networks, (iii) prevention of signal averaging due to action potential propagation within

and between cells, and (iv) minimizing the foreign body response in an in vivo environment.
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Chapter 6- Non-genetic optical modulation of neuronal activity using
nanowire-templated 3D fuzzy graphene

6.1 Introduction

The ability to modulate electrical activity of excitable cells has revolutionized our
understanding of cellular functions, and has led to development of therapeutic platforms for
various disorders, such as cardiac arrhythmia, epilepsy and Parkinson’s disease.38: 159 180. 182,195
Standard methods to modulate cellular activity of excitable cells use electrodes that inject charges
to depolarize the cell membrane thus stimulating the cells.’®® However, the traditional bulky and
rigid electrodes used for electrical stimulation are limited by inability to target single cells, poor
precision and specificity, and high invasiveness that can induce severe inflammation in target
tissue.1’* 19619 The development of optogenetics has revolutionized our ability to control the
activity in excitable cells and tissues. Optogenetics, which expresses microorganisms-derived
light-gated ion channels in mammalian cells, enables modulation of electrical activity of cellular
networks at high spatial and temporal resolution with single cell precision.’® However,
optogenetics require genetic manipulation of the cells that limits the clinical translation to humans

and regulatory approval.200-201

Non-genetic photo-stimulation of cells and tissues can address the limitations of both
electrical and optogenetics methods. A study in 2005 demonstrated a breakthrough technique that
used infrared (IR) laser pulses to stimulate nerves and muscles in vivo.2%? Later, another study
investigated the mechanism of IR stimulation in artificial lipid bilayers, cultured mammalian cells,
and Na" and K* voltage-gated channels expressing Xenopus laevis oocytes.?® The work

demonstrated that IR radiation increases the temperature near the cell membrane that leads to
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increase in its electric capacitance. The rate of change of capacitance leads to a capacitive current

as per the equations:

Q0=C,xV
;o_4dQ _ ~ 4V aACm
lc_dt_Cmdt-l_th'

where, ic, Q, Cm and V represent capacitive current, transmembrane charge difference, membrane

capacitance and membrane potential, respectively.

The capacitive current depolarizes the cell membrane and if the cell reaches its excitation
voltage threshold it elicits an action potential.2%® This method thus enables modulation of neuronal
activity without the need of genetic modifications. However, the use of IR for photothermal
stimulation is limited by the absorption of the laser by the bulk medium that leads to poor spatial
resolution and precision and the need of high laser energy.?® More recently, photothermal
stimulation using Au and Si-based nanomaterials have been shown to produce a more localized
heating effect thus enabling modulation of cellular activity at sub-cellular spatial resolution and
high precision with lower laser power compared to bare IR stimulation.2%% 204206 However, these
platforms are still limited by (i) need for relatively high laser power, (ii) low thermal conversion
efficiency, (iii) limited photo-absorbance and absorption wavelengths or (iv) unproven long-term

stability.

To address these challenges, we developed nanowire-templated three-dimensional fuzzy
graphene (NT-3DFG) based hybrid-nanomaterial platform for photothermal modulation of
neuronal activity. The few microns dimension of NT-3DFG enables high precision and spatial
resolution. The relatively higher photo-absorbance and photo-thermal conversion efficiency of

NT-3DFG compared to Au and Si-based nanomaterials allows stimulation at significantly lower
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laser energies. In addition, the high absorbance of NT-3DFGs across the entire visible-near

infrared (IR) spectra provides flexibility to stimulate the cells using different wavelengths.

6.2 NT-3DFG synthesis and characterization

NT-3DFG was synthesized as previously described in Chapter 2. Briefly, Si nanowires
(SiNWs) were synthesized using Au-catalyzed vapor-liquid-solid (VLS) process on Si/SiO2 chips.
Post synthesis of SINW, 3DFG was synthesized using plasma enhanced chemical vapor deposition
(PECVD) process (Figure 6.1A). Sample preparation for structural, optical and photothermal
characterization was performed by sonicating as-grown NT-3DFG samples in isopropyl alcohol
(IPA) using a bath sonicator. The solution with isolated wires were then drop-casted on either
quartz or Si/SiO; substrates depending on the application, and the IPA was allowed to evaporate.
For cellular work, the as-grown samples were treated with HNO3 to render the surface hydrophilic,
followed by sterilization by 70% ethanol treatment and UV exposure. The wires were then
functionalized with lysine-phenylalanine based peptide (KF)s since KF self-assembles on
graphene surface?®” and renders the surface positive, thus facilitating adhesion of NT-3DFGs to
the cell membrane. The wire suspensions were created via sonication in either 1X phosphate buffer
saline (PBS) solution or cell culture media, and were added to the cells. (For more details, see

Appendix E).

6.2.1 Structural and chemical characterization

The out-of-plane morphology of graphene flakes from the SINW core was confirmed by
the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) imaging
(Figure 6.1). High resolution TEM images also confirmed presence of single-to-few layer

graphene flakes at the edges of NT-3DFG (Figure 6.1D-F).
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The crystallinity of NT-3DFG was investigated using selected area electron diffraction
(SAED). The diffraction patterns indicated that 3DFG is polycrystalline in nature (Figure 6.1 F

(inset), Table 5).1%°

A

PECVD

Sinanowire  QOut-of-plane grown
template graphene flakes

D

Figure 6.1 Highly controlled out-of-plane growth of single-to-few layers three-dimensional
(3D) graphene flakes on a Si nanowire (SINW).

(A) Schematics of NW-templated 3D fuzzy graphene (NT-3DFG). (B) SEM image of NT-
3DFG. Scale bar: 1 um. (C) Expanded view of the marked red dashed box in B. Scale bar: 500
nm. (D) High resolution-TEM image of NT-3DFG. Scale bar: 1 um. (E) Expanded view of the
marked red dashed box in (D). Scale bar: 100 nm. (F) Expanded view of the marked purple
dashed box in (E). Black arrows indicate presence of single layer graphene. Inset is the

representative SAED of an isolated NT-3DFG. Scale bars: 10 nm, 5 nm-1 (inset).
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The inter-planar distances for the 1%t and 2" nearest C-C neighbors were experimentally derived
to be 0.123 nm and 0.212 nm. These values agree with the expected inter-planar spacing for the
(1120) plane (d130 = 0.123 nm) and the (1010) plane (d;47o = 0.213 nm). The distance between
individual graphene layers (dggo2 = 0.360 nm) concurs with the expected value of 0.344 nm

indicating the presence of turbostratic graphene. 10112
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Figure 6.2 Raman spectroscopy of NT-3DFG.
(A) Representative Raman spectrum of a drop casted NT-3DFG (n=90 independent NT-
3DFGs). (B) Peak intensity ratio of D peak to G peak (Ipo/lg) as a function of dispersion of G

peak. (C) Ip/lg as a function of FWHM of G peak (n=90 independent NT-3DFGs).

The presence of characteristic peaks in the Raman spectra, i.e., D, G, and 2D peaks,
confirmed the presence of graphene (Figure 6.2A, Table 6). The D and D’ peaks are produced due
to one-phonon defect-assisted process, and D+D’ peak is produced due to two-phonon defect-
assisted process.’® In the case of 3DFG, the emergence of the D peak, at ca. 1335 cm™, and the
D’ peak, as a shoulder to the G peak, is caused by breaks in translational symmetry due to the
presence of 3DFG edges, as evident in the SEM and TEM images (Figure 6.1).1%-112 The observed

broad 2D peak can be fitted with a single Lorentzian, and explained by the presence of juxtaposed
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single- to few-layer graphene flakes, in the form of high-density 3DFG.!41° The appearance of a
strong D peak due to edge effects was further verified by dual-wavelength Raman spectroscopy.
Increase in both the position of the G peak as a function of excitation wavelength (Disp(G)) and
G peak full width at half maximum (FWHM(G)) is observed with an increase in the disorder in
the carbon structure.!*® Therefore, a higher Io/lg corresponds to higher Disp(G) and FWHM(G) in
the case of bulk structural defects.!'4> The lack of clear correlation between Ip/lc and FWHM(G)
as well as between Ip/lc and Disp(G) (Figure 6.2B, C, Table 7) further confirms that the major
contribution to the D peak is due to edge defects rather than bulk-structural defects.!4115 117 The
saturation of Disp(G) at 0.2 cm™*/nm with change in excitation wavelength, is another indication

of the presence of sp? hybridization and lack of large structural defects.

Surface chemistry of the pristine as well as surface-modified NT-3DFGs was investigated
using X-ray photoelectron spectroscopy (XPS) characterization (Figure 6.3, Table 8, Table 9).
XPS was performed on pristine NT-3DFG (Figure 6.3A |, B), HNOs-treated NT-3DFG (Figure
6.3A II, C), and HNOa-treated and KF modified NT-3DFG (Figure 6.3A Ill, D). Presence of a
prominent sp? hybridized C1s peak at ca. 284 eV in all three conditions (Figure 6.3B1,C 1, D I)
corroborates the presence of sp? C lattice of graphene.?%8-2%° The peak at ca. 290 eV is attributed to
n—m* shake up satellite feature.?? The peak at ca. 288 in C1s spectra is due to presence of 0-C=0
and/or N-C=0.%11212 which is attributed to the formation of carboxylic groups due to nitric
treatment?'® and amide bonds in peptides.?* The peak at ca. 532.5 eV in the O1s spectra (Figure
6.3B I, C II, D 1l) is due to presence of C=0 bonds.?*?!> The low intensity of O1s peak in case

of pristine sample (Figure 6.3A 1) might be attributed to adsorption of organic contaminants.?®
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Figure 6.3 NT-3DFG surface modification analysis.

(A) Representative X-ray photoelectron spectroscopy (XPS) survey of (1) pristine NT-3DFG,
(I1) HNOzs-treated NT-3DFG, and (I11) HNOgz-treated and lysine-phenylalanine based peptide
(KF)s-modified NT-3DFG. (B-D) Representative (1) C1s, (I11) Ols and (I11) N1s spectra of (B),
pristine NT-3DFG, (C) HNOs-treated NT-3DFG, and (D) HNOz-treated and (KF)s modified
NT-3DFG. Solid grey circles denote raw data. Data was acquired for n=3 independent samples

for each condition.

The increase in the C=0 peak intensity in the case of nitric-treated and KF modified NT-
3DFG samples (Figure 6.3A 11, 111) can be attributed to presence of carboxylic groups?'® due to
HNOj3 treatment?!® or peptide backbone.?!* The peak at ca 533 eV/(Figure 6.3D 11) can be attributed
to C-OH group due to peptide modification.?'* The peak at ca. 406 eV in the N1s spectra of both
nitric treated NT-3DFG (Figure 6.3C I11) and KF modified NT-3DFG (Figure 6.3D Il1) samples
is due to NOs™ groups which can be attributed to the treatment with HNOs-acid.'?* 27-218 The amide
peak at ca. 400 eV in the N1s spectra for KF-modified NT-3DFG samples (Figure 6.3D I1I)

confirms the presence of peptides on the NT-3DFG surface 21212214

6.2.2 Optical and photothermal characterization

The effect of 3DFG flakes on the optical properties of NT-3DFG was investigated by
extinction characterization. The polarization-resolved bright-field extinction measurements were
performed on isolated NT-3DFG drop-casted on a quartz substrate, using a supercontinuum laser
source. The average extinction spectra, plotted as (1 —T) % 100%, where T is the measured
transmittance, reveal broadband extinction spectra of the NT-3DFGs (Figure 6.4A). Moreover, the

presence of 3DFG flakes led to 4 folds increase in the extinction compared to bare SINW.%1° We
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note that the % values in the extinction spectra depict the lower end since the laser spot used for

the measurements is significantly larger than the diameter of the NT-3DFG.

To determine the local temperature change near the NT-3DFG as a result of laser
illumination, photothermal characterization was performed using pipette resistance method?®® 220
as illustrated in Figure 6.4B. (For more details regarding photothermal characterization, please see

Appendix E).

Briefly, NT-3DFGs were drop-casted on quartz substrates and immersed in 1X PBS
solution. A pipette connected to a patch clamp amplifier, was brought in close proximity to a single
NT-3DFG (~1-2 um). lonic currents through the pipette were recorded in a voltage-clamp mode,
and the laser pulses with varying laser powers and pulse durations were applied to the NT-3DFG.
In case of a photothermal response, the mobility of ions near the wire changes, that leads to changes
in ionic currents recorded by the pipette.?® The changes in the ionic currents are then used to
measure the temperature change using a calibration curve (Figure 6.4C). The calibration curve was
generated by exposing the pipette to the PBS solution at varying temperatures ranging from 25 °C

to 50 °C, and simultaneously recording the current through the pipette in a voltage-clamp mode.

[llumination of laser pulses on isolated NT-3DFGs led to a photothermal response (Figure
6.4D-F). The local temperature change increased from 1.7+0.4 K to 6.1+1.1 K with increase in
laser power from 2 mW to 10 mW (Figure 6.4D). The temperature change showed sub-msec
temporal response (Figure 6.4E). The presence of fuzzy graphene on SiNW led to a ca. 6-fold
increase in temperature change with 2.5-fold less laser power, compared to bare SINW (Figure

6.4F).
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Figure 6.4 Optical and photothermal characterization of NT-3DFG.

(A) Mean extinction spectrum of isolated NT-3DFG as a function of wavelength (n=6). (B)
Schematic illustrating photothermal characterization of a drop-casted NT-3DFG. (C)
Calibration curve for a 1.9 MQ pipette. (D) Representative temperature changes due to the
photothermal effect of an isolated NT-3DFG as a function of laser power (635 nm laser, 20 um
spot size, 10 msec pulse width). Temperature values were averaged from 10 traces (n=10
isolated wires). The shaded region represents the duration of the laser pulse. (E) Representative
temperature changes due to the photothermal effect of an isolated NT-3DFG as a function of
laser pulse duration (635 nm laser, 20 um spot size, 10 mW power). Temperature values were
averaged from 10 traces (n=10 isolated wires). (F) Temperature change as a function of laser
power for NT-3DFG (red) and bare Si nanowires (blue). Results are presented as mean + SD

(n=10 isolated wires, 10 measurements per wire).
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This enhanced performance of NT-3DFG could be attributed to high absorbance and high

photo-thermal conversion efficiency of the hybrid-nanomaterial.

6.3 Photothermal stimulation
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Figure 6.5 Photothermal stimulation: microscope setups.
(A) Custom-built single-photon microscope for photothermal characterization of NT-3DFGs,
and Ca?* imaging of neurons during photo-stimulation. (B) Custom-built microscope setup for

patch-clamp measurements of neurons during photothermal stimulation.

Post photothermal characterization, NT-3DFGs were used for photothermal stimulation of
cells. Custom-built setups were used to perform either patch clamp measurements or Ca?* imaging
of the cells during photo-stimulation (Figure 6.5). The KF-modified NT-3DFG suspension was
added to the primary culture of neonatal rat dorsal root ganglia (DRG). Cells were incubated for
at least 2 hours to ensure adhesion of wires on the cell membrane and photothermal stimulation

was performed (Figure 6.6A, B).
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6.3.1 Modulation of electrical activity

[lluminating the cell-wire interface with laser pulses led to depolarization of the cell
membrane as observed in the patch clamp measurements. The membrane potential was
progressively depolarized with increase in the laser energy, i.e., either by increasing the laser
power from 1.45 mW to 3.02 mW and keeping pulse duration fixed at 1.2 msec (Figure 6.6C) or
by increasing the laser pulse duration from 0.4 msec to 1.6 msec and keeping the laser power fixed
at 2.28 mW. (Figure 6.6D). The laser energy of ca 3.6 uJ induced enough depolarization of the
cell membrane to reach the threshold potential thus leading to an action potential. These energy
values are significantly smaller than what has been demonstrated with other Si and Au-based

nanomaterials,20% 206, 220

The laser energy required to elicit an action potential was further reduced by applying laser
pulses of few-to-10s of psec pulse duration, for e.g. 20 psec laser led to an action potential using
~100 nJ laser energy, and 2 psec laser led to action potential using ~20 nJ laser energy, as
compared to 1 msec pulses that needed ~2.7 pJ laser energy (Figure 6.6E). This could be explained
by the dependence of the membrane depolarization on the rate of capacitance change (dCm/dt).?%
Greater the value of dCr/dt, larger is the capacitive current. Higher current leads to more
membrane depolarization, thus making it easier to reach the excitation threshold. Use of ultra-short
pulses significantly increases the dCn/dt, 2% thus, enabling stimulation at much lower energies in
the range of 10s-to-100s of nanojoules, i.e. orders of magnitude lower compared to laser pulses of

few msec durations.
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Figure 6.6 Photothermal stimulation of dorsal root ganglia (DRG) neurons with NT-3DFG
(A) Schematics illustrating a NT-3DFG interfaced with a DRG neuron for photothermal
stimulation. Purple spot indicates laser illumination area. (B) Bright field image of a DRG

neuron interfaced with a NT-3DFG. White arrow indicates the laser pulse illumination point.

73



Figure 6.6 continued: Scale bar, 50 um. (C) Representative recorded membrane potential of a
DRG neuron. The DRG neuron was illuminated by 405 nm laser with 1.2 msec pulse duration
and varying powers of 1.45 mW (1.74 J, violet), 1.73 mW (2.08 pJ, blue), 2.28 mW (2.73 pJ,
green), and 3.02 mW (3.62 pJ, red) The purple arrow indicates the applied laser pulse starting
point. (D) Representative recorded membrane potential of a DRG neuron. The DRG neuron was
illuminated by 405 nm laser of 2.28 mW power and varying pulse durations of 0 msec (0 pJ,
black), 0.4 msec (0.91 pJ, violet), 0.8 msec (1.82 pJ, blue), 1.2 msec (2.74 uJ, green), and 1.6
msec (3.65 pJ, red). The purple arrow indicates the applied laser pulse starting point. (E) Laser
energy required for photothermal stimulation of neurons as a function of laser pulse duration
(n=12 DRG neurons). (F) Representative recorded capacitive current transients in response to
laser pulses with pulse duration of 2 msec and laser power of 1.73 mW (3.46 uJ). Neurons were
patch clamped in a whole cell voltage clamp mode with holding potentials of -150 (violet), -140

(blue), -130 (green), -120 (orange) and -110 (red) mV (n=3 DRG neurons).

Recently, a study demonstrated that for a pure opto-capacitance based stimulation of cells,
the energy needed to reach membrane threshold potential (E;;) and the laser pulse duration (At)
follow a power law relationship, i.e., Ex, = a x At?.?%! Similar observation was made for the NT-
3DFG based photo-stimulation with a=10.66 and b=0.8 (Figure 6.6E). This confirms the opto-
capacitive mechanism of the stimulation, i.e., stimulation occurred due to changes in membrane
capacitance instead of activation of other channels such as temperature-sensitive TRPV1 and
mechano-sensitive channels.?! Additionally, the coefficient of the fit i.e. a=10.66 (Figure 6.6E)
shows 2.5 to 10-folds higher efficiency of NT-3DFG compared to CNT-mesh and graphite-based

nanomaterials.?’? Furthermore, the voltage-clamp recordings clearly show generation of capacitive
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currents upon laser illumination on the NT-3DFG-neuron interface (Figure 6.6F) corroborating the

opto-capacitive nature of the stimulation.
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Figure 6.7 Highly controlled photothermal stimulation of neurons.
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(A) Representative recorded membrane potential of a repetitively stimulated DRG neuron. (B)
Representative recorded membrane potential of a DRG neuron exposed to trains of laser pulses
at different frequencies (n=3 DRG neurons). A 405 nm laser with pulse of 3.02 mW power and
0.7 msec pulse duration (2.11 pJ) was used. The purple and orange arrows indicate an action

potential and a subthreshold depolarization, respectively.

To investigate the reproducibility of the photothermal stimulation technique, we
illuminated the same NT-3DFG-cell interface multiple times. Figure 6.7A shows the response of
the neuron upon electrical stimulation using patch clamp (left curves) and photothermal
stimulation using 405 nm laser (right curves). The cell elicited action potential for every round
showing high reproducibility. Furthermore, the laser pulses were applied with varying frequencies
of 1, 10 and 20 Hz for 10 sec each. Figure 6.7B shows the action potentials elicited as a result of
the laser pulses. 10 pulses of 1 Hz laser and 100 pulses of 10 Hz laser led to full action potentials

post each laser pulse. At 20 Hz, action potential generation became less efficient as evident by the
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presence of sub-threshold signals (Figure 6.7B, orange arrow). At higher frequencies, the

efficiency of the action potential is limited by the intrinsic ion channel kinetics.20% 221

‘_—
40mV
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Figure 6.8 Control experiment with an off-NT-3DFG illumination.

(A) Bright field image of a DRG neuron interfaced with NT-3DFG. White arrow indicates the
point where the laser pulse was applied. Scale bar: 50 um. (B) Representative intracellular
electrical recordings of DRG neurons illuminated by 405 nm laser with 1.2 msec pulse duration
and 3.02 mW applied power (3.62 pJ). Blue and green arrows represent the time points when

the electrical and the optical stimulation pulses were applied, respectively.

To check if the observed electrical behavior is due to the temperature change generated by
the NT-3DFG, we performed control experiments where the laser was illuminated on the cell but
away from the wire (Figure 6.8A). An electrical stimulation pulse was applied (blue arrow) to
show that the cell is functionally active and excitable, and a laser pulse was applied (green arrow)
on the same cell with same power and pulse duration as before. No change in the membrane
potential confirmed that the stimulation of the cell was due to the photothermal effect of the NT-

3DFG.
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6.3.2 Effect of photothermal stimulation on the cell viability

To investigate the effect of laser pulses on the cell viability, the DRG neurons were loaded
with calcein dye that labels the live cells green, and were imaged using blue laser and GFP filter.
The cells were interfaced with NT-3DFGs and 1 msec laser pulses of varying laser power ranging
from 4 mW to 25 mW were applied to the cell-wire interface (Figure 6.9A). The cell was imaged

before and after 10 iterations of pulses at 4, 6, 8, 10 and 25 mW power.
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Figure 6.9 Photothermal stimulation with NT-3DFG does not affect cellular viability.

(A) Bright field and fluorescence images of calcein loaded DRG neurons before and after 10
pulses of 635 nm laser with varying laser power of 4 mW (4 pJ), 6 mW (6 uJ), 8 mW (8 wJ), 10
mW (10 J), and 25 mW (25 J). 10 pulses of 1 msec duration at 1 Hz were applied for each
power. 25 mW train refers to 1000-2500 pulses of 1 msec duration at 500 Hz. White arrow
indicates the NT-3DFG illuminated by the laser. Red arrow indicates the neighboring cell not
illuminated by the laser. Scale bars: 50 um. (B) Change in fluorescence of targeted cells (green)
and neighboring cells (red) as a function of laser power. Results are presented as mean £ SD (n

= 9 DRG neurons).
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No significant fluorescence change was observed for laser powers from 4 to 25 mW. As a
control, the cells were then exposed to 1000-2500 pulses at 500 Hz frequency to induce cell death,
indicated by the significant loss in fluorescence (p<0.005) (Figure 6.9B). No change in the
fluorescence of the neighboring cells confirmed that the fluorescence change of the cell under
stimulation was not due to bleaching of the dye (Figure 6.9B). The quantification clearly shows
that 1 msec laser pulses with power of 25 mW (energy of 25 pJ) or less does not induce cell death.
The maximum energy used for photothermal stimulation of neurons was 6 pJ, significantly lower
than the energy needed to kill the cells. This assay confirms the safety of the photothermal

stimulation of neurons using NT-3DFG.

6.3.3 Multi-cell dynamics via calcium imaging

The effect of photothermal stimulation on the calcium dynamics of neurons was also
investigated. Calcium is a ubiquitous second messenger, that plays an essential role in the signal
transduction of excitable cells.??? Calcium ions enter the excitable cells during an action potential
firing, therefore, the electrical activity of neurons can also be assessed by monitoring the calcium
flow across the cell membrane.??? In addition, calcium imaging enables investigation of cellular
activity at a network scale,??? which is immensely challenging using the patch clamp technique.
The cells were loaded with calcium indicator dye, Cal-520, and the calcium dynamics was
observed via fluorescence imaging using a custom-built single photon microscope. (For more

details, see Appendix E).

6.3.3.1 2D neuronal culture

Stimulation of neurons leads to influx of calcium ions through ion channels on the cell
membrane.?%% 204 220 Tq jnvestigate the effect of photo-stimulation on the calcium dynamics of
DRG neurons NT-3DFGs were interfaced with the cells loaded with calcium indicator dye, Cal
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520. The illumination of the wire-cell interface with a laser of 4 mW power and 1 msec pulse width
led to an influx of calcium, as evident from the increase in fluorescence of the calcium indicator
(Figure 6.10). Furthermore, the stimulation led to the propagation of the calcium activity from the
cell under stimulation to the neighboring cells as observed by the delay in the fluorescence change
response of the neighboring glial and neuronal cells (Figure 6.10B). The propagation of the
calcium activity could be explained by the intercellular junctions and diffusion of chemical
messengers.??322° This experiment confirmed that the photo-stimulation of neurons using NT-

3DFG can enable modulation of the calcium dynamics at a single cell as well as network level.

7

20sec
Figure 6.10 Photothermal stimulation of a 2D network of DRG cells.

(A) Representative bright field (1) and time-series fluorescent images (11-1V) of cells loaded with
calcium indicator dye (Cal 520) (n=15 neurons). 635 nm laser with pulse of 4 mW power and 1
msec pulse duration (4 J) was applied at t=5 sec. White arrow indicates the NT-3DFG
illuminated by the laser pulse. Scale bars: 50 um. (B) Normalized calcium fluorescence intensity

curves of the cells marked in A. Red arrow represents applied laser pulse starting point (t=5 sec).

As a control, laser was illuminated away from the wire with the same laser power and pulse

duration that led to stimulation before, and the fluorescence imaging was performed to monitor
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the calcium flux. No change in fluorescence of the calcium indicator was observed even after
multiple pulses (Figure 6.11) thus confirming that the calcium influx was triggered by the

photothermal effect of the NT-3DFG.
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Figure 6.11 Control experiment with an off-NT-3DFG illumination.

(A) Bright field (1) and time-series fluorescent images (I1-1V) of cells loaded with calcium
indicator dye (Cal 520). 635 nm laser pulses of 4 mW power and 1 msec pulse duration (4 pJ)
were applied at t=5, 15 and 25 sec. White arrow indicates the point illuminated by the laser
pulse. Scale bars: 50 pum. (B) Normalized calcium fluorescence intensity curve of the cell

marked in a. Red arrows represent the applied laser pulses starting point (t=5, 15 and 25 sec).

6.3.3.2 3D neuronal network

Modulating activity of neurons in their 3D microenvironment is crucial since cells cultured
in 3D represent more in vivo-like behavior in terms of morphology??%-??7, cell survival®®, and
electrophysiological characteristics such as synapse formation, membrane resting potential,
maximum depolarization slope, and action potential duration.??°-?3! The inability of 2D cell culture
models to recapitulate in vivo-like cytoarchitectural organization and inter-cellular connections has
impeded their use, especially for disease modeling and therapeutic applications.?®?23 Recently,
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complex 3D arrangements of cells resembling human tissue, spheroids and organoids, have been
developed that has opened up opportunities to allow better understanding of cellular physiology
both in healthy and diseased states.?32% However, there is still a need to develop a minimally
invasive and biocompatible platform that can allow precise modulation of the cellular activity in
their 3D microenvironment. Therefore, to bridge the gap we explored the possibility to stimulate

3D neuronal micro-tissues using NT-3DFG.

Figure 6.12 Photothermal stimulation of 3D cortical spheroids.

(A) Representative bright field (I) and time-series fluorescent images (11-1V) of a cortical
spheroid loaded with calcium indicator dye (Cal 520) (n=8 tissues). 635 nm laser with pulse of
6 mW power and 1 msec pulse duration (6 pJ) was applied at t=25 sec. White arrow represents
the NT-3DFG illuminated by the laser pulse. Scale bars: 50 um. (B) Normalized calcium
fluorescence intensity curves of the cells marked in A. Red arrow represents the applied laser

pulse starting point (t=25 sec).

Cortical spheroids were formed by seeding embryonic rat derived cortical neurons in

agarose-based micromolds. The tissues were cultured for 3-4 weeks to allow for compaction and
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maturation of the neurons. The spheroids were then interfaced with dispersed NT-3DFGs and the
calcium dynamics of the neuronal network was investigated (Figure 6.12A). llluminating the wire-
spheroid interface with laser pulses of 4-6 mW power and 1 msec pulse width led to influx of
calcium in the neuronal cells. The signal propagated to the neighboring cells as observed by the
change in fluorescence intensity of the cells (Figure 6.12B). The calcium transients of these

spheroids is similar to what has been observed in the literature.?36-2%°
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Figure 6.13 Control experiment with an off-NT-3DFG illumination.

(A) Bright field (1) and time-series fluorescent images (I1-1V) of cells loaded with calcium
indicator dye (Cal 520). 635 nm laser pulses of 6 mW power and 1 msec pulse duration (6 pJ)
were applied at t=5, 15, 25 and 35 sec. White arrow indicates the point illuminated by the laser
pulse. Scale bars: 50 um. (B) Normalized fluorescence intensity curve of the cell marked in a.
Red arrows represent the applied laser pulses starting point (t=5, 15, 25 and 35 sec). The curves

were offset along y-axis to avoid overlap.

As a control, the laser pulses were applied away from the wire, and no fluorescence change

was observed (Figure 6.13). These experiments demonstrate that NT-3DFG based photothermal
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platform enables precise modulation of the cellular activity at a single cell as well as network level,

both in 2D and 3D microenvironment.

6.4 Conclusions

In conclusion, this work demonstrates the possibility to modulate the neuronal activity both
in 2D and 3D without the need of any genetic modification, and at high spatial and temporal
resolution, not achievable through electrical or optogenetic approaches. The unique and
extraordinary optical properties and photothermal conversion efficiency of NT-3DFG hybrid
nanomaterial enables photo-stimulation with laser energies orders of magnitude lower than other
nanomaterials. The high biocompatibility and easy-to-use setup of this method opens up
opportunities to study neural functions both in healthy and diseased state, and enable therapeutic

platforms for various neurological disorders, such as epilepsy and Parkinson disease.
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Chapter 7- Conclusions and future outlook

This thesis enabled development of unique nanomaterial-based interfaces with excitable cells
to investigate and modulate their activity. Use of an extraordinary carbon-based nanomaterial,
graphene, and engineering its physical, chemical and electrical properties allowed us to push the
limits of the current optical and bioelectronics platforms in terms of stable and biocompatible
interfaces that enable recording and stimulation with more precision, sub-msec temporal and sub-

cellular (few microns) spatial resolutions.

In this thesis, bottom-up techniques were developed and optimized to synthesize graphene
with different morphologies. This enabled tailoring of the physical, chemical, electrical and optical
properties of graphene, and development of different graphene-based platforms for different
applications. Low pressure chemical vapor deposition (LPCVD) process was optimized to achieve
high quality, continuous centimetre-scale and defect-free monolayer graphene with high
transparency of ca. 97.5%.1%% 240 plasma enhanced chemical vapor deposition (PECVD) process
was optimized to obtain highly controlled synthesis of out-of-plane single-to-few layer graphene
flakes on a 3D Si nanowire (SINW) mesh template, thus leveraging graphene’s outstanding surface

area-to-volume ratio.”®

To address the growing debate in research community regarding toxicity of various
nanomaterials, especially graphene, a highly sensitive and reliable methodology to assess the
biocompatibility of nanomaterials was developed. One of the key limitations in previous studies
is the lack of investigation of the graphene effect on cell stress using reliable and sensitive
intracellular indicators under physiological conditions. This limitation was addressed by assessing
the effect of graphene on cell stress using three highly sensitive indicators: mitochondrial
membrane potential (MMP), mitochondrial morphology, and autophagy levels. The results
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indicated that graphene promotes proliferation of fibroblast cells and maturation of excitable cells.
In addition, similar MMP, mitochondrial potential and autophagy levels in the cells cultured on
graphene and glass control further confirmed high biocompatibility of graphene-based

substrates.!> 132

The high transparency of monolayer graphene was leveraged to develop transparent MEAS.
One of the biggest challenges of current MEA technology is inability to achieve sub-cellular spatial
resolution since decreasing the geometric area of a recording site causes an increase in the
impedance thus significantly reducing the signal-to-noise ratio (SNR) of the recorded signal.
Whereas, optical indicators that can provide sub-cellular spatial resolution, are limited by the
temporal resolution either due to kinetics of the chemical reporters or the standard acquisition
systems, especially during investigation of a 3D tissue. Therefore, developing transparent
electrodes enabled combining electrical recording and optical imaging using fluorescent-based
calcium indicators thus leveraging the high temporal resolution and spatial advantages of both the

techniques.

Extremely high surface area-to-volume ratio of nanowire-templated 3D fuzzy graphene (NT-
3DFG) was leveraged to develop ultra-microelectrodes. Fabricating functional electrodes with
smaller footprint is crucial to improve precision and accuracy of cellular recordings and enable
fabrication of high-density electrode arrays to study network dynamics of dense cellular networks.
Current MEA technology is limited by the significant increase in the electrode impedance upon
scaling down of electrode size. To address the challenge, a unique NT-3DFG-based MEA platform
was developed that enabled recording of the electrical activity of excitable cells using ultra-
microelectrodes ranging from 10 pum down to 2 um, without the need of any surface coatings.

Developing ultra-microelectrodes, as small as an axon, further opens-up possibilities to probe at

85



sub-cellular scale and investigate activities such as distribution of ion channels and propagation of

electrical activity within a single cell, which is not feasible with the current MEA technology.

Finally, NT-3DFG based photothermal stimulation platform was developed where NT-
3DFG’s unique and extraordinary optical properties and photothermal conversion efficiency was
leveraged to modulate electrical activity of the excitable cells. This platform allows non-genetic
modulation of cells, unlike optogenetics. Furthermore, it enables stimulation with high spatial and
temporal resolution and significantly lower laser energies compared to optogenetics and other

nanomaterials that are currently being explored for photothermal stimulation.

All the technigues developed in this thesis allows for the development of next generation
platforms to better investigate and modulate the electrical activity of excitable cells. Extensive
research has been done in understanding the neurological disorders using electrophysiology tools
since these disorders have been linked with the impaired electrical activity in the cellular
networks.?% 32 In addition, the biologists have found that many inherited metabolic diseases
affecting the nervous systems are due to defective or deficient enzymes within intracellular
organelles, and abnormal protein trafficking and localization.?41-243 The high transparency of
monolayer graphene-based MEA platform developed in this thesis can enable investigation of the
interplay between biochemical activities such as organelle function and protein trafficking, and
electrical activities such as firing frequency, signal amplitude and electrical signal propagation.
This information will provide more insight and a better understanding of the pathophysiology of
various diseases that could not be deciphered by either electrophysiological investigation or

biochemical assays alone.

The small footprint of the NT-3DFG electrodes can be leveraged to develop high density

electrode arrays with sub-cellular pitch between electrodes, thus allowing investigation of activity
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within as well as across cells. Enabling recordings from dense cellular networks with high
precision will enable pin-pointing the exact location of the cells responsible for neurological
diseases such as Parkinson’s disease. This will not only allow better understanding of the affected
circuitry but will also enable more precise target sites for delivering therapeutics thus maximizing
the therapeutic effects on the affected area and minimizing the side effects on the normal cells.
Furthermore, combining the electrical recording as well as photo-stimulation capabilities of NT-
3DFG in the same platform will make it a more powerful tool, thus enabling high density
input/output (1/0O) interfaces with the cells. This platform will enable a logic-gated feedback loop
such that the sensors sense the chemical molecules or electrical activity of the surrounding cells to

diagnose a disease progression, and accordingly trigger photo-stimulation to modulate the activity.

In tissue engineering, stimulation of electrical activity of cells has been shown to play a
crucial role in the maturation and regeneration of excitable tissues.*®-3% 24 Advances in bioprinting
is revolutionizing the field of tissue engineering by enabling printing of tailorable biocompatible
scaffolds using components of extracellular matrix.?#>-24¢ The high biocompatibility and small size
of NT-3DFGs allow easy integration with such 3D printed scaffolds thus enhancing their
functionalities in terms of providing nanotopographical and electrical cues to the cells as well as

enable highly controlled stimulation to trigger growth and maturation of cells and tissues.

Another important application is the development of cyborg tissues by integrating NT-3DFG
based recording and stimulation platform with neuronal and cardiac organoids. This would enable
monitoring and modulation of cellular activity in their 3D microenvironment throughout their
development stage. Such platforms will allow better understanding of the tissue development and
disease progression which is crucial to develop more efficient therapeutics for various cardiac and

neurological disorders.
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APPENDIX A: Protocol for nanomaterial synthesis

Monolayer graphene synthesis

=

Cut 2 cm by 6 cm Cu foil (99.8%, Alfa Aesar, uncoated, catalog no. 46365)

2. Sonicate the foil with acetone and isopropyl alcohol (IPA) in an ultrasonic bath for 5 min each
followed by N> blow dry

3. Treat the foil with a 5.4% w/w HNOs3 solution (CMOS Grade, J.T. Baker, catalog no. JT9606-
3) for 30 sec

4. Rinse the foil three times with deionized (DI) water and N2 blow dry

5. Introduce the foil in the LPCVD system such that the foil sits in the center of the furnace

6. Run the following recipe at 0.5 Torr pressure:

a. 15 min of ramping up to 1050 °C under 100 sccm Ar

b. 5 min of stabilization step

c. 60 min of annealing step under 100 sccm H»

d. 8 min of synthesis step under 50 sccm CH4 (5% in Ar) and 100 sccm H»

7. Cool down the sample from 1050 °C to 100°C while flowing 100 sccm Ar

Monolayer graphene transfer

=

Cut and tape Cu foil (with graphene) to the glass slide

2. Spin coat PMMA A4 for 45 sec at 4000 rpm on one side

3. Bake the sample after spin-coating for 1 h at 70°C

4. Cut out the foil from the glass slide

5. Treat the non-coated side with UV/Ozone at 100 °C for 15 min

6. Float the PMMA-graphene-Cu stack on the Cu etchant (25% FeCls, 4% HCI, 71% water)
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. While the Cu is etching, clean the transfer substrate with acetone and IPA
. Treat the substrate with UV/ozone for 10 min at 150 °C

. Transfer the PMMA-graphene stack to DI water 3 times

. Scoop the stack on to the transfer substrate

. Air dry the sample overnight

. Bake the sample at 70°C for 1 h

. Dissolve the PMMA in an acetone bath for 30 mins at 70 °C

. Rinse the sample with acetone and IPA followed by N> blow dry

. Anneal the sample for 1 h at 300 °C under 10 sccm Hz and 300 sccm Ar under ambient pressure

nanowire synthesis

. Cleave (100) Si substrate with a 600 nm wet thermal oxide (p-type, <0.005 Q cm, Nova
Electronic Materials Ltd., catalog no. CP02 11208-OX) (Si/600 nm SiO) into 2 cm x 1.5 cm
or 2 cm x 2 cm chips

. Clean the substrates with acetone and IPA in an ultrasonic bath for 5 min each, followed by N>

blow-dry

. Treat the substrates with UV/ozone for 10 min at 150°C

Functionalize the substrates with 4:1 DI water:poly-L-lysine (PLL) (0.1% w/v, Sigma-Aldrich,
catalog no. P8920) for 8 min.

. Wash the chips gently three times in DI-water

. Add 30 nm Au nanoparticle (AuNP) solution (Ted Pella, Inc., catalog no. 15706-1) onto the
PLL coated substrate for 8 min

. Wash the chips gently three times in DI-water followed by N» blow-dry

Introduce the chips into the CVD setup. Once the baseline pressure of 1*10° Torr is reached
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a. ramp the temperature to 450°C in 8 min,

b. 5 min stabilization step at 450°C

c. 15 min nucleation step at 450°C under 80 sccm Hz and 20 sccm SiHs (10% in Hy) at
40 Torr

d. 100 min growth step under 60 sccm Hz, 20 sccm SiH4 and 20 sccm PH3 (1000 ppm in
Hy) at 40 Torr

9. Cool down the samples to room temperature at base pressure.

Si nanowire mesh formation

=

Flow liquid N2 into the CVVD quartz tube with SINW samples under 200 sccm Ar flow

N

Pump down the system to base pressure of 1e-5 Torr

w

Anneal the mesh for 10 min at 800°C under 200 sccm H> flow at 1.6 Torr

>

Cool down the samples rapidly to room temperature

Nanowire templated 3D fuzzy graphene synthesis

1. Load the SiNW samples (either collapsed or un-collapsed) in the PECVD setup
2. Position the sample at the center of the tube and 4 cm away from the edge of the RF coil
3. Run the following recipe:
a. temperature ramp up to 800 °C in 13 min
b. stabilization at 800°C for 5 min under a flow of 100 sccm Ar
c. synthesis at 800 °C under varying flow rates of CH4 and varying synthesis time, and
exposure to 50 W inductively coupled plasma (generated using a 13.56 MHz RF power

supply)

4. Once the synthesis step is done, turn off the plasma and rapidly cool down the sample to 100
°C under 100 sccm Ar flow.
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APPENDIX B: Protocol for cell-nanomaterial interfaces

Cell culture on graphene-based nanomaterials

Monolayer graphene

1. Anneal the graphene samples at 300 °C for 60 min under 10 sccm H2 and 300 sccm Ar at

ambient pressure

N

Sterilize the control and graphene samples (n=4 each) in 70% ethanol and at least 2 h UV

exposure in the cell culture hood

w

Rinse the samples 3 times with DI water or 1X PBS

&

For fibroblasts
a. Seed the fibroblast cells at a density of 2000 cells/cm?

b. Change the media every other day

o

For cardiomyocytes
a. Add 50 pg/mL fibronectin solution (prepared in 1X PBS) to each substrate and incubate
at room temperature for 1-3 h
b. Remove access fibronectin solution and gently rinse the substrates 3 times with 1X
PBS (don’t let the substrates dry out)
c. Seed fibronectin-conditioned cardiomyocytes at a density of 400,000 cells/cm? in
CDM3 media supplemented with 10% FBS and 2 uM thiazovivin
d. Incubate the samples at 37°C and 5% CO: for 7-10 days and replace the media with
CDM3 media supplemented with 10% FBS every other day
6. For neurons
a. Add 50 pg/mL poly-D-lysine (PDL) solution prepared in sterile DI water to each

substrate and incubate at room temperature for 1-3 h
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b. Remove access PDL solution and gently rinse the substrates 3 times with sterile DI
water

c. Letthe samples dry in the culture hood for 30 min

d. Alternately, substrates can be modified with 50 pg/mL poly-ornithine for 1 h followed
by 3 times rinsing with water, and then air dry for 30 min, followed by addition of 20
pg/mL laminin solution and incubation at 37 °C and 5% CO- for another 1 h

e. Seed E18 embryonic hippocampal or cortical neurons at a density of 25000 cells/cm?
in Neuralbasal media supplemented with 1% glutamax, 1% pen strep and 1X B27

f. Incubate the samples at 37 °C and 5% CO- for at least 7 days and replace 50% of the

media with fresh media every other day

3DFG and NT-3DFG
1. Cleave the samples into 1 cm x 0.5 cm dimensions and place 2 samples per well of 24-well
plate (since the substrates are hydrophobic, we need to infiltrate them using ethanol)
2. For fibroblasts
a. Add 1 mL ethanol and let it sit for 5 min
b. Replace 60% ethanol with cell culture media (make sure the sample does not dry out
while exchanging the liquid)
c. Repeat the above step for 5 times to ensure complete removal of ethanol
d. Add the cells at a density of 2000 cells/cm?
e. Change the media every other day
3. For cardiomyocytes
a. Add 1 mL ethanol and let it sit for 5 min

b. Replace 60% ethanol with 1X PBS and repeat this step for 5 times to ensure complete
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removal of ethanol (make sure the sample does not dry out while exchanging the liquid)

c. Remove 600 pL of PBS and add 100 pL of 250 pg/mL fibronectin such that the final
concentration is 50 pg/mL

d. Incubate for 1-3 h in the cell culture hood

e. Remove access fibronectin solution and gently rinse the substrates 3 times with 1X
PBS (don’t let the substrates dry out)

f. Seed fibronectin-conditioned cardiomyocytes at a density of 400,000 cells/cm? in
CDM3 media supplemented with 10% FBS and 2 pM thiazovivin

g. Incubate the samples at 37°C and 5% CO: for 7-10 days and replace the media with
CDM3 media supplemented with 10% FBS every other day

4. For neurons

a. Add 1 mL ethanol and let it sit for 5 min

b. Replace 60% ethanol with sterile DI water and repeat this step for 5 times to ensure
complete removal of ethanol (make sure the sample does not dry out while exchanging
the liquid)

c. Remove 600 pL of water and add 100 pL of 250 pug/mL PDL or poly-ornithine such
that the final concentration is 50 pg/mL

d. Incubate for 1 h in the cell culture hood

e. Remove the solution and gently clean the substrates 3 times with water

f. Let the samples dry out in the cell culture hood (15-30 min)

g. Add 20 pg/mL laminin solution (prepared in 1X PBS) and incubate at 37°C and 5%
CO. for another 1 h

h. Remove the solution and gently wash 3 times with PBS
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i. Seed E18 embryonic hippocampal or cortical neurons at a density of 25000 cells/cm?
in Neuralbasal media supplemented with 1% glutamax, 1% pen strep and 1X B27
j. Incubate the samples at 37°C and 5% CO for at least 7 days and replace 50% of the

media with fresh media every other day

Viability assay and quantification

1. Prepare 3-4 samples for each substrate type

2. On the day of assay, transfer the samples to sterile petri dishes or well-plates

3. Add Hoechst 33342 (ThermoFisher, Catalog no. 62249), Calcein AM and Ethidium
homodimer (ThermoFisher, catalog no. L3224) dyes at a final concentration of 1 ug/mL, 2 uM
and 4 uM, respectively, to each dish/well in sterile conditions

4. Incubate for 15 min at 37°C and 5% CO>

5. Gently wash the sample 3 times with 1X PBS

6. Add 1X PBS or Tyrodes buffer in the dish

7. Perform live-cell imaging on a hot plate set to 37 °C

8. For quantification, compute %viability by:

%Viability = Total cells (blue) — Dead cells (red) X 100
oViability = Total cells (blue)

where blue refers to nuclei stained by Hoechst and red refers to dead cells stained by Ethidium

homodimer.

Mitochondrial assay and quantification

1. Prepare 3-4 samples for each substrate type
2. On the day of assay, transfer the sample to a petri dish or a well of a well-plate

3. Add Hoechst 33342 and TMRE dye (ThermoFisher, catalog no. T669) with a final
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concentration of 1 pg/mL and 50 nM, respectively

Incubate for 20 min at 37°C and 5% CO;

Gently wash the sample 3 times with 1X PBS

Add 1X PBS or Tyrodes buffer in the dish

Perform live-cell imaging on a hot plate set to 37 °C

For quantification, calculate the fluorescence intensity of the red channel from at least 50 cells
across 3 replicates and compare the intensity with the cells on control substrate. Acquire high
magnification single-cell fluorescent images to investigate the mitochondrial morphology
Finally, treat the sample with 70% ethanol to induce cell stress and perform imaging with the

same laser and camera settings

Autophagy assay and quantification

1.

Trypsinize, centrifuge and re-suspend the cells in Resuspension buffer R (Neon Kit,
ThermoFisher, catalog no. MPK1025)

Add 0.25 pg of RFP-LC3 plasmid to 10 pl cell suspension containing ~200,000 cells
Electroporate the cells using the Neon Transfection System (ThermoFisher, catalog no.
MPK5000) to facilitate transfection

Post-transfection, seed the cells on the substrates (n=4 for each substrate type)

Incubate at 37°C and 5% CO- for 3 h to allow cell recovery and attachment

Following cell attachment, add 2 mL cell culture media

For starvation control samples, add serum-free media to the cells; and for transfection control,
perform transfection of cells in the absence of the plasmid

Incubate the samples for 24-48 h at 37°C and 5% CO>

Gently wash the cells 3 times with 1X PBS
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10.

11.

12.

13.

14.

Add fresh media to each sample loaded with Hoechst 33342 dye with a final concentration of
1 pg/mL to stain the nucleus

Incubate the samples for 20 min at 37°C and 5% CO-

Gently wash the cells 3 times with 1X PBS and add PBS, Tyrodes buffer or cell culture media
for imaging

Perform live cell imaging

For quantification, count the number of puncta per cell (at least 50 cells across 3 replicates for

each condition), and normalize the autophagosome count of each cell by the cell area

Immunostaining

1.

2.

9.

10.

Discard the cell culture media and gently wash the cells 3 times with 1X PBS

Add 4% paraformaldehyde (Electron Microscopy Sciences, catalog no. 15710) and 0.5%
Triton-X 100 (Sigma Aldrich, catalog no. X100) to the samples and incubate for 15 min at
room temperature

Gently wash the cells 3 times with 1X PBS for 5 min each

Add 5% blocking goat serum (ThermoFisher, catalog no. 16210072) and incubate for 30 min
Gently wash the cells 3 times with 1X PBS for 5 min each

To stain alpha-actinin in cardiomyocytes, add 0.5% anti-alpha actinin antibody (Sigma
Aldrich, catalog no. A7811) and incubate for 1 h at room temperature.

Gently wash the cells 3 times with 1X PBS for 5 min each

Add secondary antibody, goat anti-mouse 555 (ThermoFisher, catalog no. A21422) and
incubate for 1 h,

Gently wash the cells 3 times with 1X PBS for 5 min each

To stain nucleus and actin cytoskeleton staining, add 0.5% DAPI (ThermoFisher, catalog no.
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D1306) and 1.5% Alexa Fluor phalloidin 488 (ThermoFisher, catalog no. A12379),

respectively, and incubate for 15 min
11. Gently wash the cells 3 times with 1X PBS for 5 min each

12. Add 1X PBS and perform fluorescence imaging
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APPENDIX C: Protocol for MEA fabrication

Photolithography and metal patterning

1.

2.

w

8.

9.

Clean Si/SiO> substrate by 5 min acetone sonication, IPA rinse and N2 blow dry

Treat the sample with O plasma for 1 min at 100W

Spin coat LOR3A photoresist at 600 rpm for 6 sec followed by 4000 rpm for 40 sec

Bake at 190 °C for 5 min

Spin coat Shipley 1805 photoresist at 600 rpm for 6 sec followed by 4000 rpm for 40 sec
Bake at 115 °C for 5 min

Cool to room temperature

Using mask aligner and appropriate photomask, expose the sample for 30 sec in vac mode

Develop in CD-26 for 0.8 min.

10. Wash with DI water followed by N2 blow dry

11.

12.

13.

14.

15.

16.

Check minimum feature in optical microscope. If underdeveloped, develop for another 0.2 min
and recheck in the optical microscope

Perform descum step, i.e., Oz plasma for 1 min at 50W

Load the sample in the thermal or e-beam evaporator.

Evaporate 10 nm Cr and 100 nm Au or Pt

Perform lift off in remover PG at 65°C for 30-60 min

Rinse the sample with acetone and IPA, followed by N2 blow dry

SU8 passivation

1.

2.

Clean the chip with acetone and IPA rinse, followed by N2 blow dry

Spin coat SU8 (SU8 2000.5 for 500 nm, and SU8 2002 for 2 um) at 600 rpm for 6 sec followed
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by 4000 rpm for 40 sec (for 500 nm SU8) or 3000 rpm for 40 sec (for 2 um SU8)

. Bake at 65 °C for 5 min and 95°C for 5 min

. Align and UV expose using mask aligner for 20 sec with dark field photomask for patterned

passivation or bright field photomask for blanket passivation

. Post bake at 65 °C for 5 min and 95 °C for 1 min

. Develop 1 min in SU8 developer followed by rinsing thoroughly with IPA

Inspect the features under optical microscope and develop more if needed

. Hard bake at 190 °C for 30 min

Monolayer graphene based MEA

1. Transfer graphene on to the desired MEA substrate using the wet transfer protocol mentioned

earlier

. Perform photolithography with LOR 3A and Shipley S1805 using a bright field photomask
such that the LOR-Shipley stack covers the electrode regions

Perform reactive ion etching (Plasma Therm 790 RIE) using 14 sccm Oz and 6 sccm Ar at 20
W power and 10 mTorr pressure for 1 min

. Strip off the LOR3A/Shipley stack using Remover PG at 65°C for 30-60 min

. Perform annealing at 300 °C for 60 min under 10 sccm Hz and 300 sccm H» at ambient pressure
. Pattern metal lines and contacts (Cr/Au: 10nm/75nm) using photolithography and thermal/e-
beam evaporation

. Passivate the non-electrode region with 500 nm SU8 using the protocol mentioned in the

previous section
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3DFG and NT-3DFG based MEA

1.

10.

11.

12.

13.

14.

Pattern metal lines and contacts on Si/SiO> wafer using photolithography and evaporation of
10 nm Cr and 100 nm Pt

Cleave the wafer into individual MEA chips

For 3DFG MEA, synthesize 3DFG on the chips with Pt lines using the PECVD process

For NT-3DFG MEA, pattern 2 nm Au film using photolithography in the sensing regions of
the electrodes, followed by SINW synthesis for 5 min, followed by 3DFG synthesis

Deposit 100 nm SiO> using Trion PECVD (60 sec at 375 °C) on the entire chip; add a control
sample to measure the deposited SiO> thickness post-deposition using Nanospec/ Ellipsometer
Bake the chip at 95°C for 5 min

Perform O; plasma treatment for 1 min at 1000W

Perform photolithography with a dark field mask and expose the electrode regions

Develop in CD26 for 1 min and perform O plasma treatment for 1 min at 50W

Evaporate 100 nm Cr for hard mask

Perform lift-off using PG-Remover at 65 °C for 30-60 min

Etch the SiO. from non-electrode regions using RIE under 22.5 sccm CHF3 and 16 sccm O> at
100mT pressure and 100W power for 5min (etch rate: ~27nm/min)

Etch the 3DFG from non-electrode regions using RIE under 16 sccm O2 and 6 sccm Ar at
10mT pressure and 20W power for 20-60min (20 min etch for 30 min 3DFG and 60 min etch
for 90 min 3DFG)

Perform Raman characterization to make sure the 3DFG is etched from the non-electrode
regions

If graphene signature is observed, perform the RIE step again prior to the wet etch steps
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15. Wet etch Cr for 40 sec using Cr etchant 1020AC (etch rate: ~2.7nm/sec)

16. Wet etch SiO- for 60-70 sec using buffer HF (etch rate: ~100nm/min)

17. Treat the chips with HNO3z (69%) for 2 h

18. Thoroughly rinse the samples with DI water and blow dry them

19. Perform SU8 passivation with 2 um SU8 (either blanket or patterned) using the protocol

described in the previous section
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APPENDIX D: Protocol for electrical recording using MEAs

Chip preparation and cell seeding

1.

10.

11.

12.

Prepare a reference electrode by dipping one end (few mm) of a Ag wire in bleach for 10 min
followed by thorough rinsing with DI water

Solder the non-bleached end to the reference pad on the custom-made printed circuit board
(PCB) with soldered 36 pin connector (Omnetics, A79024-001), that is compatible with the
Intan 32 channel amplifier

Tape the MEA chip to the PCB

Wire bond the contact pads on the MEA chip to the Au pads on the PCB using a manual wedge
wire bonder (West Bond 7476D)

Glue a 3D printed PLA based frustum chamber to the center of the chip using PDMS (10:1
PDMS: curing agent) for cell culture

Sterilize the chips by adding 70% ethanol to the frustum chamber and exposing the entire chip
to UV in the cell culture hood for at least 2 h

Rinse the chips 3 times with sterile 1X PBS

Add 200 pL of 50 pg/mL fibronectin (prepared in 1X PBS) and incubate for 1-3 h at room
temperature in the culture hood

Post-incubation, remove the excess fibronectin followed by 3 times 1X PBS wash

Seed the fibronectin-conditioned hESC-CMs at a density of 400,000 cells/cm?in CDM3 media
supplemented with 10% FBS and 2 uM ROCK inhibitor, thiazovivin (Selleck Chemicals,
catalog no. S1459)

Incubate the chips at 37 °C and 5% CO2 for 5-7 days

Change the cell culture media every other day with a fresh FBS-supplemented CDM3 media
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until the day of recording

Optical and electrical recording

1. Atthe day of recording, remove the cell culture media from the frustum chamber of each device
and gently wash the cells with 1X PBS

2. Add 1X PBS supplemented with 10 uM Fluo-4 AM (ThermoFisher, catalog no. F14217) or 5
MM Cal-520 (AAT Bioquest, catalog no. 21130) to the chamber

3. Incubate for 30 min (for Fluo-4) or 90 min (for Cal-520) at 37°C and 5% CO: followed by 30
min incubation at room temperature (for Cal-520 dye)

4. Gently wash the sample 3 times with 1X PBS

5. Add warm Tyrodes buffer in the dish

6. Load the PCB with the MEA chip on to the microscope stage enclosed in a Faraday cage

7. Connect the Omnetics connector on the PCB to a 32-channel Intan amplifier (Make sure to
ground yourself while handling the amplifier)

8. Set up the perfusion system with the inline pencil heater (Automate Scientific, Thermoclamp)
and a vacuum system

9. Fill in the syringes (held by the bubble stop holder) with Tyrodes buffer and drug-
supplemented buffers (label the syringes to avoid confusion)

10. Make sure there are no bubbles in the tubes of the perfusion setup (turn the inline heater control
box on only when the liquid is flowing!)

11. Maintain the temperature inside the frustrum chamber by constant perfusion of Tyrode solution
maintained at 37°C using the inline heater

12. Dip the Ag/AgClI reference wire (soldered to the PCB) in the frustrum chamber

13. Insert the water dipping objective in the chamber and get the cells in the electrode region in
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focus
14. Record the electrical signals using the Intan acquisition system (Intan tech., RHD2000) at an
acquisition rate of 20 kHz
15. Simultaneously perform calcium imaging using 488 nm laser
16. Points to consider:
a. Make sure everything is grounded properly- Faraday cage, Intan acquisition board box,
and Thermoclamp pencil
b. Use adummy MEA chip to check for baseline noise, prior to using an actual chip with
cells
c. For fluorescence imaging, binning can be used to enhance the signal intensity and

reduce the laser power
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APPENDIX E: Protocol for photothermal measurements

Photothermal characterization

10.

11.

12.

13.

14.

15.

16.

17.

Synthesize 100 min SINW (non-collapsed) on Si/SiO2 substrates followed by synthesis of 90
min 3DFG

Cleave the sample in 5 mm x 5 mm chips

Add the sample in a scintillation vial with 100-200 pL of IPA

Sonicate for 1-2 sec at power 1 in a bath sonicator

Add 1-2 pL of the suspension on a fused silica or quartz substrate

Let the IPA evaporate and image under the microscope

If the NT-3DFG density is too low, drop-cast more wires

Put the NT-3DFG drop-casted sample in a petri dish with 1X PBS

Load the sample on the stage of a custom-built microscope setup that is equipped with the
external laser source for photo-stimulation

Make sure to ground the Faraday cage that encloses the microscope setup

Pull pipettes using a pipette puller such that the impedance is ~2MOhm

Load the pulled pipette on to the patch clamp probe and attach it to the micro-manipulator
Using the micromanipulator get the pipette close to an isolated NT-3DFG while visualizing
through the 40X water dipping objective

Get the pipette tip 1-2 microns away from the wire

Note the temperature of the PBS batch solution using a thermocouple

Perform voltage clamp recordings using the patch clamp system at various holding potentials
Trigger the laser pulses (with varying pulse durations) using TTL via patch clamp software

and apply ~10 repetitions of each type of pulses to enable averaging of the signals
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18.

19.

20.

21.

22.

23.

Control the power of the laser using the laser control box (use the power meter to characterize
the laser power)

Once all the measurements are done, insert the same pipette in a petri dish and add 1X PBS at
~50 °C

Monitor the temperature of the PBS solution with a thermocouple while it is dropping down to
room temperature and record the resistance value of the pipette at every degree

Use the temperature and resistance values to plot the calibration curve that follows the
Arrhenius equation (In (:40) = ax%+ c), where R, is the pipette resistance at room

temperature, R is the resistance measured at a temperature T, and aand c are slope and intercept
of the curve, respectively

Plot the light-induced current amplitude (4lignt) vs holding level current (lo) to determine the
contribution from photothermal vs photoelectric effect. The slope is due to photothermal

response whereas the y-intercept denotes the photoelectric effect

R,

R(t)

For photothermal effect, use the calibration curve (mentioned in step 21) to calculate the

Allight(t) = ( - 1) X1, + Alelectric(t)

corresponding local temperature change

Photothermal stimulation

Calcium imaging

1.

2.

3.

Treat NT-3DFG sample (non-collapsed) with HNO3 (69% wi/w) for 2 h
Rinse thoroughly with water
Cleave and transfer the sample in a glass vial and sterilize it in 70 % ethanol and UV treatment

for 2-12 h
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wash thoroughly with sterile DI water or 1X PBS

Add 100 pg/mL KF peptide solution and incubate overnight on a shaker

Remove the excess solution and add 1X PBS or cell culture media in the vial

Sonicate the sample and add the solution to the petri dish with DRG cell culture (2-3 DIV)
Check the wire density post 2 h and add more NT-3DFG suspension if needed (it might vary
from sample to sample)

Incubate the cells with wires at 37 °C and 5% CO- for 2-16 h

Incubate the cells with Cal-520 for 90 min at 37°C and 5% CO: followed by 30 min incubation
at room temperature

Gently wash the sample 3 times with 1X PBS

Add warm carbogenated Tyrodes buffer in the dish

Load the sample on the microscope dish, and make sure the blue laser, bright field and red
laser are aligned

Perfuse the dish with carbogenated Tyrodes buffer at 22 °C

Note the coordinates of the red laser spot

Get the cells in focus using bright field imaging

Move the sample such that the cell-NT-3DFG interface aligns with the coordinates of the
stimulation laser spot

Perform calcium imaging of the cells using blue laser and GFP filter at 5 frames per second
(optimize the camera settings prior to stimulation of cells)

Apply laser pulses and monitor the calcium activity

Modulate the laser power using the laser control box (start with lower laser power and increase

if needed)
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Patch clamp measurements

1.

2.

10.

11.

12.

13.

Prepare the wire suspension and drop-cast them on cells as mentioned in the previous section
Pull pipettes of ~3MOhm for whole-cell patch clamping
Gently wash the DRG cells with Tyrodes buffer and add few ml of bath solution (132 mM
NaCl, 4 mM KClI, 1.8 mM CacCly, 1.2 mM MgClz, 10 mM HEPES, and 5 mM D-(+)-glucose,
pH 7.4, 300 mOsm)
Fill the pulled pipette with internal solution (150 mM KF, 10 mM NacCl, 4.5 mM MgCl., 2
mM ATP, 9 mM EGTA, and 10 mM HEPES, pH 7.4, 310 mOsm)
Mount the pipette to the Ag/AgCI electrode attached to the patch clamp probe
Locate a cell with an isolated NT-3DFG on the cell membrane
Turn the laser on with a high ND filter (low laser power) to make sure the laser spot is aligned
with the cell-wire interface
Using the micromanipulators lower the pipette to the cell of interest
Once the pipette touches the cell membrane, apply the membrane seal test
Apply short suction pulses through the pipette using a syringe to rupture the cell membrane
and create a whole-cell patch
Record voltage in the current-clamp mode to check the membrane potential
Apply electrical pulses to confirm that the cell is a neuron and excitable
Apply laser pulses with varying pulse durations and laser powers

a. power can be adjusted by changing the ND filters

b. pulse duration can be controlled by software through TTL pulse signals

c. make sure to start the stimulation experiment with low laser power (1 mW or less) and

small pulse duration (10s-100s of ps) and progressively increase the duration and
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power until an action potential is observed)
d. perform an electrical stimulation prior to each laser pulse to ensure that the cell is
healthy and excitable

14. Perform voltage-clamp recordings to investigate capacitive currents as a result of laser pulses
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APPENDIX F: Protocol for 3D microtissues

Casting of agarose microwells

1.

2.

Rinse micro-molds (Microtissues®) in DI water.

Autoclave the molds and 1g of high quality pure agarose powder for 30 min at dry cycle

Add 50 ml of sterile saline [0.9% (w/v) NaCl] to the bottle containing sterilized agarose powder
Use microwave oven to boil and completely dissolve the agarose powder. (Stop microwave
every 10 seconds and swirl bottle to help dissolve the agarose. Be sure there are no small bits
of translucent undissolved agarose)

Allow molten agarose to cool to about 60-70°C

In a cell culture hood, pipette 500 pul of molten agarose into a 12-series micro-mold. (Avoid
creating bubbles while mixing or pipetting agarose)

After the agarose has gelled, carefully flex the micro-mold to remove the agarose based
microwells

Transfer the microwells to a 12 well plate

Cell seeding and microtissues formation

1.

Equilibrate the microwells by adding cell culture medium (2.5 ml/well) and incubating for 15
minutes or longer

Remove culture medium and replace with fresh medium and repeat the equilibration step once
more

Prepare the cell suspension either by trypsinization from the culture flask (in case of
cardiomyocytes) or dissociation of tissues (in case of neurons)

Count the cells and spin them down using centrifuge
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8.

9.

Calculate the media needed for seeding (190 pL per microwell)

Prepare the desired cell density: 81,000 cells/ 190uL for large spheroid micromolds; 256,000
cells/ 190pL for small spheroid micromolds, and 1e6 cells/ 190uL for trough-shaped
micromolds

Remove the media from the microwells and add the cell suspension gently in the center of the
microwell

Let the cells settle down for 15 min

Add 2.5 mL media in each well of the well plate and incubate at 37°C with 5% CO>

10. Replace 50% media every other day

111



APPENDIX F: Supplementary tables

Table 1. Data summary for the Raman analysis of monolayer graphene (Figure 2.3).

Position(G) | FWHM(G) | 511D | bvvhimeD)
Substrate (cm ) (cm ) ) (cm) I20/lG Io/le
(cm™)
Glass 15726 + 190+ | 012+
+ + +

coverslp i’ 21822 | 2680240 | 39.6832 | 0| o
Si/285nm | 1580.0 120+ | 002+

o 0 198432 | 2692466 | 380238 | | 0

Table 2. Summary of inter-planar spacing determined from SAED patterns of NT-3DFG

mesh synthesized under 25.0 mTorr CHa4 partial pressure for 30 min (Figure 2.5)

Experiment Literature
C-C neighbor derived value derived value
(nm) (nm)

st

1 _nearest 0119 0.123247
neighbor
nd

2" nearest 0.205 0.213%7
neighbor

Inter-llayer 0.350 0.34024
spacing

Table 3. Data summary for Raman analysis of NT-3DFG meshes synthesized with varying

PECVD conditions (Figure 2.6).

1o/l Lo Position(D) | Position(G) | Position(2D) | FWHM(G) | FWHM(2D)
Sample | 1p7lG 2prie (cm't) (cm'h) (cm't) (cm'h) (cm't)
20.0 1.11 0.10 + 1331.86 + 1601.89 2693.47 48.21 139.87
mtorr +0.12 0.01 1.63 +1.40 +7.44 +1.77 +21.89
22.7 1.64 0.15 + 1335.75 + 1599.63 2674.38 51.76 97 65 +8.93
mTorr | #0.22 0.05 1.31 +2.05 +5.45 +3.47
25.0 3.43 0.48 + 1335.98 + 1573.95 2671.85 43.63 9224 +6.21
mTorr | #0.51 0.05 1.32 +3.52 +3.64 +2.21
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5 min 1.42+ 0.11+ 1346.39+ 1613.40+ 2686.39+ 47.76% 106.14+
0.12 0.02 1.28 1.31 5.25 2.48 16.07
+ + + + + +

wmin | ooy | oo | am | ss | see | ear | S8
brx 40+ o9t 21+ .0bx o9t

omin| 0% | oo | 1e | 06 | amr | 1w | I
Jdox o0 44+ 0ot .oflt A0t

omin | W7 | oy | asr | s | am | am | o8a6s3s

Table 4. Data summary for dual laser Raman analysis of NT-3DFG synthesized under 25.0

mTorr CH4 partial pressure for 30 min (Figure 2.6)

_ FWHM(G) | Disp(G)
Sample | Region | Io/le (cm) (cm nmY)
1 2.38 48.08 0.02
2 2.65 51.45 0.03
3 2.35 48.97 0.00
4 2.48 49.72 0.04
) 5 3.13 4731 0.09
n=1 6 255 47.27 0.06
7 276 49.26 0.03
8 2.82 51.01 0.01
9 2.47 49.16 0.04
10 2.15 46.27 0.01
1 2.33 50.90 0.02
2 252 48.66 0.03
3 2.32 48.66 0.05
4 221 47.81 0.01
) 5 3.01 47.10 0.06
n=2 6 2.76 46.50 0.03
7 3.25 48.32 0.04
8 3.16 46.66 0.02
9 2.36 50.79 0.02
10 3.12 48.65 0.05
. 1 2.79 50.92 0.01
251 52.03 0.02
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3 2.73 50.46 0.06
4 3.27 53.75 0.01
5 3.00 49.94 0.06
6 2.46 50.01 0.03
7 2.73 52.62 0.04
8 2.62 49.92 0.02
9 2.80 48.90 0.06
10 2.35 49.62 0.04

Table 5. Summary of inter-planar spacing determined from SAED patterns of isolated NT-

3DFGs synthesized under 25.0 mTorr CHa partial pressure for 90 min (Figure 6.1)

Experiment Literature
C-C neighbor derived value derived value
(nm) (nm)
1%t nearest 247
. 0.123 £ 0.002 0.123
neighbor
nd
2™ nearest 0.212 + 0.005 0.2132%7
neighbor
Inter-layer 0.360 + 0.002 0.340%
spacing

Table 6. Data summary for Raman analysis of isolated NT-3DFGs synthesized under 25.0

mTorr CH4 partial pressure for 90 min (Figure 6.2).

1/l | 1ot | POSItioN(D) | Position(G) | Position(2D) | FWHM(G) | FWHM(2D)
Sample o/lG 20/lG (cm) (cm) (cm) (cm) (cm™)
90 min 314 | 050+
+ + + + +
NT3DEG | 2040 | 005 | 13470£30 | 15856 +4.6 | 26852462 | 524450 | 93112

Table 7. Data summary for dual laser Raman analysis of isolated NT-3DFGs synthesized

under 25.0 mTorr CH4 partial pressure for 90 min (Figure 6.2)
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sample | NT-3DFG | Io/le FV\(’?m'\_’l')(G) (C[%'.slprﬁ.l)

1 3.43 58 0.15

2 3.06 53 0.11

3 3.58 52.6 0.08

4 2.87 51.2 0.1

5 3.14 54 0.16

6 2.67 52 0.09

7 334 514 0.12

8 3.33 50.4 01

9 2.89 55.2 0.14

10 31 52.2 0.11

11 2.65 50 0.07

1 3.17 51.2 0.05

13 38 54 0.08

14 291 49.4 0.14

. 15 3.15 49 01
N=1 16 254 56.8 0.1
17 3.7 54.6 01

18 2.67 52 0.12

19 256 54.8 0.09

20 3.13 61.2 0.09

21 3.8 53 0.07

22 3.07 54 0.04

23 281 498 0.11

24 3.16 52.8 0.09

25 2.89 544 0.1

26 2.98 49.6 0.08

27 28 472 0.07

28 2.98 488 0.08

29 3.73 52 0.07

30 2.55 49.4 0.08

1 33 54.6 0.1

2 3.18 52.8 0.11

3 31 47 0.11

N=2 4 2.2 56.4 0.01
5 2.9 51.2 0.13

6 3.28 51.8 0.09

7 3.14 52.6 0.2

115



8 2.7 49.6 0.12
9 2.97 52.4 0.02
10 2.63 56.8 0.1
11 3.15 51.2 0.1
12 3.15 52.4 0.07
13 3.29 53.8 0.07
14 3.01 52.6 0.08
15 3.02 50.8 0.09
16 4.23 56.8 0.04
17 2.99 52.4 0.1
18 3.22 53.2 0.09
19 2.64 52.2 0.04
20 2.79 51.6 0.07
21 2.89 50.2 0.07
22 3.53 53.2 0.05
23 3.01 53.4 0.09
24 2.81 48.8 0.08
25 3.13 54 0.12
26 2.9 54.6 0.07
27 3 50.8 0.09
28 2.68 51.2 0.08
29 3.99 57.4 0.07
30 3.08 53 0.09
1 3.29 50.2 0.11
2 2.89 53.2 0.15
3 3.27 49.6 0.08
4 2.6 50 0.11
5 3.3 49.6 0.07
6 2.62 59 0.06
7 3.17 51.6 0.12
8 3.07 52.4 0.11
_ 9 3.48 49.8 0.07
N=3 10 2.94 51.8 0.14
11 3.35 51 0.07
12 3.62 50.4 0.09
13 3.46 51.2 0.08
14 3.01 53.6 0.09
15 3.44 52.6 0.2
16 4.65 54.8 0.09
17 2.83 46 0.11
18 3.81 55.6 0.09
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19 3.51 53.4 0.07
20 3.18 50.2 0.14
21 3.31 50 0.09
22 3.7 59.4 0.14
23 3.24 50.4 0.06
24 3.26 54.8 0.13
25 3.75 49.4 0.07
26 4.09 56 0.12
27 3.18 47.4 0.1
28 2.68 54.4 0.11
29 2.9 50.8 0.01
30 3.55 57 0.04

Table 8. Data summary for XPS analysis (atomic percent) for NT-3DFG synthesized under

25.0 mTorr CHa partial pressure for 90 min (Figure 6.3)

Carbon Oxygen Nitrogen
pristine 98.8+0.2 1.2+0.2 -
Nitric treated 96.6 £ 0.1 34%0.1 trace
Nitric-treated
and KF modified | 93.9+0.4 4.0+£0.2 20+0.2

Table 9. Data summary for XPS analysis (peak positions) for NT-3DFG synthesized under

25.0 mTorr CHa partial pressure for 90 min (Figure 6.3)

Carbon Oxygen Nitrogen
C 0-C=0/
Csp? |shake-up | N-C=0 C=0 C-O C-NH: NOs

284.4 + 290.3 + 532.7 +
pristine 0.0 0.0 - 0.1 - - -

284.3 + 290.7+ | 2876+ | 5325+ 4059 £
Nitric treated 0.0 0.0 0.1 0.0 - - 0.2
Nitric-treated 284.4 + 290.3+ | 2878+ | 5319+ 5334+ 400.2 + 406.3 +
and KF modified 0.0 0.3 0.3 0.0 0.0 0.0 0.1
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