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Preface

The field of bioelectronics has come a long way in terms of its capabilities and outreach.
Beginning with simple metallic electrodes and nanoscale field-effect transistors for
biosensing or cellular stimulation the materials choices and design for bioelectronic
architectures has evolved tremendously. Amongst the factors that led to such progress
include the strategic identification of materials that would enable formation well-coupled
junction with the cellular environment. Materials with a reduced mismatch of mechanical
properties and optical or electronic properties allowing transduction of an external
stimulus to cell responsible stimuli have been crucial in the development. Though the
development of fundamental biophysical perspective has progressed the applicability of
these across scales of the cellular environment, from invitro cultures to invivo organs have
been slow. These have been attributed to three shortcomings. 1. Lack of knowledge of
cellular signaling pathways activated by bio-electronic stimulation, 2. Design of material
architectures for forming tissue level interfacing with low cytotoxicity, long term stability,
and mechanical compatibility, 3. A platform for simultaneous sensing and stimulation.
Seamless integration is the ultimate goal in bioelectronics wherein we overcome the three
main difficulties discussed above, to expand proof-of-concept ideas into biomedical

devices. Among the three main shortcomings, we plan to address the first two in this work.

The consequences of bioelectronic stimulation have been observed to be in four different
modes - Thermal, capacitive, mechanical and electrochemical -subject to the electronic

structure of the nanomaterial, mechanical properties, and nature of the external stimulus.



On a cellular level, each of these modes can induce their specific transduction pathways,
which could have consequences leading to adaption or apoptosis of cells to such a
perturbation. Systems leading to adaptation would be due to genetic or proteomic
changes in the cellular system the utility of which could be used in disease cure. Similarly
controlling apoptosis and its underlying mechanism could be utilized for developing
specific cancer therapies and wound healing. Besides the adaptation of cells to
stimulation-induced cellular perturbations, it could also be exploited via biomimicking
nanomaterials that possess structure and properties similar to biological materials.
Furthermore, to generalize our study it is important to move beyond adaptive and
apoptotic signaling to study modulation of signaling synchronization between specific cell
types. Such studies are important specifically from a neuromedicine perspective and form
the foundation to address diseases in memory, learning or neurodegenerative disease.
Hence studying artificial neuronal networks with various modes of stimulation provide a

preliminary foundation in this aspect.

Designing architectures that can simultaneously be mechanically and biologically
compatible, along with optoelectronic activity for stimulation are tricky keeping materials
choices fixed. Thus, to satisfy the existing demands -the design of hybrid biointerfaces
with a mechanically soft component and an optoelectronically active component is a
proposed strategy. To achieve the development of such hybrid biointerfaces the use of
conventional material synthetic processes is insufficient as most synthesis techniques are
dynamically stable for, they are optimized for specific synthetic pathways and

mechanisms. Thus, we require multistep synthetic strategies or unconventional non-



equilibrium synthetic processes for the development of such hybrid materials. This thesis
explores unconventional non-equilibrium synthetic methods like laser ablation synthesis,
cavitation synthesis and self-assembly for the design of semiconductor-based hybrid
interfaces with specialized properties to modulate various signaling processes in a variety

of biological systems.
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1. Introductiont
1.1. Motivation

The field of medicine has made great strides in improving the quality of life for human
beings across the globe. This gradual expansion and maturation of medicine have
resulted from the contributions of scientists over the centuries who have attempted to
understand living systems across different scales. Investigations, from the molecular and
cellular levels to organs and whole animal level studies, have revealed how these
systems function when in a state of equilibrium.? In the event of deviation from such a
state—when these systems are incapable of adapting—the result is either disease, injury
or disorder.? When such situations arise, the goal of medicine has been to restore humans
to the optimal state of equilibrium using short-term or long-term solutions in the case of
an acute or chronic condition, respectively.® However, to diagnose a specific medical
condition, we need suitable techniques with which to probe a biological system and
identify what specific type of non-equilibrium condition exists to clinically classify the
disorder appropriately.* Medicine has successfully evolved such technigues to address
virtually the entire range of disorders known to mankind. One essential component that
has contributed immensely to the field of medical diagnostics are biosensors, tools that
form an integral part of medicine as they are a very versatile platform for diagnosing a

plethora of human disorders.®
Beyond the diagnosis of a condition or disorder, medicine aims to repair or restore the

system to its original state. Medicine is greatly indebted to molecular biology for enabling

1

1 The introduction unit appears as Chapter 16 in Neural Interface Engineering, doi:10.1007/978-3-030-41854-0_16



the use of small molecules—classified as drugs—for treating such disorders.® Though
drugs come with their downsides, such as side effects, low efficacy, and low specificity,
they have been the only successful method of treating nearly all human disorders.” The
action of the drug upon the cells is typically mediated through these molecules, which
selectively stimulate certain biological pathways, leading to a cascade of chemical
reactions that often stabilize a cellular system (which, as a whole, cures the disorder).®
Cellular stimulation and response to various stimuli have been part of numerous
fundamental studies, such as the Hodgkin-Huxley experiment which enabled cell
biologists to classify cells as excitable and non-excitable.®° This further enabled
electrophysiological research wherein studies utilizing an electrical stimulation generated
a deeper understanding of the electrochemical properties of excitable cells.1**? These
studies supported the development of external and implantable devices for the stimulation
of excitable cells. The initial basic devices, such as the automated external defibrillator,
vagus nerve stimulator, peripheral nerve stimulator, etc., are some of the most
fundamental medical tools for dealing with acute and chronic disorders.'315 Hence, this
trajectory of diagnosis and treatment leads to a synergistic relationship between sensing-

associated diagnosis and stimulation-assisted treatment.16

The novel aim of bioelectronics is to precisely monitor a clinical condition, supply an
appropriate dose of electrical or optoelectronic stimulation specific to that disorder, and
thus cure the patient. However, depending on the acute or chronic nature of the condition
behind the disorder, the time scale for monitoring and the associated feedback for

stimulation-assisted treatment would vary. The device would need properties or features



that could enable implantation or removal, wireless communication and engineering
design for seamless integration into a biological system.”18 In this thesis, we lay the
foundation for the development of nanoscale devices with various modes of stimulation,

and nanomaterial design strategies for the control of stimulation.

The scope of utilizing biointerfaces extends beyond the animal kingdom and is of
tremendous interest in the plant kingdom. Plant kingdom forms an important part of the
living world and their symbiosis with the animal kingdom is what enables life. Like animals,
plants do enter diseased states on a very similar biochemical perspective.l® Plant
biologists refer to the perturbations here as stresses and classify them into biotic and
abiotic.?° Biotic stresses include pathogenic or animal attacks whereas abiotic stresses
include variation in minerals, salinity, water and radiation damage. Material biointerfaces
in this context form abiotic stresses to plants as they by their chemical composition are
deemed minerals. Nanomaterials are often recognized by plants such that they evoke
unique signaling pathways and lead to priming or immune enhancement in plants.?!
Nanomaterials may perform a mimicry to plants in being minerals enabling control in their

signaling.

Having looked at the potential utility of material interfaces and junctions in forming a
functional biointerface with selected entities of animal and plant kingdom in controlling
specific signaling pathways. We look forward to designing and testing these aspects

which enable such a control.



1.2. Model for cellular stimulation

Every cell that forms a part of tissues or organs has a unique role that it plays along with
other cells of a similar type, all in an attempt to maintain homeostasis in the human body.??
These cells are hence known as the fundamental unit of life and thus are our system of
interest.?® Cells are the model system used to investigate different types of stimulation

and their aftereffects, intending to advance our knowledge of bioelectronics.

Cells are a set of complex non-linear systems that cycle in and out of equilibrium and are
subject to environmental stresses #; they are sufficiently robust to handle a certain degree
of stress. This cycling in and out of equilibrium is governed by fundamental molecular
thermodynamics.?* Thus, a precise understanding of cellular-level processes and
signaling pathways tell us the nature of the stimulus that would be required to push a cell

in and out of equilibrium.

Stimulation aims to apply a signal that is recognizable to cells, thus invoking a signaling
pathway to push the system out of equilibrium. This would create a non-equilibrium
cellular state, the decay of which relies on the stimuli strength and frequency.?
Depending on these two factors, the cell can either adapt and modify itself or proceed
towards apoptosis 2°, reflecting a Darwinian like theory in action. Thus, one initial
prerequisite of bioelectronic stimulation is the optimization of stimuli strength and

frequency for adaptation—unless the goal is apoptosis.

To optimize the cellular stimulation, the design and implementation of the right stimuli

transducer are critical. Given that these devices may require implantation and remote



control—depending on whether the disorder is acute or chronic—we would need
miniaturized devices that are less invasive. Such devices should contain components that
can transduce a stimulus to generate a cell-perturbing signal and would be graded with
respect to the dosage and frequency of the stimulus. Thus, the transducing material would
have a frequency response that would govern its interfacial coupling with cell and output
signal magnitude (Fig.1.1). Nanomaterials are one set of candidates for this role as they
have large active surface areas and can be electronically active with a frequency

response.?6-27

The interfacial coupling of a cell and a nanomaterial results in a junction or cleft 22 through
which the transduced signal is scaled, phased and transferred to a cell (Fig.1.1). Such
cell-material interfaces are chemically well-defined in terms of the surface functional
groups that interact with the membrane proteins and the extracellular matrices (ECM) to
form active junctions.?® Such active junctions are electrically defined using a capacitive
element and a resistance in parallel (Fig.1.1).?” However, a signal that is transferred via
this path has to go through two sets of circuits in series, from a constant phase element
(CPE) element in the cleft 26 and the cell membrane 30, such that the effective interfacial
impedance here governs the scaling and phasing of the signal that is transferred to the

cell (Fig.1.1).3!
1.3. Modes of stimulation

To achieve synergy between sensing and stimulation, we have concluded that

miniaturized remote-controlled devices are a necessity. In conjunction with the



requirement of signal transduction by active materials in a device for stimulation and
miniaturization, we identify stimuli-responsive nanomaterials as potential candidates.32-34
Nanomaterials or nanoscale interfaces, by virtue of their solid-state structure, have
electronic states which evolve in space and time according to the laws of quantum
mechanics.®® The development of powerful quantum chemistry computational methods
has enabled us to understand how quantum confinement effects impact the electronic

structure of nanomaterials and interfaces.36 The electronic structure of a nanomaterial
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Fig. 1.1. Schematic representation of a cell-nanomaterial interface from a system
science perspective. The schematic illustrates how the nanomaterial acts as a
transducer with a frequency response T(w) to convert the stimulus into a cell-
readable signal which is further modulated by the impedances Al(w) and A2(w) of
the cleft and membrane, respectively. Thus, from a systems perspective, we can
define the entire process of signal processing by the nanomaterial transducer and
the impedances by a net transfer function H(w) given by the product of individual
frequency responses in the frequency domain as the net transformation factor.



Fig.1.1. continued. Though the stimulus and cell-readable signal are in the time
domain, a frequency domain analysis permits easier analysis as we can consider
each component as a set of cascaded systems.

further governs its electronic, optical, magnetic and surface properties, all of which form

an essential set of features that could be controlled by synthetic strategies.

Previous electrophysiology experiments have enabled the classification of cells into
excitable versus non-excitable—though the goal of bioelectronic stimulation is to evolve
a general strategy for stimulation as disorders are not specifically confined to excitable
cells. Excitable cells have a binary response to an electrical, electrochemical or thermal
stimulus, resulting in a membrane depolarization or hyperpolarization event.'® In stark
contrast, non-excitable cells have a continuum response thus allowing scope for a sub-
threshold stimulation which leads to a diversified fate in the responding cells. Thus,
nanomaterial synthesis for bioelectronics aims to design materials that can transduce
fundamental forms of energy such as electromagnetic waves, heat, and sound, to create
cell-recognizable stimuli like ionic currents, thermal gradients, and transient molecular
species.3”3 These stimuli, irrespective of their nature, depolarize or hyperpolarize the
cell membrane, the consequences of which, though diverse, leading to an unstable non-
equilibrium state in the cell.3”38 We hereby classify the different modes of stimulation as
thermal, electrochemical, and mechanical, depending on the form of the final cell

receptive signal.



1.3.1 Thermal methods

Heat is a form of energy that can perturb the structure and function of molecules that
make up biological components such as proteins, lipids, and nucleic acids.®® Heat that is
externally applied to a cell is generally capable of perturbing the lipid bilayer of a
membrane and membrane proteins, causing changes in their structure and hence in the
membrane capacitance and resistance.?” The membrane capacitance controls the
charge separation via an ionic gradient across the membrane that ultimately provides a
measure of the membrane voltage. Thus, we can expect an apparent membrane voltage
fluctuation to occur as a thermal stimulus is externally applied to a cell.®” These
membrane voltage fluctuations are read by excitable cells and non-excitable cells in
different ways. An excitable cell would depolarize in response to heat only when it causes
the membrane voltage to rise above a threshold. 3" On the other hand, a non-excitable
cell continuously responds to a membrane potential increase by modulating the ionic
concentration inside versus outside the cell to catch up with this perturbation.® Thus,
such a continuous response of non-excitable cells gradually evokes organelle- and
genetic-level responses to overcome this change more prominently than excitable cells,

leading to sub-threshold stimulation.

To introduce such an external thermal stimulus, we should have candidate nanomaterials
that can convert an optical stimulus to heat via defect or trap state-mediated carrier
recombination or surface plasmon resonance.*%*! Alternatively, a magnetothermal effect

caused by the release of energy from a magnetization-demagnetization cycle in



nanoparticles can also produce such a result.** The dosage of a thermal stimulus varies
according to the fundamental mechanism operating behind the transduction and its
efficiency. In case of a semiconductor defect or trap state-mediated carrier recombination,
we first need to estimate the defect density using photoluminescence or electrical
transport techniques followed by an estimate of generation and recombination rates (Fig.
1.2.b). After estimating the rate of recombination, scaling it by the energy gap between
the conduction band and trap states would yield a theoretical estimate of the heat
generated (though practically there could be multiple dissipation pathways which are
underestimated or ignored). In contrast, plasmonic heating deals with the oscillatory
dissipation of energy by relatively free electrons at metallic surfaces.** According to the
Drude-Lorentz model, surface atoms have an electron cloud that is weakly bound to the
nuclei thus making them capable of oscillating in response to electromagnetic radiation.
41 Depending on the frequency of an electromagnetic wave we could model the electron
cloud as an overdamped, underdamped or critically damped oscillator, ultimately
dissipating energy in the form of heat (Fig. 1.2.c). On a similar note, a magnetic material
placed in an oscillatory magnetic field dissipates the energy stored during a
magnetization-demagnetization cycle (Fig. 1.2d.). 4* In general, thermal methods focus on

the thermodynamic conversion of energy from one form to heat.
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Fig. 1.2. Schematic illustration of different modes of thermal stimulus production
using nanomaterials. a. A general schematic showing a standard photothermal
response for a constant stimulus pulse. Thermal heating always increases with the
application of a stimulus and saturates, only to exponentially decay as the stimulus
is turned off. The peak of the heat profile measures AT from the thermal diffusion
current which is proportional to heat generated Q. b. lllustration of heat generation
from semiconductor defect recombination, where G(t) is the carrier generation rate
due to photon absorption, R(g,t) is the recombination rate from the conduction
band into a defect state located energy € below it and Q is the total estimate of heat
generated from this process. c. lllustration of weakly-bound surface electrons and
dissipating energy from an electrical field according to the Drude-Lorentz model,
with Q being an estimate of heat generated. d. Equating the energy stored in a
magnetic hysteresis cycle of a nanomaterial being dissipated as heat Q.
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1.3.2 Electrochemical methods

Free energy (in all systems) is used to take a system towards an equilibrium state, thus
maximizing the entropy and minimizing the free energy. In one such attempt, energy from
an electromagnetic field may lead to the production of local charge separation in a
material.*° These localized charge separations are non-equilibrium states that have an
associated excess of electrostatic potential energy. 4° This charge separation and the
consequential electrostatic potential energy depends on the band structure of the
material. Such available free energy in the form of electrostatic potential is precisely what
drives electrochemistry at the interfaces.*® An electrochemical reaction thus happens
when a local charge separation (or exciton) has significant transient stability in the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) or
the valence (VB) or conduction band (CB) of that material.** Such a stability enables
separated charges to be transferred across an interface to a molecular species or material
with overlapping density of states (Fig. 1.3.a,b).“* An electrochemical process can
polarize the immediate surroundings of an electrode due to charge accumulation on its
surface. This polarization can cause membrane depolarization via capacitive coupling
between the membrane and the electrode (Fig. 1.3.c).*® However, if there is an overlap
between the density of states of a species in solution and the electrode’s HOMO or LUMO
as illustrated in Fig. 1.3.a or b, then the species could undergo oxidation or reduction.*?
The consequences of such a redox reaction or faradaic injection (Fig. 1.3.d) are that a
species of a specific charge accumulates in the cleft, causing depolarization or

hyperpolarization via charge induction. Following this, the concentration of ions inside and
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outside the cell are modified, leading to a new membrane potential governed by the
Goldman—Hodgkin—Katz (GHK) equation (Fig. 1.3.e).%° Besides perturbing a
concentration gradient, such electrochemical reactions can produce cell-recognizable
active molecules through a catalytic process. Cell-recognizable species mainly include
reactive oxygen species, reactive nitrogen species, and oxidized or reduced metal ions
or clusters.®® Such cell-recognizable molecular species trigger a cascade in the cellular
system leading to a membrane potential change, organelle stimulation, or genetic
expression.3® A similar effect could also be generated by cavitation effects. Ultrasound-
induced cavitation can produce cavitating bubbles that could generate gigapascal and
thousands of Kelvin of temperature to generate radical species like peroxides that can
stimulate cells in a very similar fashion.** However, careful control of ultrasound intensity
is important to ensure control of the cavitation thus giving electrochemical methods a

significant edge over cavitation processes.
1.3.3 Mechanical methods

Compared to either thermal or electrochemical methods, mechanical stimulation operates
in a fundamentally different way. This variation arises from the fact that cells have a piece
of entirely different machinery with which to sense and respond to mechanical forces.
Cells can convert such mechanical cues into intracellular electrochemical signals which
lead to a signaling cascade.*® This conversion of mechanical forces into electrochemical

cues happens at mechanosensors which are classified into three classes.
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Fig. 1.3. a. Photon absorption and photooxidation process occurring at an n-type
semiconductor-electrolyte interface, generating an anodic current. b. Photon
absorption and photoreduction process occurring at a p-type semiconductor-
electrolyte interface, generating a cathodic current. c. Capacitive depolarization of
the cell membrane due to charge accumulation at the nanomaterial-cleft interface,
causing charge-induced depolarization of the cell membrane. d. Faradaic reaction-
induced redox species which either introduced an accumulation of charged
species causing membrane depolarization or a molecular active species which
caused receptor binding mediated depolarization. e. The GHK equation describing
the variation in membrane voltage with differing concentrations of ions.

13



Mechanosensing by the plasma membrane is mediated caveolin or cilia or microvilli which
leads to the inward wrinkling of the plasma membrane.*® Further, these are primarily
determined by the topographical features of the biointerface which forms a junction with
the cell. In such situations, the plasma membrane bending and stabilization following
topographical features decided the mechanotransduction.*® Membrane stabilization on
various nanoscale topographical features evoke cellular signaling mechanisms which
lead to cytoskeletal structuration and nanoinvaginations processes for endocytotic
regulation.*® Alternatively, mechanosensing can happen through an intracellular or
extracellular mechanism as well. In these cases, they are mediated through actin
cytoskeleton, glycocalyx, cadherin rich cell-cell junction or mechanosensitive ion
channels.* Among these, the mechanosensitive ion channels are the fastest and thus of
extensive interest though many of these mechanisms could be coupled with respect to

each other.

Cells are coupled to the ECM via integrin proteins that extend from the cytosol into the
external environment.*’ Integrin proteins connect the cytoskeletal filaments to the ECM
through the focal adhesions and the phospholipid bilayer (Fig. 1.4.b). Thus, any force that
the cell receives is via the ECM and goes into the focal adhesions or directly onto the lipid
bilayer (Fig. 1.4.a,b).%® Extracellular forces such as fluid flow shearing, tensile and traction
forces along with intracellular contractile forces are the primary agents that bring about

and mechanical stimulation. Such forces are transduced by mechanosensitive ion
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channels present on the cell membrane. These mechanosensitive ion channels physically
open or close in response to a force traveling through the lipid bilayer or cytoskeletal
filaments. Such channels were open or close to producing membrane voltage fluctuations
which could lead to depolarization or hyperpolarization of the cell membrane. Thus,
magnetic, optical, or piezo-responsive nanomaterials which can exert force on the lipid
bilayer or the ECM to transduce a cytoskeletal force are additional modes of cellular

stimulation. 46
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Fig. 1.4. a. A direct force of the lipid layer causing mechanosensitive ion channels
to activate, open and produce depolarization. b. Force in ECM transduced via
integrin and cytoskeletal filaments, causing a mechanosensitive channel to open.
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1.4. Cellular network stimulation and synchronization

The response to a cellular stimulation could be read out on an individual cell or an
ensemble. An ensemble here would consist of cells that are connected through
electrically active cell-cell junctions or though neurites as in neurons. Thus, the response
in such a connected system of cells towards a stimulation on one part of it could be
understood through synchronization between electrical activity between these cells.
These networks could be divided into nodes and one way to record electrical activity
would use array devices that make contact with cells that are part of the network.*®
However, an alternative, cheaper and traditional way would be looking at calcium signals

which can give similar information.4°:50

Studying brain rhythms and associated synchronization has become an important part of
neuroscience.**>1 The oscillatory activity of neurons which underlie the formation of brain
rhythms always exists with non-oscillatory noise.**->1 However, these rhythms appear to
exist only at certain frequencies and are a result of large coordinated activity in neuronal
networks.5! Though these are higher dimensional dynamical systems their analysis could
be simplified by modeling them as low dimensional chaotic oscillators that are coupled.5!
Further, these oscillators are self-sustained - as they are an autonomous continuous-time
dynamic system.%! Such self-sustained oscillators are described in non-linear dynamics

using a phase which acts as a variable for parametrizing motion along a cycle.!

Synchronization is defined as phase and frequency locking between different oscillators

in a system. 4951 In our case these oscillators are neurons that are chaotic and self-
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sustaining. One of the measures of synchrony popularly used in neuroscience is phase
synchronization. 4°-°1 Phase synchronization is advantageous as it is time-resolved and
only sensitive to phases and not the amplitude. 4°-5! If we have two continuous-time signal
X(t) and y(t) then we would need to determine their instantaneous phases. @y (t) and ¢y (t)
respectively. This is one by taking the Hilbert transform of the continuous-time signal given

= dt'. The Hilbert phase can be obtained by tan™ E— Once the Hilbert

oo x(t

by #(t) =~ [
phase is obtained the mean synchronization index can be calculated between every
neuron pair for N time steps as |%Zﬁlei(‘f”f(tf)“”(tf))l. The values of mean

synchronization index vary between 0 and 1, one being the most synchronized and zero

the least.
1.5. Biointerface design strategies

Having explored the different modes of stimulation we can determine a requisite property
that each of these nanomaterials should possess for a stimulus to be transduced as a
cell-recognizable signal. Beyond the functional capability of generating a cell-
recognizable signal, we may need to explore other properties that are required for a well-
coupled bio-interface. For example, the nanomaterial under consideration should be
biocompatible, sufficiently mechanically flexible (like ECM or cytoskeleton), and have the
appropriate surface chemistry for cellular recognition.*® To further extend the capabilities
of this nanomaterial for simultaneous sensing and stimulation with a feedback interlock,
it iIs necessary to use appropriate nanofabrication technologies to design three-

dimensional devices capable of interfacing with tissues.%? If achieved, this would be the
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ultimate goal of seamless integration. Hence our focus is on obtaining a three-
dimensional framework of appropriate size—as well as the correct mechanical and
electronic properties—capable of carrying out spatiotemporal mapping and stimulation.
Existing synthetic nanomaterials have wide-ranging optoelectronic and mechanical
properties, thus the task here is to make the appropriate selection from the range of
available options. For ideal sensing capabilities, we need to select a material with an
electronic structure that has a maximum signal to noise ratio (SNR) subject to screening
limited response at physiological conditions. Similarly, for stimulation capabilities, a good
understanding of the electronic structure and the subsequent efficiency of signal
transduction is important to determine the appropriate dosage. Both stimulation and
sensing depend on the electronic structural properties which reside in their
dimensionality, chemical composition, and surface chemistry, for dosage and sensitivity,
respectively.>® Thus, the selection process for the choice of nanomaterials could be
decentralized based on these fundamental properties. This would ultimately enable us to

have electronic components capable of performing simultaneous stimulation and sensing.

Once it's possible to draw up a shortlist of nanomaterials based on their electronic
properties, and included information on the appropriate dimension, chemical compositio,
and surface chemistry. Next, a sub-search within this set has to be performed for
mechanical compatibility and biocompatibility. The latter is usually assessed by carrying
out a combination of device stability and cytotoxicity testing. This involves checking
degradation and its by-products formed from nanomaterials under physiological

conditions in human blood plasma or serum, or in vivo testing.*35 An appropriate
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guantification and identification of the degradation by-products and immune response like
scarring and cell death enable researchers to predict the cytotoxicity. Device degradation
by enzymes and pH is an equally important property to be determined through in vivo
testing to assess device delamination, corrosion, and fractures. On the other hand,
mechanical compatibility of a nanomaterial is theoretically predicted by a deviation of the
persistence length of 1D architectures or nanoscale elasticity modulus in case of 2D or
3D structures, to cellular ECM or cytoskeleton. Nanoscale mechanical property
measurement using atomic force microscopy or microrheology allows us to obtain
information on mechanical compatibility. Furthermore, the materials for flexible device
fabrication and signal readout could be chosen from existing nanofabrication techniques
to select materials with properties that facilitate seamless integration. The procedure
described here is a sequential selection process that allows us to select materials from
an existing library, a process that could be efficiently outsourced to machine learning (Fig.

1.5.a).

In addition to a smart selection process to find the right set of materials from an existing
pool one could envision design strategies maximized to obtain hybrid materials with the
requisite properties. At this juncture, we need to classify materials into hard and soft and
attempt to think of hard-soft hybrid materials as a solution to seamless integration. The
design of a hard-soft hybrid could be done by embedding a functionally active material
into a soft matrix, serving as a mechanically compatible framework for the device. Such
a fabrication could be achieved by either using additives in the starting material of the

synthesis, by the application of an in situ synthetic processes, or by a post-synthetic
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modification process (Fig. 1.5.b). As a result, we have a three-way flexible synthetic

strategy by which we can design new hard-soft hybrid materials for seamless integration.
1.6. Themes for investigation

Working towards the goal of designing biointerfaces for modulation of specific biological
process we are limited by: 1. Lack of knowledge of cellular signaling pathways activated
by bioelectronic stimulation, 2. Design of three-dimensional architectures for forming
tissue level interfacing with low cytoxicity, long term stability, and mechanical

compatibility, 3. A platform for simultaneous sensing and stimulation.>* We devise our
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Fig. 1.5. a. Discussion of the selection strategy via machine learning searching for
seamless integration. b. Discussion of a material design strategy via a three-way
control to obtain material for seamless integration.
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research directions towards overcoming the first two shortcomings. Herein we focus our
studies on cellular signaling and synchronization with various types of stimulation and
intensity along with the development of hard-soft interfaces using unconventional non-
equilibrium synthetic methods like laser ablation synthesis, cavitation synthesis, and self-
assembly. Such hard-soft interfaces are expected to form better junctions with cells with
biocompatibility and lesser mechanical mismatch. In order to achieve these, we work in

three different directions:
Laser ablation synthesis of PDMS-SIC hard-soft hybrid biointerface

In line with these future goals of seamless integration, we build on existing chemistry to
demonstrate in our work a laser ablation-based technique for in-situ conversion of poly
dimethyl siloxane (PDMS) to SiC. This technique enables us to obtain nitrogen-doped
cubic SiC patterns embedded in a soft PDMS matrix, thus creating a soft-hard hybrid with
a hard electronically functional and soft mechanically compatible component. Moreover,
depending on the optics and laser writing parameters one could obtain well defined two-
and three-dimensional devices or circuits as required. The SiC formed in this synthetic
methodology by the ablation technique used comes with a graphite layer beneath, which
acts as an electrode for easy interfacing and integration into circuits. These printed
electrodes also exhibit pseudocapacitive charging thus demonstrating their capability in
forming well-coupled junctions with cellular systems for direct electrical stimulation or as

free-standing devices. Furthermore, the nitrogen-doped cubic SiC obtained can perform
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in a free-standing mode, photoelectrochemical oxidation of water to hydrogen peroxide in
low non-apoptotic doses. These observed features together thus form a big step forward

in the field of bio-electronics towards future seamless integration.

Laser ablation synthetic techniques have often been under-utilized for materials design
due to the lack of better guiding principles. Hence, we propose a two-way modification
strategy to our existing synthetic method of laser ablation mediated conversion of PDMS
to SiC. This two-way strategy involves using additives in the starting raw material or a
surface functionalization of the final active material to obtain a different set of
optoelectronic properties to ultimately influence their final cellular level stimulus in
response to light absorption. To demonstrate this strategy, we use bulk molybdenum
disulfide (M0S2) as a starting material additive and manganese dioxide (MnO2) as a
surface functionalization. As a consequence of MoS:2 as an additive in PDMS, we obtain
crystal phase scrambling and excessive nitrogen doping in SiC whereas the surface
MnO:2 coating on cubic SiC only enhances the photoanodic reaction. Thus, along with
tunability in the synthesis, this two-way modification strategy reveals to us that additives
control the crystal structure and doping whereas surface modification controls
electrochemistry. Either of these strategies thus become tuning gears for bioelectronics
to expand their capabilities for various biological systems. Thus, besides making
significant progress towards seamless integration we demonstrate the tunability of the
synthetic technique and lay forward a material design principle in the field of laser ablation

synthesis.
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Extracellular matrix mimicking poly-(3 hexyl thiophene) (P3HT) nanofiber bio-interfaces

Extracellular matrices (ECM) are large macromolecular networks that provide cells with
structural and biochemical support. Cells interface with these network-like structures
through integrin proteins that enable force transduction from the ECM to focal adhesions.
Hence the focal adhesion assembly and cell migration are influenced by the stiffness of
the matrix. Thus, designing a soft network matrix that can mimic extracellular matrices
and also possess optoelectronic activity is a potential platform for optical modulation of
cellular activity. Organic semiconductors which are soft and can be fabricated into low
dimensional nanostructures with varying optoelectronic properties are thus an ideal

candidate for such investigations.

Based on the electrical property of cell membranes, cells are classified into excitable and
non-excitable. Excitable cells have a binary response towards a stimulus that perturb their
membrane voltage, whereas non-excitable cells have a continuum response. Thus, non-
excitable cells form an ideal system to explore the much less studied sub-threshold
stimulation to understand specific signaling cascades. Such stimulated signaling and its
strength depend on the stimuli strength and its ability in overcoming biological noise thus

enabling one to strengthen specific signaling pathways.

In our work, we demonstrate the capability of an organic semiconducting nanofiber
network to control signaling pathways with apoptosis as a model problem. Using an
optical stimulus, we perform time-domain studies of mitochondrial calcium and caspase

signaling to understand the non-equilibrium dynamics of apoptotic cells. These studies
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suggest to us how an optical stimuli strength can control the apoptosis mechanism
between type 1 and type 2. Furthermore, we look at cytoskeletal filament and focal
adhesion organization on the matrix to understand the potential of ECM mimicry.
Ultimately, this work lays a foundation for sub-threshold stimulation in addressing

diseases and studies in systems biology.

Coaxial silicon nanowire hybrid structures and mineralizing biointerfaces

We utilize a self-assembling technique in designing a hard-soft hybrid by self-assembling
P3HT on a silicon nanowire surface to obtain a coaxial hard soft-hybrid. Besides, the
utility of growing a softer phase on silicon using self-assembly, mechanochemistry could
enable us to generate hard-soft interfaces by growing harder graphene on comparatively
softer silicon. Such hybrid hard-soft interfaces are candidates for testing mechanosensing
in cells and for future material development in tissue regeneration, differentiation and

wound healing.

The potential utility of silicon nanowire surfaces in silicic acid generation and invitro
mineralization into silicates could be utilized for defense priming in plants. This
mineralization and silicic acid formation could be further illustrated by coupling cavitation
forces. Apart from such cavitation coupled catalysis using free-standing nanowires the
silicon nanowire -graphene hybrid generated by mechanochemical synthesis be utilized
for photocatalyzed oxygen reduction to hydrogen peroxide. Hydrogen peroxide and
reactive oxygen species are well known in plants as signaling molecules during abiotic

stresses. Hence the production of hydrogen peroxide by internalized silicon nanowire -
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graphene hybrid could also be utilized for defense priming in plants. Thus, cavitation
coupled catalysis and synthesis of soft-hard hybrids are of significant interest for

modulation of plant signaling pathways.
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2. Laser printing of nitrogen-doped silicon carbide structures for multimodal

biointerfaces.
2.1. Introduction

Synthetic laser ablation techniques have been utilized for nanomaterial design due to
their ease of fabrication, low cost, and their unique capacity to generate exotic phases
that are stable only under non-equilibrium conditions.'* There are, however, a lack of
available design principles to fully exploit this method for creating materials with specific
properties. Specificity in material properties arising out of rational synthetic manipulations
enables one to correlate these properties with their potential utility. We are interested,

therefore, in exploring their utility in the context of biological modulation.

In line with these goals, material synthesis and fabrication aim to create well-coupled
junctions with cellular systems so that their stimulation may be achieved.>® Besides, there
is a rising demand for non-apoptotic therapeutic effects arising from such material
stimulation.®> To achieve this, we looked for a material property associated with the
modulation of biological systems, an area in which silicon has held prominence until now.
One drawback of silicon, however, is its degradation under physiological conditions,
expensive and intricate fabrication methods and its lack of pseudocapacitive coupling.”2
Furthermore, silicon circuits or devices cannot be printed and require nanofabrication
techniques for development. Moreover, in comparison to the semiconductor industry,

bioelectronics or modulation prioritizes functionality over precision fabrication. Hence,
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there is a demand for a paradigm shift in bioelectronic fabrication to techniques with more

functionality, such as laser- and 3D printing.

Silicon carbide (SiC) has been a material of significant importance in the semiconductor
industry, apart from being a well-known abrasive. Despite the exploration of silicon
carbide for both mainstream electronics and its mechanical strength, its utility in biological
modulation from an electrochemical or electronic perspective is largely unexplored.
Proportional to its existing utility, SIC synthesis methods range from conventional high-
temperature inorganic methods like the Acheson process to those from organic
precursors such as polysiloxanes.®13 SiC is also known to form a plethora of polytypes,
though hexagonal 6H and 4H are the most widely-grown and frequently used in
electronics. Though the hexagonal polytypes have been well utilized, the cubic 3C
polytype is much preferred due to its high mobility, thermal conductivity and saturation
drift velocity.'* However, 3C-SiC being metastable, it cannot be grown in large quantities
or with a high level of quality, as its growth requires a non-equilibrium condition.1416
Hence, laser ablation holds promise for the synthesis of such a non-equilibrium phase,

given an appropriate choice of precursor material.

In this work, we demonstrate two- and three-dimensional laser printing of 3C-SiC using
PDMS as a precursor. We introduce a layer-by-layer three-dimensional fabrication
method using laser writing for printing 3C-SiC. This technique enables the incorporation
of nitrogen as a dopant, making the electrode capable of exhibiting pseudocapacitive

charging. We further propose a dual modification strategy to this synthetic method for
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tuning material properties (Fig.2.1). This strategy involves using additives in the initial raw
material—or a surface functionalization of the final active material—to obtain a different
set of optoelectronic properties to ultimately influence the cellular level stimulus in
response to light absorption. To demonstrate this strategy, we used bulk molybdenum
disulfide (M0S2) as a starting material additive and manganese dioxide (MnO2) for the
surface functionalization. MoS2 being a hydrophobic lubricant-like material 18, it can
blend well with the PDMS precursor base. Moreover, it can increase the local temperature
by exothermically oxidizing to a volatile MoOs without incorporating itself into the
material.’® This makes MoS: a candidate for testing the phase formation during laser
printing by manipulating the temperature. MnO2, on the other hand, is a good
photocatalyst that enables us to modify the surface catalytic activity. As a consequence
of using MoS:2 as an additive in PDMS, we obtained crystal phase mixing and excessive
nitrogen doping in SiC, whereas the surface MnO2 coating on cubic SiC only enhanced
the electrochemical reaction. This demonstrates that additives control the crystal
formation, structure, and doping, whereas surface modification tunes the
electrochemistry. Either of these strategies shows potential as a tuning gear for
expanding material synthesis for various biological systems in the context of laser ablation

synthesis.
2.2. Structural characteristics of SiC

To understand the crystal phases of SiC formed from PDMS and the PDMS-MoS:2

composite, the isolated crystals were subjected to X-ray scattering and electron diffraction
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techniques. Wide-angle X-ray scattering (WAXS) of SiC obtained from PDMS revealed a
single phase which indexed to the 3C polytype of SiC (3C-SiC) (Fig. A.1.1a) whereas the
one obtained from a PDMS-MoS:2 composite revealed a mixed phase (M-SiC) of both the
3C and 15R polytypes (Fig. A.1.1b). However, specific spots on the sample produced a
pattern corresponding to pure 15R polytype, suggesting that phase mixing and separation
is evident from MoS:z addition (Fig. A.1.1c). Similar information was obtained from high-

angle annular dark-field image in scanning transmission electron microscopy (HAADF-
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Fig. 2.1. A schematic illustration showing the emergence of the multi-functionality
in a bio-interface from an underlying modification in synthetic methodology. A
straightforward synthesis by laser ablation gives nitrogen-doped 3C-SiC which can
exhibit pseudocapacitive coupling for wired electrical stimulation of skeletal
muscles. However, as a free-standing species, the 3C-SiC electrode can perform
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Fig. 2.1. continued. photoelectrochemical production of hydrogen peroxide for
modulation of smooth muscle cells. The addition of a surface coating of MnO2 by
electroless deposition enhances the photoelectrochemical reaction causing the
production of hydrogen peroxide to shift to a lethal dosage useful as an anti-
bacterial. In contrast, the use of a starting material additive like MoS:2 tunes the
crystal structure and doping thereby generating a photothermal property useful for
spatio-temporal neural network modulation. This demonstrates how an additive
can tune crystal structure and doping versus the surface functionalization
controlling the electrochemistry. Thus, by using a starting material additive and
surface functionalization as basic tuning gears we can expand the utility of this
laser synthetic methodology to obtain modified materials with unique properties to
suit the stimulation requirements of specific biological systems and pathways.

STEM) (Fig. 2.2.c,f) and from indexed selected area electron diffraction (SAED) (Fig.

2.2.b,e) performed on microtomed crystal sections (Fig. 2.2.a,d). Electron Backscatter

Diffraction (EBSD) point analysis done on various ensembles of crystal grown at an
ablation site in PDMS resulted in a purely cubic phase across the surface, indicating the
phase purity of the sample in this case (Fig. A.1.2). This phase purity—and the existence
of 3C or the cubic phase in direct ablation—is consistent with previous studies wherein
cubic phases are known to nucleate and grow only under non-equilibrium conditions.>16
Using our method, we have noted a non-equilibrium case as the laser ablation method
applies a very high amount of energy in a short time span. Furthermore, a statistical
analysis of multipoint EBSD phase analysis on various batches of SiC from PDMS-MoS:
composite resulted in approximately ~ 66% 3C polytype, 30% 15R polytype, and 4% 4H
polytype (Fig. A.1.2). This phase mixing and separation could be attributed to the highly
exothermic oxidation experienced by MoS: to form a highly volatile MoOs3 during the laser

ablation process.’® Such a strongly exothermic reaction would create temperature
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instabilities causing some re-crystallization of the initially formed phases to provide

rhombohedral and hexagonal phases.'>16

To further analyze the composition of the crystals, atom probe tomography was
performed on 3C-SiC and M-SIiC. This composition analysis revealed the presence of
nitrogen doping in both structures (Fig. 2.2.g) along with an absence of molybdenum in
M-SIC. Further reconstruction and profiling of nitrogen along the depth of an atom probe
tip produced a constant average nitrogen doping of ~ 200 ppm in 3C-SiC (Fig. 2.2.9).
However, M-SiC showed a ten-fold increase in the doping concentration along with a
gradation along with the depth of the atom probe tip (Fig. 2.2.g). Given that, the atom
probe tip is fabricated (Fig. A.1.3) such that its pointed edge is from the surface and its
base from the interior to the ablation point. The temperature increases with MoS:2
superposes on an existing temperature gradient leading to enhanced energetics for
increased nitrogen doping from the atmosphere following this gradient, compared to the
case without MoS:2 (Fig. A.1.4). The superposition of an exothermic reaction onto an
existing temperature gradient assists in changing the doping concentration. This is
supported by the fact that molybdenum is a nitrogen-fixing catalyst and that following its
catalytic action it is removed as a highly volatile MoOs ?°, causing limited interference with
the material structure and properties. Furthermore, the temperature gradient from laser
ablation was also observed to affect the chemical conversion of PDMS to SiC as regions
far from the point of ablation formed a graphite layer beneath the SiC (Fig. A.1.4). Thus,

from a device design standpoint, such temperature gradients are beneficial.
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2.3. Two- and three-dimensional printing

We sought not only to understand the structural properties of the material, but to explore
the utility of this technique in two- and three-dimensional printing. As a pre-patterning test,
we explored the role of laser power and the number of points per inch in controlling the
average crystallite sizes (Fig. A.1.5). The test suggested cut-off parameters for synthesis
and a significant control on crystallite sizes with laser power and number of points per
inch. With this information, we are able to use the laser writing technique for printing fine
patterns or circuits, as demonstrated in Fig. 2.3.b. Any painting or pattern (Fig. 2.3.a)
could be vectorized and printed using technique. Furthermore, using Raman mapping of
nitrogen defect luminescence, we were able to further verify the patterns as being
composed of 3C-SiC (Fig. 2.3.c¢).?2?? For three-dimensional printing we demonstrated a

layer-by-layer printing technique (Fig. 2.3.d-g) similar to UV-based 3D printing. However,
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Fig. 2.2. The crystal structure of the SiC was analyzed using microtomed sections
of crystals and by performing electron diffraction and STEM on the samples. For
the direct synthesis where 3C-SiC was purely formed, it is verified by performing
electron diffraction on a section (a) to obtain a pattern (b) and STEM lattice image
(c) which indexes to the 110 zone. Similar analysis on M-SiC revealed primarily 3C
phase (Supplementary Figure 1), however, the existence of 15R as a separate
secondary phase was observed similarly in an analysis from (d) to (f) revealing a [-
2-23] zone with twinning (Selected twin planes marked by red arrows in d). Atom
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Fig. 2.2. continued. probe tomography reconstruction (g) of 3C-SiC and M-SiC
(Red- Si, Blue-C, Green- N) were performed to discover the presence of nitrogen
doping. The dopant nitrogen was profiled along the z-direction of atom probe
needles for either species revealing a 10-fold increase in doping along with a
decreasing gradation in M-SiC. This decreasing gradation overlaps with the
temperature gradient created by the ablation laser and grades away from the laser
ablation spot into the PDMS bulk (Supplementary Figure 9). (Scale bars: a-100 nm,
c-1 nm, d- 50 nm, f- 1nm, g-20 nm)
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Fig. 2.3. The patterning utility of the laser printing technique is demonstrated by
printing a SiC pattern. Thus, a chosen painting (a) is vectorized and laser printed
on PDMS to obtain a 3C-SiC pattern (b). The presence of SiC formed during such a
laser printing process is verified by Raman photoluminescence mapping (c) by
integrating the intensity between 600 and 800 nm. lllustration of utility in three-
dimensional printing is done using a layer by layer printing technique as depicted
in (d). The layer by layer technique involves printing a layer followed by printing
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Fig. 2.3. continued. another layer on top such that there is a laser overshoot from
the layer above to below. The laser overshoot could be spatially controlled such
that they weld together the SiC in each layer at specific locations. The weld
(Indicated by yellow in d) is strong enough that they are stable in harsh acidic
environment used to etch the leftover PDMS as seen in (f). Ultimately after etching
such a layer by layer stack (e), we can obtain a free-standing interlinked 3D
architecture made of 3C-SiC (g). (Scale bars: b—-1cm, ¢c —2 mm)

this technique is cleaner and easier as we do not use photopolymerizing agents and the
technique can be performed in solid state.?® Furthermore, we simply modulated the power
of the laser to overshoot and weld various layers of 3C-SiC embedded in PDMS to obtain

an integrated architecture.
2.4. Circuits with pseudocapacitive coupling for electrical stimulation

To explore the electrochemical properties of the 3C-SiC interface, cyclic voltammograms
(CV) were carried out in 1X phosphate-buffered saline (PBS). The cyclic voltammograms
collected at various scan rates demonstrated a distinct difference with respect to the
standards used (Fig. 2.4.b,c). The skewed square-like shape of CV and the decreasing
trend of differential capacitance from 6.28 mF/cm? to 4.67 mF/cm? and 3.50 mF/cm? with
an increasing scan rate from 50 mV/s to 100 and 200 mV/s, is indicative of a
pseudocapacitive charging in 3C-SiC (Fig. 2.4.a).?* Moreover, the order of a mF/cm? in
differential capacitance is three orders of magnitude greater than double-layer
capacitance reported on conventional conductive electrodes.”?® This means that the
Faradaic component of the charge storage available in 3C-SiC is due both to its nitrogen-
doped electronic structure and surface properties, making it a superior electrode for

forming well-coupled capacitive junctions with cells. Furthermore, the in-situ formation of
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a graphite layer underneath the 3C-SiC is what portrays these circuits as ready-to-use
electrodes because they act as interfacing electrodes with excellent conductivity (Fig.
A.1.4, A.1.5). The utility of such electrodes is demonstrated by direct in vivo electrical
stimulation of skeletal muscle (Fig. 2.4.d). Electrical pulses were delivered through a
printed 3C-SiC device placed on the skeletal muscle of the rat limb. Action potential
recordings on the same tissue revealed in-phase signals to stimulation (Fig. 2.4.e)

suggesting a successful stimulation of the skeletal muscle.

a c
0.6 0.6
& 1 — -
F d g | E 0.4 /
g 04 o 5 |
< 024 : < 0.2-
e /% £
2> 0.04 7 2> 0.04
= ’ £
< -0.24 £02
@ Q
(] [} - S
€ -0.44 100 mV/s E'OA 100 mV/s
£ o6l . 50mVis | £ 96 el 50 mV/s
a / —— N doped 3C-SiC | 3 | ~ —— N doped 3C-SiC
-0.84 vV « Undoped 3C-SiC -0.84 A Glassy carbon
0.8 0.7 -06 -05-04-03-02-0100 01  -0.8-0.7-06-05-0.4-03-0.2-0.1 0.0 0.1
Potential (V) vs. Ag/AgCl Potential (V) vs. Ag/AgCl
Stimulation p
3.00V
4
> 05s
o~
) 3
Response 0.65A
<
ite}
o
—d L
ARRARRNA L

Fig. 2.4. a. Schematic illustration of SiC-graphite interfaces wherein crystals have
ribbon-like graphite emerging from them on a nanoscale as observed from STEM
imaging (Supplementary Figure 11) and their capability in exhibiting
pseudocapacitance. The utility of 3C-SiC as a pseudocapacitively coupled
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Fig. 2.4. continued. biointerface is demonstrated by the cyclic voltammograms (b,
c). A comparison of cyclic voltammograms with undoped 3C-SiC and standard
glassy carbon suggest that the faradaic component giving rise to
pseudocapacitance arises purely from nitrogen doping and in SiC. Further, the
capability of such printed pseudocapacitive electrodes in direct wired stimulation
is illustrated by passing a stimulation current pulse to elicit in-phase action
potentials in rat skeletal muscle (d, e).

2.5. Photoelectrochemical characteristics of 3C-SiC

Typically, the surface and its composition would influence the electrochemical properties,
which are critical for forming well-coupled biointerfaces along with their functionality. To
account for these properties, we characterized the valence band position of all synthetic
products using ultraviolet photoelectron spectroscopy (UPS). The valence band edge
estimated using UPS (Fig. A.1.6) is given with respect to the standard hydrogen electrode
as 1.86 eV for 3C-SiC, 2.48 eV for 3C-SiC-MnO:2 and 1.19 eV for M-SiC (Fig. 2.5.a).%¢
Single-channel photocurrent measurements were used to determine the nature of
functionality that the interfaces would exhibit with optical excitation. The 3C-SiC
electrodes exhibited a photoanodic oxidative reaction, confirmed by the negative direction
of the faradaic current and its invariance with the holding level (Fig. 2.5.c).6 Furthermore,
this photoanodic oxidation reaction is enhanced ~ 10-fold by the electroless deposition of
MnO2 on the 3C-SiC surface (Fig. A.1.7). Given the n-type nature of the 3C-SiC and their
upward band bending at the electrolyte interface (Fig.2.5.b), the photocurrent
measurements for 3C-SiC and 3C-SiC-MnO:2 showing photoanodic oxidation is
consistent.?’ Hence, a qualitative comparison of UPS determined valence band edge with

standard redox potentials for the two- and four-electron oxidation of water reveals an
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overlap of 3C-SiC valence band edge with water oxidation to hydrogen peroxide (Fig.
2.5.a).2628 This suggests water oxidation to hydrogen peroxide as a potential reaction that
we are measuring in our single-channel photocurrent measurements. Furthermore, to
verify the functionality of 3C-SiC and the hypothesis of hydrogen peroxide production, we
undertook fluorescence kinetics studies. These studies confirmed the production of
hydrogen peroxide by 3C-SiC, and the kinetics showed its saturation with time (Fig. 2.5.d,
A1.8). However, for 3C-SiC-MnOz2, the hydrogen peroxide production is more than 3C-
SIiC, suggesting a catalytic role for MnO2. This idea is supported by a more positive
valence band edge of 3C-SiC-MnOz2, thermodynamically favoring more oxidation of water
to hydrogen peroxide. Furthermore, the difference in the quantity of hydrogen peroxide
produced also discriminates their role in biology—3C-SiC provides a therapeutic dose,
though 3C-SiC-MnOz2 provides a lethal dose, hence its utility in anti-bacterial applications

(Fig. A.1.9).
2.6. Biomimicry of 3C-SiC as an endothelial cell

From a cardiovascular perspective, hydrogen peroxide or reactive oxygen species (ROS)
plays a unique role in the control of smooth muscle cells.?%3! Endothelial cells that form
the lining of arteries and veins sense pressure and use nitric oxide to signal smooth cells
to regulate their contraction-relaxation cycles. 4° However, studies have revealed that the
direct addition of hydrogen peroxide could also elicit a similar response mediated via
regulation of inositol triphosphate receptors (IP3R) (Fig. 2.5.e). 3233 Thus, we carried out

investigations on an ensemble of smooth muscle cells and studied the calcium signals of
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individual cells as a consequence of 3C-SiC stimulation. Calcium signals of individual
cells in the region of stimulation were analyzed, such that their response could be
separated into stationary and oscillatory. Here, we have classified “stationary” cells as
those which fire action potentials with very long periods (~1 contraction cycle per 2-3
minutes) and “oscillatory” cells as those which fire faster (~3-4 contraction cycles per
minute).3* As a consequence of stimulation—or exogenous hydrogen peroxide availability
to cells—we see an immediate calcium spike for stationary cells (Fig. 2.5.f-i) whereas for
oscillatory cells the response depends on where the stimulation happens with respect to
the last calcium peak or contraction state. The oscillatory cells respond to hydrogen
peroxide in three ways, depending on whether the stimulation happens in its relaxed state
(Fig. 2.5.f-ii), immediately after contraction (Fig. 2.5.f-iii) or just after reaching a relaxed
state (Fig. 2.5.f-iv). These responses are a phase shift (delay in next firing) in oscillation,
or a transient frequency increase, or an increase in frequency followed by damping to
higher calcium level, respectively (Fig. 2.5.f). These perturbations in oscillatory responses
are consistent with experimental and theoretical studies of smooth muscle behavior that

occur with an increase of inositol triphosphate (IP3).3!

Fluorescence kinetics (Fig. 2.5.d) has demonstrated the production of hydrogen peroxide,
which is known to directly increase IP3 by binding to G-protein coupled receptors
(GPCR).3* GPCR activation leads to an increase in cytosolic IP3 which regulates IP3R
which opens in a cyclic fashion modulated by cytosolic calcium levels.®* Such a biphasic
regulation of IP3R by cytosolic calcium leads to oscillation in cytosolic calcium and

transmembrane chloride current.3* The opening of this transmembrane chloride channel
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causes depolarization via the uptake of exogenous calcium and the release of calcium
from internal storages like the endoplasmic or sarcoplasmic reticulum.32-3* Thus, putting
together our cellular calcium perturbation observations with these existing facts, we can
confirm the IP3-based signaling mechanism involved. Further, the capability of hydrogen
peroxide produced by 3C-SiC in modulating smooth muscle contraction cycles illustrates

its biomimicry as an endothelial cell.

Besides, observation of a stimulated sheet of cells reveals an overall increase in calcium
levels (Fig. 2.5.g,h). This increase, observed as IP3R activation, leads to exogenous
calcium uptake and an internal store release of calcium leading to depolarization of cells.
Such an overall calcium level increase on an ensemble level manifests on the cellular
level in different ways as observed in Fig. 2.5.f. Further exploration of correlations of
calcium signals on an ensemble of stimulated smooth muscle cells by analyzing mean
synchronization between them reveals an increase in synchronization post-stimulation.
This also illustrates the increased synchronization in a contraction of an ensemble of
smooth muscles consistent with increased calcium levels, illustrating the functionality on

an ensemble level (Fig. A.1.10).
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Fig. 2.5. HOMO levels of 3C-SiC, 3C-SiC-MnO2 and M-SiC measured using UPS to a
standard hydrogen electrode (a) revealing the incapability of M-SiC in performing
an electrochemical oxidation reaction, versus 3C-SiC and 3C-SiC-MnO2. The n-
doping in 3C- SiC and M-SiC and their interfacing with graphite (an electron sink)
suggests the possibility of pure oxidation reactions as a consequence of
photostimulation (b). Photocurrent measurements on 3C-SiC at various holding
levels for a 10 ms pulse revealing a photoanodic oxidation reaction (c). Further, the
measurement here is invariant to holding level confirming a faradaic process.
Fluorescence kinetics measurements were done on 3C-SiC and 3C-SiC-MnO:2
confirm the water oxidation to hydrogen peroxide and show the relative
concentration of hydrogen peroxide produced by oxidation of water (d) per cm? of
the material irradiated with light. A schematic illustration of the consequence of
exogenous hydrogen peroxide on smooth muscle cells (e). Exogenous peroxides
cause increased activation of IP3R causing a release of calcium from internal
stores like ER/SR and uptake of exogenous calcium. The difference in calcium
signaling on a cellular level, as a consequence of peroxide release on a sheet of
cells, depend on the stimulation timing with respect to a contraction cycle that
confirms the role of peroxide and IP3R activation in individual cells (f). The
ensemble measurements were carried out on a sheet of smooth muscle cells
(Supplementary Figure 18). The differential calcium (AF/F) signals observed before
(g9) and after (h) stimulation reveals an overall increase in calcium levels
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Fig. 2.5. continued. (Represented as heat maps) along with an increased
synchronization in the contraction of a sheet of smooth muscles (Supplementary
Figure 18). A device-level implementation of the same (i) and a point stimulation on
the device (Supplementary Figure 24) reveals a calcium wave propagating
(Represented as heat maps) from the stimulation point (j). (Scale bars: g- 100 pum,
h- 100 um, i - 100 um)

Furthermore, we demonstrated the device-level scaling of this phenomena by growing
smooth muscle cells on a device to form a uniform layer (Fig. 2.5.i), and then further
stimulating them to produce localized calcium waves (Fig. 2.5.j). This suggests a device-

based therapeutic utility in delivering hydrogen peroxide.2%-32
2.7. Spatiotemporal synchronization of neuronal networks:

M-SIC consisting of mixed-phase and excess nitrogen doping demonstrated a weak
photothermal effect. Further, the photothermal effect is characterized by portraying a
growing photocurrent with an applied stimulation (Fig. 2.6.a, Al1.7). To justify this
observation, the surface composition of all synthesized materials was compared using X-
ray photoelectron spectroscopy (XPS). The surface composition revealed the presence
of 21% surface oxide and 1% nitride defects in 3C-SiC, which increased to 30.4% and
3.75%, respectively, in M-SiC (Fig. A.1.11, A.1.12). The increased presence of oxide and
nitride surface defects in M-SIiC could potentially justify their weak photothermal
capability—apart from the excessive doping (~2000 ppm nitrogen) they have in bulk.
Besides, M-SiC has a valence band edge much higher than all possible water oxidation
reactions (Fig. 2.5.a) which explain its capability in portraying the photothermal effect due

to its inability in performing any photoelectrochemical reaction. This may be attributed to
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a change in electronic structure at the surface due to excessive doping, defects and
higher surface phonon density as verified in low-loss electron energy loss spectroscopy

(EELS) (Fig. A.1.13).

In addition to exploring the utility of the 3C-SiC and photoelectrical effect from
nanomaterials, we look forward to a system with which to test the photothermal effect of
M-SIiC. Being sensory, dorsal root ganglia neurons (DRG) are known to respond to heat
as a stimulus.®3> Moreover, the fact that photoelectrochemical stimulation has poor
spatial confinement due to diffusion of stable molecular species provides thermal effects
with a significant edge (Fig. 2.6.b) when it comes to spatio-temporal control. Thus, the
effect of such a thermal stimulus in modifying network-level properties with spatiotemporal
regulation is important to neuromedicine.3>3¢ Herein, we culture DRG networks (Fig.
2.6.c, f) with M-SIiC crystals dispersed in culture to form stable and biocompatible
biointerfaces with networks. The biointerface formation explored through a scanning
electron microscope (SEM) revealed the capability of M-SiC crystals to form entangled
junctions with axons (Fig. 2.6.d) in addition to dendrites wrapping around them (Fig.
2.6.e). Furthermore, we explored the synchronization changes introduced by a single
stimulation on a single node of a DRG network (Fig. 2.6.f). Such stimulation caused
increased local synchronizations around that node and an overall increase in the average
synchronization index on the entire network. These are clearly visible in the
synchronization plots before and after stimulation with the rearrangement and expansion
of clusters around the stimulated neuron (Neuron ID: 12, indicated by an arrow in Fig.

2.6.9).
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Photoelectrochemical Photothermal

Fig. 2.6. The photothermal capability of a mixed-phase and excessively doped M-
SiCis observed through single-channel recordings (a) for a stimulation pulse of 10
ms and various powers of a 532 nm stimulation laser. The advantage of such a
photothermal measurement over photoelectrochemical (b) is that
electrochemically generated species can eventually diffuse across and stimulate
other neurons in a network resulting in poor spatio-temporal control whereas
thermal gradients decay fast. Interfaces formed by an artificial cultured dorsal root
ganglial network were explored using SEM imaging and false coloring. A typical
neuronal network (c) has neurons (blue) interlinked by axons and dendrites
(yellow) with few glial cells (green). M-SiC particles interspersed with the growth
medium have been observed to be entangled with axons (d) and dendrites (e) as
observed in SEM imaging. Calcium imaging was performed on a conventional
neuronal network (f) with a single node stimulation (5.3 mW, 1 ms) to see how
localized synchronization surrounding the stimulated node rises (g) with respect
to the unstimulated case. Such spatially controlled increases in local
synchronization results in an increase in the mean synchronization of the entire
neural network from 0.197 to 0.338. This illustrates the capability of M-SiC to form
interfaces with neural networks and to modulate synchronizations locally
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Fig.2.6. continued. compared to drugs that modify neural networks globally. X-axis
and Y-axis in (g) are neuron indices along with the heat map for synchronization
values. (Scale bars: g- 100 pm, h- 100 pm, i - 100 pum)

Furthermore, the mean synchronization index increased from 0.197 to 0.338 after
stimulation. This observed change or difference suggests how one could spatiotemporally
control neural network synchronization by photothermal stimulation compared to
conventional drugs which stimulate networks globally. Hence, in the future this
demonstration could be used for precision medicine in regaining synchronization in
networks of nerve injury, regional neuromodulation or even degenerative diseases like

Alzheimer’s, etc. 3536

2.8. Conclusion

This work has demonstrated two and three -dimensional laser printing of 3C-SiC along
with the multimodal synthetic capability of laser ablation synthesis. This strategy and
technique illustrate the idea of developing nitrogen-doped silicon carbide circuits as
pseudo-capacitively coupled biointerfaces and freestanding electrodes for hydrogen
peroxide production. We also obtained a significant understanding of the spatiotemporal
modulation of correlated neural networks. These demonstrations reveal the future utility
of such silicon carbide frameworks for organ or organoid-on-chip type research and
applications. Furthermore, this work opens up opportunities in laser-assisted three-
dimensional printing for the development of pharmaceutically relevant systems. The
discovery of an anti-bacterial effect using a 3C-SiC-MnO2 hybrid in the presence of white

light illumination paves the way for its future utility in solar bacterial disinfection. In a
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broader sense, the work introduces potential design principles in material synthesis for

developing biointerfaces with specific capabilities to address targeted biological problems

2.9. Experimental Methods

Synthesis of PDMS and PDMS-MoS;, composite:

PDMS was prepared using commercially available Sylgard 184 kit. The polymer and
curing agent were mixed in 10:1 ratio by weight and degassed in vacuum. Following the
degassing process, they are cured in a vacuum oven at 80 °C for at least 8 hours. For
PDMS-MoS2 composite preparation the polymer, curing agent and bulk MoS2 powder
(Sigma Aldrich) (10:1:0.5 ratio by weight) were mixed into homogenous mixture by a
magnetic stirrer. This was followed by vacuum degassing and curing at 80°C for 8 hours.

Samples were always re-prepared in case of defects arising due to improper degassing.

Laser ablation of PDMS to SiC:

PDMS layers were mounted on an aluminum comb (With a supporting layer of glass or
polystyrene petridish) and laser written with a CO2 laser of 10.6 ym wavelength, upto a
power of 50 W (VLS 460 manufactured by Universal Laser Systems) with a 100 ym spot
size. The pattern for writing was generated as a vector image in Corel draw and printed
using VLS 460 software. The writing was done in vector cutting mode with parameters for
crystal structure and property analysis being 100% power (50 W), 1000 points for inch
and 0.254 mm/s speed. However, for pattern printing the power is lowered to 5% (5 W)

and 0.254 mm/s speed. (Warning: Using no supporting layer or thin samples of PDMS
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would cause laser to hit the aluminum comb below and melt and even contaminate your

samples)

Processing SiC for characterization and analysis:

Samples prepared with 100% power were generally used for crystal structure and
property analysis and for direct integration with cells via dispersion of these crystals in
growth media. However, before these processes are carried out the purification process
of these crystals are done. The SiC along with the graphite layer formed is cut out from
the PDMS matrix using a razor blade. This is followed by washing the sample in toluene
(Fisher scientific) for 5 minutes to remove any organic components present in the
material. Following this the sample is kept immersed in isopropyl alcohol (Fisher scientific)
and then in De-ionized (DI) water for 5 minutes each. After this sequential washing
process they are dipped in 1:1 HF:HNOs3s (Sigma Aldrich) to remove any silica and surface
organics for 5 minutes. Once this is completed the samples are washed in DI water,
nitrogen blow dry and oxygen plasma cleaned at 200 W for 3 minutes (PE-100 Benchtop
Plasma System). After the final step the SiC synthesized from pure PDMS would appear

yellow and the one with MoS:2 would appear light green.

Electroless deposition of manganese dioxide:

Electroless deposition on purified clean SiC surface was carried out by a solution of 0.25
M KMnOa (Sigma Aldrich) in 0.5 M H2SO4 (Sigma Aldrich). The samples were washed in
water and ethanol (1:1) mixture and then kept dipped in the above mixture for 10 minutes.

The samples are then washed in water and nitrogen blown dry.
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X-ray scattering studies:

Off -axis wide angle x-ray scattering (WAXS) was carried out on SAXS LAB Ganesha
with a Cu K-alpha radiation source and 50 um spot size. The SiC crystals from the top
layer are scratched off using a clean sharp tip TEM grid handling tweezer and the resulting
crystal powder loaded onto a captone tape. The captone tape is mounted on a holder

from which X-rays are scattered through the crystals onto a detector.

Electron microscopy and sample preparation:

Sample prep for TEM, STEM and EELS: According the procedure above, the crystals are
scratched using a tweezer and the resulting powder loaded into a resin mold. The mold
is then filled with epoxy resin and degassed in vacuum and baked at 60 °C overnight for
embedment. The crystals are then microtomed (Leica UC6) into 100 nm sections and
loaded on 200 mesh copper grids. The grids were stored in a vacuum desiccator.
Transmission electron microscopy and selected area electron diffraction (SAED) patterns
were collected on a JEOL 3010F operating at an accelerating voltage of 300 kV with a
LaB6 filament. Scanning Transmission Electron Microscopy (STEM) and Electron energy
loss spectroscopy (EELS): STEM and EELS were done on a JEOL ARM 200CF (Cs
corrected) with a field emission gun at an accelerating voltage of 200 kV. STEM and EELS
measurements were done on each area after a 200 kV, 30 min beam shower at the spot
to remove any adsorbed hydrocarbon contaminants. EELS was collected using a Gatan
dual EELS detector at magic angle. Scanning Electron Microscopy, EDS and Electron

backscattered diffraction (EBSD) were all done on TESCAN LYRAS system equipped
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with Dual Oxford Instruments X-Max-80 silicon drift x-detectors for EDS and Oxford
Instruments NordlysMax2 EBSD detector. The EBSD patterns were processed and

indexed using Oxford AZTEC software.
Indexing of SAED and FFT patterns:

3C-SiC and 15R-SiC structures were generated in Crystal Maker 2.0 using existing
reported structures 37 and the indexing of patterns were carried out using Crystal Diffract

2.0.

X-ray photoelectron spectroscopy (XPS) and Ultraviolet photoelectron spectroscopy

(UPS):

XPS and UPS were performed on Thermo Scientific ESCALAB 250Xi equipped with an
electron flood gun and argon ion sputter gun. The XPS measurements were done using
an Al K-alpha X ray source of 1.487 keV energy and the spot size of 500 um in diameter.
The UPS measurements were done using a He | source of UV radiation of 21.2 eV energy

and the spot size of 3 mm in diameter.
Atom probe tomography (APT) and sample preparation:

SIC crystals were sputter coated with 50 nm nickel to prevent charging during focused
ion beam (FIB) milling process. The crystals were then milled into a small lamella on FEI
Helios. These lamellas were transferred to silicon microposts using a micromanipulator
and milled down to needles for atom probe tomography. These needles were then

mounted into a LEAP 400X Si (Cameca) and charged to a potential between 1 to 6 kV.
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Following this the surface atoms were evaporated using 355 nm laser pulses of 30 pJ at
a frequency of 250 kHz in a chamber maintained at 30 K and 2 x 10-11 torr. The three-
dimensional structures were reconstructed and analyzed using Cameca’s integrated

visualization and analysis software (IVAS) 3.4 code.

Photocurrent measurements:

Photocurrent measurements were performed by single channel voltage clamped
recordings on a patch-clamp amplifier (Axopatch 200B) set up. The material of interest
was immersed in 1X PBS (Fisher Scientific) in a petridish and focused on using a
microscope (Olympus BX61WI) with a water immersion lens (20X/0.5 NA). Light pulses
are delivered through the microscope from two different sources: (a) 375 nm LED source
(Thorlabs M375L4, ~ 500 um spot size) and (b) 532 nm laser (Laser glow, diode -pumped
solids state laser, ~5 ym spot size). Light pulses were delivered to these light sources
using a digitizer (Molecular devices, Digidata 1550). For measuring the photocurrent
measurements glass pipettes of ~ 1 MQ were pulled (Sutter Instrument, P-97) and their
tip lowered and focused onto the same optical plane (Gap of ~2 um) as the material
surface before the stimulation pulse is applied. The voltage clamped currents were
recorded in parallel with the stimulation pulse at various holding current levels. This data
was analyzed and the nature of the photocurrents determined using a previously
developed method (6). For analysis of photothermal currents the same pipette used for
recording was calibrated for its resistance as a function of temperature. For this

measurement the pipette was dipped in pre-heated PBS at approximately 50-60°C and

57



allowed to cool down naturally as the resistance were recorded alongside temperature,

using a thermocouple.
Photoluminescence measurements:

Raman measurement of photoluminescence from SiC was performed for laser written
patterns and crystals to understand the presence of defect related emissions present in
the system. The PL measurements were done using a 473 nm excitation laser with
detection in a back-scattered geometry with a 50X/0.5 NA objective and 600 grooves/mm
grating, under ambient conditions. Point spectra were collected for crystals and mapping
was done on patterns which were laser printed. The instrument used for measurements

were on a Horiba LabRAM HR Evo Confocal Raman.
Fluorescence kinetics:

Fluorescence kinetics experiment was carried out with SiC crystals to understand the
photo redox species produced in solution. To understand the production of hydrogen
peroxide Amplex Red peroxide/peroxidase kit was used according to the manufacturer’s
instructions. In order that the same excitation is used for the dye emission and the
photoanodic process we attach or suspend our crystals facing the excitation source and
on the edge of the cuvette as illustrated in the photograph below such that all the
fluorescent signal is transferred to the detector at 90 degree without any obstruction. The

beam of the spectrometer is a rectangular one with ~ 0.21 cm? area.
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Electrochemical measurements and I-V characteristics:

A purified piece of graphite- SiC layer was isolated and attached to a wire using
conductive silver paste on the graphite side. The wire, contact and the graphite side along
with edges were sealed using nail polish or epoxy and dried overnight such that only the
SiC crystals are exposed to the electrolyte. The projected area of the SiC crystals
exposed were ~0.09 cm?, standard glassy carbon (CHI104) electrode was ~0.07 cm? and
that of undoped 3C-SiC wafer (MTI corporation- SiC-3CP-a-4-13-05050525-2.2) was
0.25 cm?. Cyclic voltammograms (CV) were carried out at 200, 100 and 50 mV/s scan
rates from -0.7 Vto 0.0 V in 1X PBS on a Bio-Logic SP-200 potentiostat. The current was
scaled with respect to the area of electrode and the area in a cycle of CV estimated by
integration in Origin Pro 8.0. Further the differential capacitance of the electrode was
calculated using the equation C/0A = (1/fAV) |J dV. Where J is the current density, V the
potential, f is the scan rate, AV the potential window of scan. The |-V characteristics is

measured by a Keithley source meter 2636A.
Muscle stimulation experiment:

Device fabrication: A PDMS film was prepared with a thickness of 100 ym on slide glass
by spin coating followed by curing at 100 °C for 30 min. The PDMS film is mechanically
peeled off and transfer on to acrylic. For conversion of PDMS to SiC, laser scan with a
predefined pattern at 100% power (50 W), 1000 points for inch and 0.254 mm/s speed.
Remove residual PDMS film by mechanical peel-off or chemical etching. The residual

part could be removed with piranha treatment for 2 hours, and then the native oxide
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etched with HF treatment for 10 min. To remove amorphous debris, the sample can be
treated with O2 plasma (200 W, 10 min) and HF and HNO3 mixed solution (1:1, 2 hours).
Silver paste or solder can be used to make a connection with wires, and PDMS solution

added onto the connection points and cured at 115 °C.

Animal experiment: An adult rat is anesthetized using ketamine (60 mg/kg)/xylazine (5
mg/kg) cocktail. A cut is made on the rear dorsal skin and the device and probes inserted
onto a skeletal muscle. Using a pulse generator an input square pulse of 3 V (Measured
with respect to OV ground) is applied into the rat’'s muscle between the SiC device and an
electrode. The recording of stimulation current as a consequence of the direct electrical
stimulation is done between an electrode and ground attached to the same muscle. The
recording signal electrode was connected to a digitizer (Molecular devices, Digidata 1550)

for read out.
Human aortic smooth muscle culture:

Primary human aortic smooth muscle cells were purchased from ATCC (ATCC PCS-100-
012) and cultured in Medium 231 (Life Technologies) 500 mL of which is supplemented
with 25 mL growth supplement (SMGS) (Life Technologies) and 50 ug/mL of sodium L-
ascorbate (Sigma Aldrich) for extracellular matrix secretion. The cells were seeded at a
density of 1.25 x 10* /mL and used within the first three passages. The glass and PDMS
surfaces were coated with collagen before seeding. The PDMS surfaces were oxygen
plasma cleaned at 200 W for 10 minutes immediately before seeding collagen to make

the surface hydrophilic.
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Dorsal root ganglial (DRG) neuronal network culture and bio-interface studies:

Dorsal root ganglias were harvested from P0O-P3 Sprague-Dawley rat pups into ice cold
DMEM/F12 (Thermo Fisher 11320033). The ganglias were then digested in 2.5 mg/mL
trypsin (Worthington TRL3) in EBSS with no Ca/Mg (Thermo Fisher 14155063) for exactly
20 minutes in a 37°C shaker incubator. The ganglias were then centrifuged at 1500 rpm
for 2 min and separated from trypsin and resuspended in EBSS with 10% FBS. The
ganglias are mechanically triturated using fire polished pasteur pipettes of decreasing
sizes and centrifuged down at 1500 rpm for 2 min. After removing the supernatant, the
cells were resuspended in complete media (DMEM/F12 with 1% pen-strep, 5 % FBS
along with 20 uM 5-fluoro uracil (Sigma Aldrich) and 50 ng/mL of NGF 2.5S (Thermo
Fisher). The glass bottom dishes for seeding are covered with 0.01% poly-L -lysine in
molecular biology grade water for 20 min, washed with water and aspirated dry with
vacuum. The cells are seeded on this dish according to required concentration. For bio-
interface studies with M-SiC the crystals are scratched out from the graphite layers and
washed in 100% ethanol and dried overnight under a UV lamp in a bio-hood. The crystals
are then re-dispersed in the complete media by bath sonication. The media is changed
for the DRG culture network to the one with M-SiC within 24 hrs of the initiation of the

culture and stimulation experiments performed within the next 24 hrs after this.

Immunofluorescence staining:
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The cell cultures were fixed with 4% paraformaldehyde in PBS for 10 minutes and then
washed in PBS thrice. Following this they were permeabilized with 0.5% Triton X-100 for
10 minutes and washed in PBS thrice. After the cells are fixed and permeabilized they
were incubated in a blocking solution of 3% BSA in PBS for 60 minutes following which 2
drops/mL of ActinGreen 488 ReadyProbes (Invitrogen) was added to the blocking
solution. The solution was incubated for another 30 minutes with the actin stain before

washing and imaging in PBS.
Calcium imaging:

Calcium imaging was done using Fluo4-AM (Invitrogen) which was made into a 50 uM
stock solution in Pluronic F-127 which is in 20% DMSO (Invitrogen). Cell were incubated
with 2 uM Fluo4-AM in media for 30 minutes and washed post-incubation with media. The
cells were further incubated for 15 minutes in media before beginning imaging. The
calcium imaging was carried out at a rate of 3.8 Hz with a resolution of 512 x 512 pixels

per frame on a LEICA SP5 STED-CW confocal microscope in a 37°C incubator.
Confocal stimulation experiments:

Point stimulation experiments were carried out in the FRAP mode of a LEICA SP5 STED-
CW confocal microscope with a 592 nm laser. The stimulation was done for 1 ms and at

varying powers.

SEM imaging of Dorsal Root Ganglial (DRG) networks:
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DRG networks culture were fixed in 2.5% glutaraldehyde in PBS (pH = 7.2) over night.
Then washed in a series of increasing concentration of ethanol each for ten minutes,
beginning 20% in water till 100%. The samples are then critical point dried (Leica
EMCPD300). The samples are then sputter coated with 8 nm platinum and palladium,

following which they are imaged on a Carl Zeiss Merlin SEM at 2 kV.
Neural network data analysis:

The neural network calcium data was analyzed using LASX (Leica application software).
The region of interests (ROIs) were marked to identify the neuronal soma and the calcium
traces extracted from it. The raw calcium traces were further processed to AF/F for each
soma in the neural network. The AF/F data was then smoothed using a savitzky-golay
filter and baseline corrected for bleaching effects using a convex -envelope method on
Peak Caller software package.® The processed AF/F curves were further processed on
Peak Caller for generating the synchronization matrices, mean synchronization index,
calcium waveforms and raster plots. Peak Caller package was run on MATLAB R2018b

engine.
Smooth muscle stimulation data analysis:

The smooth muscle calcium data was analyzed using LASX (Leica application software).
The Region of interest (ROIs) were drawn around smooth muscles identified across
regions near and away from stimulation. The raw calcium traces were used to study bio-
physical understanding of peroxide induced perturbations on calcium oscillations. For

device stimulation studies the calcium channels videos were converted into tiff stacks
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using Fiji-ImageJ. The stacks were then converted into AF/F image and the surface plots
generated on Fiji-lmageJ. Synchronization analysis was done similar to the neural

network analysis.
Anti-bacterial experiments:

Escherichia coli (E.coli) MG1655 was obtained from the American Type Culture Collection
(ATCC). E.coli was cultured to log phase in Luria-Bertani (LB) media and harvested by
centrifugation at 3000 rpm. Following which it is washed twice with Phosphate Buffered
Saline (PBS) and suspended in LB medium, PBS or deionized (DI) water to ~ 106 c.f.u.
ml?! separately. The 3C-SiC-MnQO2 crystals were then added to this bacteria culture and
mixed uniformly. Photocatalytic disinfection was performed using a white light-emitting
diode of 5 mW power for 24 hrs. Bacteria concentrations were then measured after 24 h
illumination using standard spread-plate techniques. Each sample was serially diluted
and each dilution was plated in triplicate onto LB plate and incubated overnight at 37°C.
The experiments for the disinfection were also conducted in duplicate with 3C-SiC-MnO2
under dark conditions (Control 1) and without 3C-SiC-MnO2 under LED light illumination

(Control 2).
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3. Soft poly-(3-hexyl thiophene) nanofiber biointerfaces for optical and mechanical

control of cellular signaling.
3.1. Introduction

Extracellular matrices (ECMs) are known to support a cellular environment with structural
integrity and mechanical coupling with the external environment.! The structural integrity
of cells is important in a tissue or organ as it determines their structure and associated
function for the physiological maintenance of that living organism. Mechanical coupling,
on the other hand, enables force and topographic transduction leading to signaling in
cells.® Forces transferred to a cell are received by them through membrane proteins
which are coupled to the extracellular matrix.*3 Thus, the effective force transfer through
an extracellular matrix depends on its elastic modulus and the mechanical anisotropy

presentin it.

Soft extracellular matrix-like material and modulation of their elastic properties through
artificial methods have been known to act as transducers for mechanotransduction.*
However, in such modulation is limited to mechanical force being the stimuli. Hence
developing an ECM which can act as a transducer for other forms of stimuli serves as an
opportunity to control various signaling pathways in cells. Herein we self-assemble
organic semiconductor nanofibers of 20 nm diameter with approximately 1 MPa modulus
capable of exhibiting photothermal effects besides softness and topographic

mechanotransduction.
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The candidate organic semiconductor material here for self-assembly is poly-(3-hexyl)
thiophene (P3HT) which tr-stack into long fiber-like networks when its solubility is
decreased by lowering temperature in a poor solvent.>’ These fibers are photothermally
active and the temperature generated could be light intensity-modulated with very good
Spatio-temporal control. In contrast with the fibers, pristine P3HT films perform
photoelectrochemical reduction undergoing self-oxidation.®2 Thus, using such a matrix
enables one to superpose mechanotransduction with  photothermal or

photoelectrochemical transients providing us with artificial functional ECMs.

The application of spatially confined heat impulses to cells has known to be important
from a biophysical perspective.® This allows one to look at the behavior of a cell and their
dynamics in a non-equilibrium state and how the signaling determines the final fate of the
cell. Previous studies have determined that photothermal heating changes the
capacitance of the lipid bilayer and leading to depolarization.1® Depolarization often
causes calcium fluxes into the cell and the extent of the depolarization can determine the
signaling cascade that cells initiate.1® Besides the amount of heat, the extent of
depolarization and calcium fluxes are determined by the excitability of the cell type under
consideration. Hence the responses to these should significantly vary between excitable
and non-excitable systems.!! Though photothermal stimulation of excitable systems has
been explored extensively the ones with non-excitable remain unexplored.? This
motivates one to look at non-excitable cellular systems that make up the majority of an
organism’s structure and function. Moreover, organellar response, their interactomes,

and dynamics are largely unknown with a heat stimulus.
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In this project, we look at fibroblasts as a model non-excitable system to explore
mechanical and photothermal modulation effects on cellular and organelle interactomes.
Fibroblasts have been observed to undergo apoptosis with doses of photothermal
stimulation. The pathway of apoptosis is carefully studied using calcium signaling,
mitochondria-lysosome interaction and the effect of P3HT fiber network topography on
caveolin 1 signaling. To demonstrate the utility of this study we perform photothermal and
mechanotransductive modulation of apoptotic signaling and test them on triple-negative
breast cancer cells. To compare with P3HT fibers we perform similar studies using P3HT
sheets capable of exhibiting the photoelectrochemical effect. We microfabricate circular
islands of pristine P3HT and demonstrate the interaction of neuronal network with these

P3HT patterns through neurites and their photoelectrochemical modulation.
3.2. P3HT nanofibers as an ECM mimicking soft material

Transmission electron microscopy performed on as synthesized P3HT nanofibers reveals
fiber like morphology with diameter around ~ 20 nm (Fig.3.1. a). The same was observed
using HAADF-STEM imaging as well which gives a better contrast of the morphology as
the STEM imaging contrast is based on atomic number and the polymer is sulfur rich
(Fig.3.1. b). Further to verify if the 1r-stacking has led to this structure we perfume cryo-
EM to keep the self-assembled structure stable from an electron beam induced heating.
In the cryo-EM imaging we observe clear polymeric lamellar stacking which are known to
result from an underlying m-stacked structure.>’ The observed lamellar spacing of ~ 1.6

nm (Fig 3.1.c) also matches well with the value in literature for P3HT fibers.” This fibrillar
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morphology of self-assembled P3HT fibers is similar to collagen, thus making P3HT fibers
identical in structure to certain extracellular matrix proteins. Besides, the fibrillar
morphology, P3HT when spin casted or drop-casted assembles into fiber like network as
observed in AFM imaging (Fig.3.1.d). The AFM image further suggests the topography of

matrices made of P3HT.

Fig.3.1. a. A TEM image of P3HT nanofibers as-synthesized (Scale bar 100 nm), b.
HAADF-STEM image of P3HT nanofibers as-synthesized, c. Cryo-EM image of P3HT
nanofiber revealing the interlamellar spacing to be 1.63 nm confirming a m-stacked
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Fig. 3.1. continued. structure, d. AFM of spin-casted P3HT fiber matrix revealing the
nanoscale topography of the surface on which cells are grown.

Besides morphological similarity mechanical properties should also be a match to
understand if the material is capable of mimicking ECM.*3 Thus, we examine the cellular
perception of the matrix in comparison with glass, using actin stress fibers and vinculin
expression in fibroblasts. Actin stress fibers were reduced along the lamellar region of the
cell in regions covered with P3HT though not on glass (Fig.3.2.a,b). This reduction is
stress fibers selectively atop P3HT suggest that the cells perceive them as soft. This is
because the lamella of a cell doesn’t need to recruit a lot of stress fibers to support the
cell on a soft substrate compared to hard.'# This soft perception of P3HT by cells could

be further confirmed by observing vinculin expression on focal adhesions. On P3HT the
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Fig.3.2. a. Z-stack of actin stress fibers in primary rat cardiac fibroblasts on glass
substrate (Blue-DAPI, Green-Actin), b. Z-stack of actin stress fibers in primary rat
cardiac fibroblasts on P3HT fiber matrix (Blue-DAPI, Green-Actin), c. Vinculin
expression in primary rat cardiac fibroblasts on glass, d. Vinculin expression in
primary at cardiac fibroblasts on P3HT fiber matrix. e. Compression modulus
measurements done as a function of temperature on three different batches of
P3HT fiber matrices. The temperature invariance of modulus suggests the stability
of the matrix at a wide range of physiological temperatures. Caveolin-1 (Cav 1)
expression in primary rat cardiac fibroblasts on (f) Glass substrate and (g) P3HT
fiber matrix. (Scale bars: a- 3 ym, b- 3 pm, c-8 pm)

vinculin recruited focal adhesions are more spot like than needles shaped in the nuclear

and non-lamellar region on a hard glass substrate (Fig.3.2.c,d). This difference is due to
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the fact that vinculin recruitment was reduced on P3HT leading to the formation of shorter
and immature adhesions as the substrate is perceived soft.!>16 Compression modulus
measurement done on three different batches of P3HT fiber suggest their modulus to be
in the range of 1-2 MPa (Fig.3.2 e). This measured elastic modulus suggests that P3HT
is much softer than collagen fibrils which have their modulus in the range of few GPa.l’
Besides this elastic modulus is comparable with that of fibronectin.*® Furthermore, the
temperature invariance of the elastic modulus of P3HT in a wide range of physiological

temperatures suggests their thermal stability.

Apart from the rigidity and morphological similarity of P3HT which qualifies it as an ECM
mimicking material the topographic feature of the fiber matrix is of importance (Fig.3.1.d).
This topographic feature is known to cause caveolin-1 based mechanotransduction.?
When a substrate has topographic features on it the cell membrane resting on it now has
to bend according to these topographic features.? This accommodation of cell membrane
bending involves invaginations leading to recruitment caveolin-1.23 We observe an
increased recruitment of caveolin-1 in non-lamellar on a P3HT matrix compared to glass
(Fig.3.2.g) confirming the possibility of topographic mechanotransduction using P3HT.
Thus, besides the ECM mimicry, the P3HT nanofiber matrix offers additional

mechanotransductive cues as a tuning gear for cellular signaling.
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3.3. P3HT nanofiber as an optoelectronically active ECM

Inline to use organic semiconductors to synthesize optoelectronically responsive ECM
matrices for additional cues in cellular signaling. The optoelectronic properties of P3HT
fiber matrices are explored and compared with pristine planar P3HT. Single-channel
patch-clamp recordings with photostimulation were performed to realize the same. With
the substrate kept external to pipette with a negative bias the P3HT fibers show a strong
photothermal effect with heating that could be tuned by the power of the light stimulus. In
contrast, pristine P3HT sheets show a photoelectrochemical reduction. P3HT sheets
have been reported to produce reactive oxygen species through photoelectrochemical
reduction and by self-oxidation to volatile materials.®1° This photo degradability is useful
for making devices that naturally degrade without leaving behind toxic side-products
leaving biocompatibility unaffected. Besides this is useful towards the future as devices

fabricated out of P3HT degrade gradually without the requirement for removal.

To confirm the optoelectronic characteristics of these biointerfaces, inside pipette
photocurrent measurements were performed with zero voltage bias. Single channels
recording for P3HT fibers yielded no response whereas the pristine P3HT sheets yielded
photoelectrochemical reduction profile. This difference is due to the fact the photothermal
currents need an existing bias to superpose onto whereas photoelectrochemical currents

are generated via a charge transfer process and have standalone currents.?°
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Fig.3.3. a. Photothermal characteristics and temperature profile of P3HT fiber
matrices with stimulation of 29 mW using a 532 nm laser with different pulse width.
Measurement was done with a bias of -0.5 V with substrate external to pipette. b.
Photoelectrochemical reduction characteristics of pristine P3HT sheets
withstimulation of 56 mW using a 532 nm laser. Measurement was done with a bias
of -0.5 V with substrate external to pipette. c. In-pipette recordings done at 0 V bias
for P3HT fibers with a stimulation pulse of 56 mW power, 20 ms pulse width using
a 532 nm laser. d. In-pipette recordings done at 0 V bias for pristine P3HT sheets
with a stimulation pulse of 56 mW power, 20 ms pulse width using a 532 nm laser.

Moreover, leaky currents are significantly reduced in an inside pipette measurement. The
inside pipette measurements conclusively confirm the photothermal nature of fibers and
photoelectrochemical nature of pristine sheets. This is further concurrent with argument

and results observed in silicon wherein dimensionality reduction of the material enhanced
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photothermal effect.?! Thus, the dimensionality reduction in P3HT leads to photothermal

characteristics in fiber form compared to sheets.
3.4. P3HT nanofiber matrices for photothermal modulation of apoptotic signaling

Primary rat cardiac fibroblasts (RCF) were photothermally stimulated to observe a rise in
cytosolic calcium (Fig 3.4.a-c) followed by membrane blebbing and apoptosis (Fig.3.4.9).
The rise in cytosolic calcium with photothermal stimulation suggests membrane
depolarization by the well-known optocapacitance effect.!® However, the fact that this
leads to apoptosis suggests that calcium signaling turning on an apoptotic pathway. To
understand this staining condition for the same calcium dye-Fluo4-AM were reoptimized
for low cytosolic signals. Stimulation experiments performed under these optimized
staining conditions revealed calcium loading into mitochondria and its subsequent
swelling (Fig.3.4.d-f). The calcium uptake into mitochondria happens as a consequence
of depolarization induced calcium flushing into the cell.?? In order to overcome the excess
calcium in cytosol the mitochondria are forced to uptake it.?> However, the uptake of
calcium into mitochondria is significantly large that it leads to an imbalance of osmotic
pressure making the mitochondria swell as observed (Fig.3.4. f).2324 Further stimulation
experiments also reveal caspase 3/7 signaling along with membrane blebbing and loss
of focal adhesion confirming 2° apoptosis (Fig. 3.4. g-i). The signaling of caspase 3/7 is
concurrent with the mitochondrial swelling as they rupture releasing cytochrome c leading
to caspase 9 mediated type | apoptosis.?® In order to confirm type | apoptosis, we look at

caspase signaling timing as a function of power with caspase 8 and caspase 9 inhibitors.
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With caspase 8 inhibitors the time dynamics as a function of power is invariant with
respect to one with no inhibition suggested minimal contribution to caspase 8 pathway or

type Il or necrotic pathway (Fig.3.5.b). However, the signaling

Pre-stimulation b calcium influx initiated Calcium saturation

4

Calcium

‘Pre-stimulation

Calcium

Pre-stimulation h

Fig. 3.4. a. Calcium levels in RCF cells before stimulation, b. Calcium levels in RCF
cells immediately after stimulation showing an increase in calcium levels, c.
Calcium levels saturating to a maximum possible value in RCF cells after
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Fig. 3.4. continued. stimulation. d. Low level of cytosolic calcium staining in RCF
cells before stimulation, e. Calcium loading into mitochondria after stimulation, f.
Calcium loaded mitochondria swelling up due to excess calcium uptake. g. RCF
cells stained for caspase3/7 before stimulation. P3HT fragment is covered in blue
boundary here as both P3HT and cell nuclei stain fluoresce in red, they are
differentiated using morphology and DIC image, h. Apoptotic sighaling in caspase
3/7 is initiated after stimulation, i. Caspase 3/7 signaling is spreading across cells
leading to membrane blebbing and ultimately death. The white arrow points to the
stimulation point in all figures.

timing became faster and the curve shifts downward with caspase 9 inhibition
(Fig.3.5.b).%¢ Blocking caspase 9 pathway enables any possible apoptosis though
signaling cross-talks to occur via caspase 8.2 Caspase 8 pathways are known to be
faster than caspase 9 pathway, thus inhibiting caspase 9 enables faster apoptosis.?® This
observation confirms type Il pathway or mitochondria-mediated apoptosis as the

dominant signaling pathway here.

Besides an understanding of the mechanism of apoptosis it's possible to realize the
spatio-temporal control of apoptotic process using P3HT nanofiber matrices. Calcium and
caspase 3/7 signaling onset times suggest a good control for initiation of apoptosis with
stimulation power (which actually affects the temperature generated) (Fig.3.5.a).
Moreover, it suggests that caspase 3/7 signaling happens much after calcium signaling
concurrent with our mitochondria mediated type 2 apoptotic signaling. Besides the
temporal control large area stimulation experiments suggest that apoptosis happens only
to cells in regions around the stimulation point but restricted to cells on P3HT and not

beyond, confirming the spatial control (Fig.3.5.c-d).
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Fig.3.5. a. Caspase 3/7 and calcium signal onset times across cells in five
independent stimulation experiments, b. Caspase 3/7 signaling onset time variation
with caspase 8 and caspase 9 inhibitor across cells from three independent
stimulation experiments, c. A large area stimulation experiment is just after
stimulation, d. Large area stimulation experiment five minutes after stimulation. A
white arrow indicates a stimulation point.

3.5. Role of mitochondria-lysosome interactome in apoptotic signaling

Besides the uptake of calcium by mitochondria from the cytosol, it could also receive
calcium released from other organelles like lysosomes.?”-31 Mitochondria and lysosomes
are known to make contact for degradative and non-degradative processes.??
Degradative process involves mitophagy wherein a damaged mitochondrion is engulfed
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by an autophagosome.?® In comparison, non-degradative processes involve contact for
transfer of metabolite and mitochondrial fission.?® Mitochondrial fission involves RAB7-
GTP hydrolysis and is observed normally in any mitochondria -lysosome network of the
cell 2 and is a continuing dynamic process existing in living cells. We also observe the
continuance of mitochondrial fission in cells even after stimulation until the mitochondria
are stable (Fig.3.6 d-e). During the post-stimulation domain wherein in mitochondria are
stable in their initial morphology we note an increase in lysosome to mitochondria
contacts (Fig.3.6 b). Given our observation that calcium loading occurs into mitochondria
when are they are in a stable condition, the increase in lysosome-mitochondria contacts
suggests that the lysosome is transferring calcium into the mitochondria. This is a very
possible pathway given that initial cytosolic calcium import into mitochondria via MCUs,
activates ROS generating enzymes leading to increased ROS production in
mitochondria.?” With increased ROS the TRPM channels on lysosome get activated on
contact with mitochondria releasing calcium into mitochondria.?’-3! Thus, the initial
calcium import into mitochondria due to an increase in cytosolic calcium leads to more
calcium being received from the lysosome eventually leading to calcium-induced
mitochondrial swelling. Ultimately the lysosomes act as amplifiers of apoptotic signaling
by enabling the import of more calcium into mitochondria. Further, the volume of
lysosomes was found to increase after stimulation (Fig.3.6.c) suggesting the presence of
physiological stress on them.30 Stresses which could lead to lysosomal swelling without
rupture could be due to low pH or membrane alterations arising from ROS.3° Either of

which is valid in our problem as the ROS activity in mitochondria is activated with calcium

84



loading and affects lysosomes on contact.?”3° Lysosomes don’t possess any antioxidants
to protect them from oxidative stresses.3° Moreover, lysosomes are rich in iron enabling
small quantities of ROS to be detrimental leading to membrane alterations and swelling.2°
Besides a loss of calcium from lysosome would push the pH to much higher values
causing import of chloride and water into the lysosome leading to their swelling.2%-32 The
mitochondria-lysosome interactome is thus observed to amplify calcium stress signaling

for apoptosis.
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Fig.3.6. a. Representative image of lysosomes making contact with the
mitochondrial network, b. Time distribution of average overlap of three-
dimensional fit volumes between mitochondria and lysosomes in a cell per time
frame. The box plots are time distribution of average overlap volume across a
minute in five different unstimulated and stimulated cells. Averaging was done
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Fig. 3.6. continued. across the number of contacts per time frame c. Time
distribution of average three-dimensional fit volumes of lysosomes in a cell per
time frame. The box plots are time distribution of average overlap volume across a
minute in five different unstimulated and stimulated cells. Averaging was done
across the number of lysosomes tracked per time frame. Lysosome marked with
white arrow making contact with mitochondria tracked across a minute and 10
seconds. d- O sec, e- 42 secs, f-27 secs
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Fig.3.7. a. Caveolin 1 expression in MDA-MB-231 cells grown on the glass
substrate, b. Caveolin 1 expression in MDA-MB-231 cells grown on P3HT fiber
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Fig.3.7. continued. matrix, c. Annexin-V positive apoptotic MDA-MB-231 cells
grown on the P3HT fiber matrix with 24-hour stimulation by 448 nm LED at 1.03 W,
d. Annexin-V positive apoptotic MDA-MB-231 cells grown on the P3HT fiber matrix
with no light stimulation. e. Annexin-V positive apoptotic MDA-MB-231 cells grown
on glass with 24-hour stimulation by 448 nm LED at 1.03 W, d. Annexin-V positive
apoptotic MDA-MB-231 cells grown on glass with no light stimulation.

3.6. P3HT nanofiber matrices for mechanotransductive apoptotic induction in

triple-negative breast cancer cells

Understanding the capability of P3HT nanofiber matrices in inducing photothermal
apoptosis and topographic mechanotransductive upregulation of caveolin 1 we look
forward to how both these cues could be coupled in proposing a therapeutic strategy for
treating cancers. Increased levels of caveolin 1 are known to possess anti-tumoral
properties by causing cell-cycle arrest in specific forms of cancer.®® Besides that, the
photothermal mitochondrial calcium loading induced apoptosis being generic can be
coupled synergically to form a potential cancer therapeutic strategy. Hence, we attempt
this photothermal and mechanotransductive apoptosis strategy on MDA-MB-231 cells
which is a triple-negative breast cancer cell line known to possess cell cycle arrest with

overexpression of caveolin 1.33

Primarily we verify the increased expression of caveolin 1 in MDA-MB-231 cells using
immunofluorescence (Fig.3.7.a-b). Further, we test the apoptotic induction in these cells
by culturing them on P3HT and applying a low intensity LED simulation for 24 hours. It is
observed that almost 100% of cells with P3HT and LED stimulation are apoptotic

(Fig.3.7.c). The initiation of apoptosis is verified by staining for Annexin-V which are the

88



earliest markers of apoptosis. Control experiments with P3HT and no LED stimulation,
glass and LED stimulation, glass and no LED stimulation show minimum to no apoptosis.
This suggests the promising future utility of P3HT fiber matrices in cancer therapy for

specific types of cancer.

3.7. Pristine P3HT sheets for photoelectrochemical modulation of neuronal

networks

Having verified the capability of P3HT nanofiber as a biointerface and having tested
potential utility of the same in cancer therapy, we touch upon the utility of pristine P3HT

as a biointerface.

Pristine P3HT has been known to be involved in photoelectrochemical production of ROS
leading to tubulogenesis in endothelial cells.?® Thus our observation of
photoelectrochemical reduction current in single-channel recordings suggests the
reduction of dissolved oxygen to ROS in a physiological buffering medium. Such small
scale production of ROS molecules are known to act as signaling agents.'® We test the

utility of such a system to control dorsal root ganglia neuronal network cultures.

To test the utility of pristine P3HT we pattern them into a device consisting of free-standing
islands of P3HT on glass substrate atop which neurons are cultured. Scanning electron
microscopy images of neurons cultured on P3HT patterns show the growth of neurites
from axons to P3HT patterns are their wrapping around (Fig.3.8.a-b). This suggests a
mechanical recognition of neurons of soft materials using neurite outgrowth.®* Such

neurite outgrowths to islands suggest the future utility of using such neurite interfacing
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with P3HT islands for controlling links in a neuronal network. Such a strategy extends
beyond the understanding of conventional synchronization modulation and is complex but
is useful from a modulation perspective as we offer additional cues for interfacing.
Besides this the islands could also interface will the cell soma which is the nodes of our

network enabling their direct photoelectrochemical modulation (Fig. 3.8.f-g)
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Fig.3.8. a. Scanning electron microscopy (SEM) image showing an axon interfacing
with a P3HT island (yellow box) with a neurite outgrowth onto the island, b. Neurite
outgrowth from an axon to surround a P3HT island nearby, c. Representative SEM
image of a neural network on P3HT patterned glass substrate, d. Confocal
fluorescence image of a neuronal network on a P3HT device, e. A
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Fig. 3.8. continued. neuron showing outgrowth of neurite in all directions
terminating on P3HT islands around it. f. A neuronal soma interfacing with a P3HT
island before its photoelectrochemical stimulation, g. A neuronal soma interfacing
with a P3HT island after its photoelectrochemical stimulation showing calcium
influx and depolarization.

3.8. Conclusion

Through this project, a nanofiber mesh-like matrix that mimics the extracellular matrix in
morphology and elasticity has been developed. This matrix also possesses the
photothermal capability and topographical features for additional modes of
mechanotransduction through caveolin 1 signaling. Using heat impulses study apoptotic
signaling was studied and the mechanism confirmed. This was achieved by a systematic
study of calcium signaling in mitochondria, caspase 3/7 signaling and their time dynamics
along with the role of the mitochondria-lysosome interactome. Besides we demonstrate
a synergic strategy of coupling of caveolin 1 mechanotransduction with photothermal
stimulation for apoptotic induction in triple-negative breast cancer cells. As a control
biointerface to P3HT nanofibers, we demonstrate the photoelectrochemical capability of
pure pristine P3HT for neuronal modulation and how microfabricated devices interact with

a neuronal network.

3.9. Experimental Methods

Synthesis of P3HT nanofibers and sheets:

0.2 mg of RR-P3HT (Sigma Aldrich) is mixed with 5 mL of cyclohexanone (Sigma Aldrich)

and nitrogen gas bubbled through the solvent for an hour before raising the temperature
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to 120 C under vacuum conditions. Once at 120 C for an hour slowly ramp down to room
temperature with 20C every hour under vacuum and keep at room temperature overnight.

All reactions to be done under dark or limited lighting.

For P3HT sheets 0.2 mg of RR-P3HT (Sigma Aldrich) is dissolved in 10 mL of chloroform
(Sigma Aldrich) and spin casted at 1000 rpm for 1 min or drop cast enough to cover the

surface and air dry.

Electron Microscopy

Transmission electron microscopy and High angle annular dark field -scanning
transmission electron microscope (HAADF-STEM) were done on an FE Technai twin F30
scope with an accelerating voltage of 300 kV. Cryo electron microscopy was done FEI
Talos with an accelerating voltage of 200 kV. Scanning electron microscopy was done on

Tescan Lyra 2.

Biological specimens were prepared for SEM using the following protocol. Cells were
fixed overnight at 4 C in 2.5% Glutaraldehyde in PBS. Followed by ethanol washes for
ten minute each in increasing concentration of ethanol. The samples critical point dried in
Leica EM CPD 300. Following critical point drying the samples were sputter coated with

5 nm gold before imaging in SEM.
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Atomic force microscopy

Atomic force microscopy was performed under tapping mode with scan-asyst feature on

Bruker dimension icon AFM.

Compression modulus measurement

Compression modulus measurement was done on TA Instruments RSA-G2 Dynamic
Mechanical Analyzer using 5 mm diameter compression plates. The measurements were
done under a constant compression force of 0.1 N with strain varying from 0.1% to 1%.
Measurements were done across a temperature range of 25 C to 55 C in a temperature

controlled chamber encasing the measurement sample and compression plates.

Photocurrent measurements

Photocurrent measurements were performed by single channel voltage clamped
recordings on a patch-clamp amplifier (Axopatch 200B) set up. The material of interest
was immersed in 1X PBS (Fisher Scientific) in a petridish and focused on using a
microscope (Olympus BX61WI) with a water immersion lens (20X/0.5 NA). Light pulses
are delivered through the microscope using a 532 nm laser (Laser glow, diode -pumped
solids state laser, ~5 ym spot size). Light pulses were delivered to these light sources
using a digitizer (Molecular devices, Digidata 1550). For measuring the photocurrent
measurements glass pipettes (OD: 1.5 mm, ID: 1.10 mm, Length: 10 cm, Sutter
instruments Cat No: BF150-110-10) of ~ 1 MQ were pulled (Sutter Instrument, P-97) and
their tip lowered and focused onto the same optical plane (Gap of ~2 um) as the material
surface before the stimulation pulse is applied. The voltage clamped currents were
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recorded with a bias of -0.5V in parallel with the stimulation pulse at various holding
current levels. This data was analyzed and the nature of the photocurrents determined
using a previously developed method.?! For analysis of photothermal currents the same
pipette used for recording was calibrated for its resistance as a function of temperature.
For this measurement the pipette was dipped in pre-heated PBS at approximately 50-
60°C and allowed to cool down naturally as the resistance were recorded alongside

temperature, using a thermocouple.

For inside pipette measurements the samples were taken into an unblown pipette and
dried keeping the liquid drawn in at the center of the capillary tube. Once dried properly
the pipettes were blown with a resistance in the range of 15-20 MQ. This is to prevent
any leaky currents from escaping the electrode. Measurements were performed by
focusing the laser onto sample far away from the pipette but away from the Ag/AgCI
electrode. The voltage clamped currents were recorded with a bias of 0 V in parallel with

the stimulation pulse at various holding current levels.
Cell culture

Rat cardiac fibroblasts: PO-P5 neonatal rat hearts were isolated and placed into ice cold
hanks balanced salt solution without calcium or magnesium (HBSS). Further these hearts
were digested and fibroblasts obtained from them using Pierce cardiomyocyte culture kit
(Thermo Fisher) by following manufacturers protocol. The cell suspension containing
cardiomyocyte and fibroblasts were seeded in tissue culture plates for an hour to allow

adherence of fibroblasts keeping the cardiomyocytes in the supernatant. The supernatant
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is removed and replaced with rat cardiac fibroblast media consisting of DMEM with 5%

FBS, 1% Pen-Step and 1% Glutamax (Life technologies).

Dorsal root ganglias were harvested from P0O-P3 Sprague-Dawley rat pups into ice cold
DMEM/F12 (Thermo Fisher 11320033). The ganglias were then digested in 2.5 mg/mL
trypsin (Worthington TRL3) in EBSS with no Ca/Mg (Thermo Fisher 14155063) for exactly
20 minutes in a 37°C shaker incubator. The ganglias were then centrifuged at 1500 rpm
for 2 min and separated from trypsin and resuspended in EBSS with 10% FBS. The
ganglias are mechanically triturated using fire polished pasteur pipettes of decreasing
sizes and centrifuged down at 1500 rpm for 2 min. After removing the supernatant the
cells were resuspended in complete media (DMEM/F12 with 1% pen-strep, 5 % FBS
along with 20 yM 5-fluoro uracil (Sigma Aldrich) and 50 ng/mL of NGF 2.5S (Thermo
Fisher) . The glass bottom dishes for seeding are covered with 0.01% poly-L -lysine in
molecular biology grade water for 20 min, washed with water and aspirated dry with

vacuum. The cells are seeded on this dish according to required concentration.

MDA-MB-231 cells were obtained from the university of chicago cell screening facility and

cultured in DMEM with 10% FBS and 1% Pen-Strep.

Cellular stimulation experiments

Point stimulation experiments were carried out in the FRAP mode of a LEICA SP5 STED-
CW confocal microscope with a 592 nm laser. For cells, stimulation was done for 1 ms
and at varying powers. For LED stimulation experiments to test apoptotic induction in

cells, a 6 x 4 configuration of 447.5 nm LEDs each of power 1.03 W were placed onto a
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heat sink board to suit a 24 well plate configuration. The were driven using a voltage of

2.5V and pulsed at 1 Hz at full power for 24 hours.

Live imaging staining

Cytosolic calcium imaging was done using Fluo4-AM (Invitrogen) which was made into a
50 uM stock solution in Pluronic F-127 which is in 20% DMSO (Invitrogen). Cell were
incubated with 2 yM Fluo4-AM in media for 30 minutes and washed post-incubation with
media. The cells were further incubated for 15 minutes in media before beginning
imaging. For mitochondrial calcium imaging using Fluo4-AM (Invitrogen) which was made
into a 50 uM stock solution in DMSO (Invitrogen). Cell were incubated with 2 uM Fluo4-
AM in media for 15 minutes and washed post-incubation with media and taken for imaging
and stimulated. However, the staining time versus concentration may need to be
optimized for different batches of cells or cell types. Caspase 3/7 staining for live imaging
was done using CellEvent Caspase-3/7 Green ReadyProbes Reagent (Thermo Fisher).
Staining was done by using 2 drops of the reagent per mL of media and incubated for 30-
45 mind before imaging and stimulation. Mitochondria and Lysosome staining was done
using MitoView 405 (Biotium) and LysoView 488 (Biotium) and staining performed as per

manufacturers protocol for live imaging.

Immunofluorescence staining

The cell cultures were fixed with 4% paraformaldehyde in PBS for 10 minutes and then
washed in PBS thrice. Following this they were permeabilized with 0.5% Triton X-100 for

10 minutes and washed in PBS thrice. After the cells are fixed and permeabilized they
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were incubated in a blocking solution of 3% BSA in PBS for 60 minutes following which 2
drops/mL of ActinGreen 488 ReadyProbes (Invitrogen) was added to the blocking
solution. The solution was incubated for another 30 minutes with the actin stain before
washing and imaging in PBS. For vinculin staining, vinculin monoclonal antibody (7F9)
conjugated with Alexa Fluor 488 (eBioscience) was stained at a concentration of 20
pug/mL overnight at 4C, after fixation and permeabilization. Caveolin 1 staining was done
using Anti-Caveolin-1 conjugated with Alexa Fluor 488, Clone: 7C8 (Novus biologicals)
at a concentration of 20 ug/mL overnight at 4C, after fixation and permeabilization.
Annexin V-FITC conjugates were stained using Life Technologies ApoDETECT staining
kit and as per manufacturers instruction. Nuclear staining was done using NucBlue Live
ReadyProbes (Thermo Fisher) or NucRed Live 647 ReadyProbes (Thermofisher) as per

manufacturers protocol.
Three -dimensional fluorescence microscopy data analysis

Three -dimensional sections of greater than a micron thickness was collected to analyze
mitochondria -lysosome interaction in single cells. Imaging and stimulation was done on
a LEICA SP8 with stimulation of 1 ms and 10 mW power using a 592 nm laser. Collected
data were then analyzed using Arivis Vision4D software package. Data were passed
through a particle enhancement filter and bleach corrected. Following which spheres were
fit to reconstruct mitochondria and lysosomal structures. All reconstructed structures were
tracked using Brownian centroid motion algorithm and along with overlapping volumes of

mitochondria and lysosome detected using compartmentalization module of the software.
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4. Design of coaxial hybrid silicon nanowire biointerfaces for nanoscale cellular

mechanosensing
4.1. Introduction

Rigidity sensing by cells has been an important biophysical problem to understand cell
migration, filopodial outgrowth, wound healing and cancer metastasis.* A conventional
elastic modulus measurement involves the application of a force at one point and sensing
the transmitted force at the other point. However, cells do not have a piece of machinery
that enables them to perform a two-point measurement simultaneously like an
instrument.® Cells rely entirely on one-point measurements made using their focal
adhesions in a stochastic self-consistent way to sense the rigidity.>° This involves the
statistical coupling of Brownian forces in the focal adhesion sensor protein and that of the
substrate.®® The use of nanostructured materials as a tool to study rigidity sensing could

be a useful strategy to obtain a biophysical understanding of this problem.

Silicon nanowires have been shown to form extra and intracellular interfaces with cells
for photoelectrochemical stimulation, cellular uptake and transport respectively.5® The
uptake and dynamics of silicon nanowire have been studied and the mechanism
proposed to be phagocytosis.° This past study primarily focuses on highly confluent cell
cultures making contact with nanowires using their lamella to initiate phagocytosis.®°
However, cells are also capable of sensing their environment using stochastically growing
filopodia.l®-!! Hence it is of interest to understand how filopodial sensing and subsequent

transport of silicon nanowire may occur, along with their ultimate fate. Furthermore, it is
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necessary to elucidate the biophysical principle governing the sensing of a distant
nanowire from the cell. The role of Brownian forces and their transmission from
nanomaterials to cells is one potential cue for filopodial growth and sensing.1%-!t
Generally, we expect such forces to be transmitted via extracellular matrices and sensed
by cells.? This would also enable verification of a theoretically proposed stochastic self-

consistent way by which cells sense rigidity.

This work explores explore filopodial recognition of hanowire and their transport to cells
followed by their phagocytosis. We reveal how lamellar dynamics permit the translation
of nanowires along filopodia or cell lamella. Further to verify the Brownian force sensing
by cells we design a structurally integrated artificial coaxial hard-soft material using silicon
nanowire and poly-(3- hexyl thiophene) (P3HT) or graphene. These choices of material
are available from the solution phase synthetic strategies adopted to involve materials of
distinctly different elastic modulus from forming a coaxial interface. Though the silicon
nanowire -graphene composite is structurally unstable for the study, the Si-P3HT matrix
enables the nanowire to be encapsulated in its framework to test the ability of a cell to
seek it. Testing the ability of a cell to seek a hard nanoscale material buried in a soft
framework enables us to understand that the cells can sense Brownian forces from the
nanowire arising from differential local stiffness in a matrix. This confirms the nanoscale

mechanosensing capability of a cell for diffuse Brownian forces.
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4.2. Filopodial transport of nanowire by lamellar dynamics

Rat cardiac fibroblasts (RCF) cultured with 50% confluency seeded with nanowires
allowed for observing any filopodial growth and interaction with nanowires away from the
cellular lamella. It was observed across cells that filopodial outgrowth and attachment to
nanowires occurred at multiple spots across the same cell (Fig.4.1. a. Furthermore, live
imaging and observation of the cells allowed for one to observe nanowire transport across
filopodia (Fig.4.1.b.c and 4.1.d.e). These nanowires were essentially observed to glide
along the membrane of the filopodia at a very slow pace. However, the velocity of
transport is known to be a variable in filopodial transport as it's known to be load-

dependent.13

Besides a single cell having multiple filopodia accessing wires across the cells
neighboring environment a single filopodium could potentially tether onto multiple
nanowires and transport them sequentially into a target vesicle or phagosome. It is
observed the transport happens linearly along the lamella of filopodia. To understand how
this transport is achieved a careful observation is made on the transport of nanowire along
a lamella. Observing a nanowire that is initially attached along a lamella we observe two
projections along either end of the nanowire (Fig.4.2.a). With time the lamellar projection
holding the nanowire in the direction of motion retracts (Fig.4.2.b-e) and the projection
away from the direction of motion expands and pushes the nanowire forward in the
direction of motion (Fig.4.3.f-k). Ultimately, we can observe a translation along the lamella

for the nanowire with respect to its initial position (Fig.4.3. I). This observed mechanism
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t=0.0 min

t=5.5min

t=0.0 min

Fig.4.1. a. RCF cells with multiple filopodia attaching to nanowires across the
region and transporting them to a cell. Nanowire transported along filopodia at a
spot with an orange box in (a), recorded at 0 min — b and 5.5 min -c. Nanowire
transported along filopodia at a spot with a green box in (a), recorded at 0 min — b
and at 5.5 min -c. Single filopodia tethering to multiple nanowires and sliding them
along the filopodia towards a target phagosome or vesicle observed from 0.0 min
—f till 10.5 min -g.
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of transport on the lamella of a cell could be well extrapolated to the lamella of a filopodia
involved in transporting the nanowire. This is as the filopodia themselves like lamella are
made of actin with the same fundamental dynamic instability potentially allowing this
transport.* Once the filopodia transport the nanowire towards the cell membrane using
lamellar motion, the filopodia exerts itself onto the nanowire and pushes it onto the plasma
membrane (Fig.4.3.a) to initiates phagocytosis (Fig 4.3.b) and the nanowires are
transported in these phagosomes towards the nuclear periphery (Fig. 4.3. c-d). However,
the cargo sorting mechanism and criterion of nanowires are largely unknown. Through
these investigations we gain insight into the fact that filopodial transport happens into the

nanowire using a sequential lamellar motion where it ultimately
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Fig.4.2. a. Initial configuration of a nanowire before translation starts along the
lamella where the white dashed line marks the rear end (Yellow arrow) of the
nanowire away from the direction of motion. b-e. We observe the retraction of the
lamellar projection away from the forward end (White arrow) and the projection in
the lamella at the rear end expands (Red arrow) (f-k) in the direction of motion. This
ultimately causes the nanowire to translate along the lamella from its initial starting

point. (I)
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Fig.4.3. a. Electron microscopy reveals that post the filopodial transport of
nanowire close to the cell membrane the filopodia pushes the nanowire towards
the cell membrane to initiate phagocytosis. The red arrow shows a nanowire in a
phagosome merging with another phagosome or endosome or lysosome. b.
Enlarged view of the nanowire in phagosome marked with a red arrow in (a). c.
Phagosome transporting nanowire close to the nucleus. d. Accumulation of most
uptaken nanowire near the nucleus.
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phagocytoses the wire. This type of a sequential lamellar motion for transportation is more
observed in nanowire compared to nano-spherical particles. Spherical particles are
transported by sequential retraction of the filopodia or lever arm retraction of the
filopodia.®® This difference in transport methodology can be attributed to the linear or
guasi cylindrical geometry of the nanowire. A quasi-cylindrical geometry which enables
nanowires to make a larger contact area with the cell membrane than a sphere initiating
a much stronger mechanosensing capability towards nanowires. These investigations tell
us the capability of cells to sense, transport and phagocytose nanowire but what is

intriguing would be understand the biophysical mechanism of this process.
4.3. Need for coaxially grown hybrids- synthesis and properties

It has been so far assumed that Brownian forces enable rigidity sensing along with the
extracellular matrix of a cell.? If this hypothesis is true cells should be capable of sensing
hard substrates with nanoscale precision in artificial ECM like soft matrices or soft
substrates in a harder matrix. To test our hypothesis, we synthesize hybrid materials
using silicon nanowires such that the synthesized materials have a relatively hard and
soft component. In such a hybrid material the structure should be such that the hard
component should be hidden in the soft one or vice-versa so that we could test for
differential stiffness sensing by cells. Moreover, these hard-soft interfaces should be well
integrated such that any external force applied can be transferred successfully between
these components. Given one of our components is a cylindrical nanowire one way to

ensure a mechanically well-coupled interface is to have the other component to coaxially
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cover the nanowire. We could synthesize such coaxial hard-soft interface using
nucleation governed by weak driving forces dominant in solution phases- such as pi

stacking and van der Waals forces.

We synthesize coaxially pi stacked P3HT and van der Waals few layers graphene by self-
assembly and mechanochemical synthesis, respectively. HAADF-STEM imaging of Si-
Graphene hybrid indicates that the graphene forms like ribbon and cover the nanowire
and extends outward (Fig. 4.4 b). Further, there is clear coaxial van der Waals stacking
of ~0.34 nm*® around silicon nanowire suggesting successful coaxial growth (Fig.4.4.a).
The graphenic phase was verified using EELS and mapping (Fig.4.6.d-f). The EELS
estimated composition 1° of graphene here was found to have 82.3 % sp? carbon and
17.17% sp? carbon which arises from the buckling ° that the graphene happens to have
from the ribbon-like morphology it exhibits (Fig.4.6.c). Further control mechanochemical
synthesis done without nanowire yielded (< 1%) of denotation type nanodiamond
(Fig.4.6.9) structure 617 which indicates the source of carbon for synthesis as the solvent
-isopropanol. Further, the phase and composition of diamond estimated from EELS gave
33.3% sp® carbon and 66.6 % sp? carbon in agreement with the detonation type diamond
structure (Fig.4.6.f).16-17 This control experiment further suggests the role of silicon
surface as a heat dissipater for controlling the phase of carbon nucleating and growing
into a graphenic one.*® Cryo-EM imaging indicates the coaxial lamellar arrangement of
P3HT with a lamellar stacking of ~ 1.63 nm, typical of pi stacked P3HT structure
(Fig.4.4.d, 4.5.¢).1%2° On a structural scale, the Si-P3HT hybrid has a P3HT shell around

it, from which emanate multiple P3HT fibers to form an interlinked matrix which would
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encase the nanowires (Fig.4.4.d, 4.5.a-b). In either case it is to be observed that the
coaxial nucleation and growth was driven by the hydrophobicity of the nanowire, created
by hydrofluoric acid treatment. Besides mechanical coupling between the hard and soft
components electron energy loss spectroscopy (EELS) indicates that the bulk- plasmon
coupling at the interface of either material suggesting that the interfaces are electronically
coupled.?22 Electronically coupled interfaces generated by these synthetic methods
further illustrate the strength of these synthetic methods suggesting their future

optoelectronic utility.
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Fig.4.4. a. HAADF-STEM image of graphene layers coaxial with silicon nanowire. b.
Large area HAADF-STEM image suggesting the growth of graphene around
nanowire and its random outgrowth. c. Low loss EELS done at points across a Si-
graphene interface to illustrate bulk plasmonic coupling. d. Cryo-EM image
showing a coaxial lamellar stacking of P3HT with respect to a silicon nanowire. e.
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Fig.4.4. continued. HAADF-STEM image showing coaxial shell of P3HT around
nanowire and fibers emanating from them. f. Low loss EELS done at points across
a Si-P3HT interface to illustrate bulk plasmonic coupling.

Fig.4.5. a. Large area HAADF-STEM image showing silicon nanowire as a part of
P3HT network matrix. b. Higher magnification HAADF-STEM image showing P3HT
forming a coaxial coating on silicon nanowire with nanofibers growing out of this
coaxial coating, c. Cryo EM image indicating coaxial lamellar arrangement of P3HT
even in fibers emanating from the coating.
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Fig.4.6. a. Coaxial coating of graphene on silicon nanowire and its emergence in
ribbon form from the coating verified by high-resolution imaging in (c). b. Silicon
lattice as seen through the graphemic coating in (a). d. EELS map of the silicon-
graphene interface and its heat color map (e) for graphene sp? peak for the region
marked in orange (e). The EELS map indicates a graphene coating (blue) outside
the silicon nanowire and the sudden increase in intensity (red-green) arises due to
reflection from the nanowire surface. f. High loss EELS spectrum of detonation
nanodiamond, graphene in comparison with 100% sp? EELS standard — glassy
carbon. g. Detonation type nondiamond structure with sp3 core with sp? graphitic
shells coating, with core diamond structure having a lattice constant of 0.21 nm of
111 planes.

4.4. Mechanosensing of nanoscale hard-soft heterogeneity

Among the two synthesized hybrid structure candidates for testing mechanosensing, we

need to consider the stability concerning external forces. It has been observed that the
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Si-graphene interface is unstable as the harder substrate (Graphene- modulus of ~ 1TPa)
is external to silicon ( ~ 100 GPa) and easily collapses to an external force.?324
Delamination of graphene from silicon due to mechanical mismatch and sliding due to
weak van der Waals forces makes its biophysical behavior similar to a normal nanowire
interface with a few added layers of graphene coating. Hence, we perform our nanoscale
mechanosensing experiment using the Si-p3Ht hard-soft interface where the P3HT (~

MPa) is the soft component and silicon (~ 100 GPa) the harder one.

To perfume mechanosensing, we need a cellular readout which is proportional to rigidity
differences but independent or superior to the topographical mechanotransduction due to
the P3HT fiber framework. An ideal candidate for this would be caveolin 1. Though it is
increased due to topographic features has a good dynamic range concerning rigidity
sensing.?>?6 Moreover, it is important to use a cell line which actively responds to
mechanical rigidity in a very profound way making MDA-MB-231 — a triple-negative breast

cancer cell line as an available choice to test mechanosensing.?’

MDA-MB-231 cells cultured on Si-P3HT hybrid matrices show very close to our expected

behavior. The cells are shown to exhibit the filopodial extensions towards nanowires with
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Fig.4.7. a. MDA-MB-231 cancer cells showing filopodial expression and increased
caveolin vesicles at filopodial tip sensing nanowire in a soft matrix. b. Filopodia
sensing two nanowires at the same time and showing increased expression of
caveolin at either location. c. Nanowire near lamella attempting to be phagocytosed
by the cell. The z-stack (inset) taken along the dotted line indicates a phagocytic
vesicle formation with caveolin around the nanowire. d. Filopodia seeking a
nanowire with the z-stack (inset) taken along dotted line indicating a caveolin rich

vesicle above the nanowire.
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increased caveolin expression on the detected nanowires (Fig. 4.7a,b,d). Even multiple
nanowires were detected by a single filopodium with increased caveolin expression at
different nanowire location. (Fig.4.7.b).This suggests that the cells have successfully
been able to sense this nanowire hidden in a soft P3HT matrix. The caveolin expression
increase is only found along the filopodia seeking out the nanowire. Three-dimensional
stack collected on filopodia seeking a nanowire indicates increased caveolin expression
in a big vesicular on the filopodia exactly above the nanowire (Fig.4.7.d). In contrast
nanowires near the cellular lamella were perceived and recognized for phagocytosis
causing vesicle formation and caveolin to surround this vesicle (Fig. 4.7.c). This confirms
the capability of cells to sense differential rigidity in a matrix mediated by Brownian forces

and the perception of hard materials with no chemical cues for phagocytosis.

4.5. Conclusion

In this work using a material development strategy that allows us to build matrices with
nanoscale rigidity modulation, we demonstrate how cells are capable of sensing
differential rigidity using the cytoskeletal framework and caveolin. Using free-standing
nanowires, we understand how cylindrical objects are translated into the extracellular
environment by the cells for phagocytosis by sequential control of lamellar projection.
Further by embedding hard nanowires in a soft polymer matrix capable of coaxial self-
assembly around it we use a hide and seek strategy to allows cells to seek nanowires
hidden in these matrices. This confirms the capability of cells to recognize Brownian

forces arising from rigidity changes in the local environment. From a synthetic viewpoint,
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we gain knowledge on the mechanical stability of hard-soft interface and design
principles. Besides we understand how hard-soft interfaces could possess electronic

integration along with mechanical.

4.6. Experimental methods

Cell culture

Rat cardiac fibroblasts: PO-P5 neonatal rat hearts were isolated and placed into ice cold
hanks balanced salt solution without calcium or magnesium (HBSS). Further these hearts
were digested and fibroblasts obtained from them using Pierce cardiomyocyte culture kit
(Thermo Fisher) by following manufacturers protocol. The cell suspension containing
cardiomyocyte and fibroblasts were seeded in tissue culture plates for an hour to allow
adherence of fibroblasts keeping the cardiomyocytes in the supernatant. The supernatant
is removed and replaced with rat cardiac fibroblast media consisting of DMEM with 5%
FBS, 1% Pen-Step and 1% Glutamax (Life technologies). MDA-MB-231 cells were
obtained from the university of chicago cell screening facility and cultured in DMEM with

10% FBS and 1% Pen-Strep.

Synthesis of silicon nanowire, Si-P3HT hybrid and Si-Graphene hybrid

Silicon nanowires were grown using gold nanoparticle catalyzed VLS growth mechanism
in a chemical vapor deposition system. Intrinsic nanowires were grown using 20 nm or 50
nm or 100 nm gold nanoparticle with silane as silicon precursor. The silane precursor was
delivered at rate of 2 sccm mixed with hydrogen as a carrier gas delivered at rate of 60
sccm. The growth chamber was maintained at a pressure of 80 torr. The growth was
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carried out for 20 minutes. The as grown silicon nanowires were cut into 1 cm x 1 cm
piece and were treated with 5X buffered HF (Alfa Aesar) and gold etchant (Sigma Aldrich)
for a minute each. Further these nanowires were sonicated and transferred into 10 mL
HPLC grade isopropanol (Alfa Aesar) or cyclohexanone for Si-Graphene and Si-P3HT

hybrid synthesis respectively.

0.2 mg of RR-P3HT (Sigma Aldrich) is mixed with 5 mL of nanowire-cyclohexanone
dispersion (Sigma Aldrich) and nitrogen gas bubbled through the solvent for an hour
before raising the temperature to 120 C under vacuum conditions. Once at 120 C for an
hour slowly ramp down to room temperature with 20C every hour under vacuum and keep
at room temperature overnight. All reactions to be done under dark or limited lighting. For
synthesis of Si-graphene, the dispersion of silicon nanowire in 10 mL filtered HPLC grade
isopropanol was probe sonicated using a 13 mm diameter TisAlsVa cylindrical probe
(Sonics VC 750) with a duty cycle of 66.66% and power radiating at the tip to be around

20 W. Control experiments were performed without nanowires under similar experiment.

Electron microscopy and spectroscopy

TEM and STEM images for Si-P3HT hybrid and detonation nanodiamond were collected
on FEI Technai Twin F30 with an accelerating voltage of 300 kV. STEM for Si-graphene
were done on a JEOL ARM 200CF (Cs corrected) with a field emission gun at an
accelerating voltage of 200 kV. All EELS measurements were done on each area after a
200 kV, 30 min beam shower at the spot to remove any adsorbed hydrocarbon

contaminants. EELS was collected using a gatan dual EELS detector at magic angle.
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TEM imaging for Si-graphene and structures and all electron diffraction was done on

JEOL JEM 3010F scope at an accelerating voltage of 300kV with a LaBes emission.

Raman spectroscopy

Raman spectrum was collected on Horiba LabRAM HR Evo Confocal Raman using a 473
nm excitation laser with detection in a back-scattered geometry with a 50X/0.5 NA

objective and 600 grooves/mm grating, under ambient conditions.

Actin -GFP transfection

Rat cardiac fibroblast were transfected with Actin-GFP plasmids in baculovirus using Cell

light Actin reagent (Thermo-Fisher). Manufacturers protocol was followed for transfection.

Immunofluorescence staining

Caveolin 1 staining was done using Anti-Caveolin-1 conjugated with Alexa Fluor 488,
Clone: 7C8 (Novus biologicals) at a concentration of 20 pg/mL overnight at 4C, after
fixation and permeabilization. Nuclear staining was done using NucBlue Live

ReadyProbes (Thermo Fisher) as per manufacturers protocol.

Confocal imaging

Confocal live imaging was done of a LEICA SP5 STED-CW system. Immunofluorescence

imaging was done on a LEICA SP5 two photon microscope.
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5. Future directions
5.1. Silicon as a mineralizing biointerface in plants

Silicon has always played a versatile chemical role in nature leading to its existence in a
variety of living and non-living forms that co-exist or are separate. Extending from plant
to animal kingdom we have a variety of systems that can metabolize pure silicon into
various forms of oxides or silicate like structures.'-2 However, the biochemical role is more
often significantly noted in plants and the geochemical cycle. 2 This forms a basis for
exploring silicon nanowire uptake, metabolism and consequences in plants as a first step.
Silicon also plays the role of a nutrient in plants and hence could control signaling

pathways for defense and priming.3*

An initial experiment was performed to study the uptake of as-synthesized nanowire in
Arabidopsis thaliana plants from liquid media culture. This initial experiment wherein
plants were treated with nanowire containing media was carried out for two weeks.
Electron micrographs of two-week-old plant roots revealed the attachment of intact
nanowire to epidermal cells (Fig.5.1.a-b) and presence of degraded nanowire (Fig.5.1.e-
f) in vacuoles of cells in vascular bundle. The degrade nanowires were attached to actin
or microtubule cytoskeletal filaments in the vacuole (Fig.5.1.f) &7 indicating their active
transport. Besides we find mesoporous silicate structures in vacuoles of vascular bundle

cells suggesting the mineralization of silicon nanowires in plants (Fig.5.1.g-h).
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Fig.5.1. a TEM image showing nanowire attached to epidermal root cells, b.
Magnified view of (a), c. Vascular bundle of the plant root with nanowire degraded
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Fig. 5.1. continued. fragments in cells, d. Nanowire chunk trapped in cell wall
between epidermal cell and a vascular bundle cell. e. A cell in vascular bundle
having a linear degraded nanowire, f. Magnified view of (e) showing degraded
nanowire in vacuole with actin filaments around it. g. Degraded nanowire forming
porous silicate formation in root cell, h. magnified view of (g) showing mesoporous
structure.

Besides uptake in liquid culture parallel studies were carried out experiments on plants
growing in modified agar media to study the effect of ultrasound on plants and nanowire.
Here is aim is to check is ultrasound affects the capability of plants to uptake silicon and
if it can accelerate the degradation process of nanowires to silicates inside or outside the
plants. Initial batch of plants that were studied were analyzed for silicon content using
Inductively coupled plasma-atomic emission spectroscopy. The silicon content in control
plants with no nanowire added to the media show small in increase in silicon uptake by
plants (Fig.5.2.b). Simple addition of nanowire to agar media without sonication
significantly increased silicon content in plants which however when coupled with
sonication drastically fell (Fig.5.2.b). The concentration of silicon in agar, however,
remains invariant (Fig.5.2.c). The role of sonication to interpret here is tricky as multiple
cavitation mediated processes are happening and a systematic study as to how each
possible process affects needs to study. Irrespective of that the big picture behind this
study is to understand the mechanism nanowire uptake in plant roots and the effect of

silicon on plant defense and priming.
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Fig.5.2. a. Plant seedling growing on agar plate showing a radially symmetric spot
marked for application of ultrasound, b. The concentration of silicon in ten two-
week-old plants under various growth conditions on the agar plate, c. The
concentration of silicon in ten agar samples taken from a plant grown and dishes
treated under various growth conditions.

5.2. Crystal orientation-dependent photoelectrochemistry for redox biology

Crystal orientation-dependent catalytic properties have been well explored in nanoscale
catalysis.?® These differential properties arise from variation in surface energies which
also can affect electrochemical properties.®® The surface properties affect the differential
double-layer capacitance and hence the electrochemical behavior. Band structure
variation along different crystal orientations often couple with these differences in surface
energy can give rise to orientation-dependent photoelectrochemical properties.® Thus,
crystal orientation is a tuning gear from a biointerface design perspective to bring forward

specificity in photoelectrochemical stimulation of cells.

Silicon has been a good candidate for this however its main drawback is the formation of
the oxide layer. Hence investigations on these were abandoned in the late 90s. However,

it is possible that the coating nanoscale metal layer or semiconductor layers on silicon
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could enable us to harvest these properties for bioelectronics. Freshly hydrofluoric acid
etched silicon 100 and 111 wafers of n and p doping show varied faradaic and capacitive
properties (Fig. 5.3) suggesting that the fact that crystal orientation has immense potential
as a tuning gear in biointerface development. Besides crystals orientation doing controls

the relative extent to which the capacitive and faradic processes are occurring.

The utility of such interfaces lies in the control of specific biochemical redox processes.
Furthermore, this is a concept that can well extend to other biocompatible semiconductors
and junctions unraveling a whole new facet dependent nanomaterial design methods for

biointerface development.
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Fig.5.3.a. Silicon 111 p type wafer showing pure faradaic reduction effect, b. Silicon
111 n type wafer showing pure and dominating capacitive and very small faradic
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Fig. 5.3. continued. reduction effect, c. Silicon 100 p type showing dominant
faradaic reduction effect and capacitive effect, d. Silicon 100 n type showing
capacitive effect with faradaic oxidation effect.

5.3. Experimental methods

Plant culture

Columbia wild type Arabidopsis thaliana seeds were sterilized and placed in half-MS
liquid culture or agar plates post winterization. Media was a modified with nanowire by

sonicating nanowire grown silicon chips in media before their sterilization.
Ultra sound treatment

An ultrasound probe (Chattanooga medical supply company) of 5 cm? area was placed
at the center of a circular agar plate with seeds places radially (Fig.5.2.a). Ultrasound
pulses of 1 W/cm? intensity was applied at a frequency of 1 MHz with a duty cycle of 50%,

twice dalily.
Electron microscopy

Plant roots were fixed in with 2.5% Glutaraldehyde in sodium cacodylate buffer and
embedded in Spurrs resin (EMS) following manufacturers protocol. They were
microtomed into 90 nm sections and imaged on a Technai F30 twin scope at an

accelerating voltage of 300 kV.
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Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

Each two-week-old plant was freeze dried and digested in 400 pL of conc. HNO3z and 100
bL of 15% H202 and volume made upto 5 mL. ICP-OES was then run on Agilent 700

Series spectrometer.

Photocurrent measurements

Photocurrent measurements were performed by single channel voltage clamped
recordings on a patch-clamp amplifier (Axopatch 200B) set up. The material of interest
was immersed in 1X PBS (Fisher Scientific) in a petridish and focused on using a
microscope (Olympus BX61WI) with a water immersion lens (20X/0.5 NA). Light pulses
are delivered through the microscope using a 514.5 nm LED source (Thorlabs, ~ 500 ym
spot size). Light pulses were delivered to these light sources using a digitizer (Molecular
devices, Digidata 1550). For measuring the photocurrent measurements glass pipettes
of ~ 1 MQ were pulled (Sutter Instrument, P-97) and their tip lowered and focused onto
the same optical plane (Gap of ~2 ym) as the material surface before the stimulation
pulse is applied. The voltage clamped currents were recorded at -0.5 V bias in parallel

with the stimulation pulse at various holding current levels.
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6. Conclusion

Starting out with the goal of evolving the field of bioelectronics by bringing forward material
design aspects have led to the introduction of many new material systems which are
capable of exerting specific cues on cells. The first design strategy was to laser write
semiconducting patterns in an insulating mold to obtain biointerfaces whose property
could be controlled by additives in starting material or surface functionalization. This
strategy was built to illustrate the idea that material property and functionality correlation
arises from the synthetic tuning gears. These tuning gears on property ultimately gave
rise to the availability of different stimulation modes ranging from photoelectrochemical,
photothermal and electrical. Each of these modes were matched with an appropriate
biological system with signaling pathways capable of responding to these stimuli modes.
These stimuli mode push the cell into non-equilibrium states which enable the cell to
respond using specific signaling pathways allowing for thoughts on therapeutic utility.
Besides we translate the bioelectronic modulation from cells to cell networks to affect
synchronization to understand the capability of bioelectronic modulation in controlling
chaotic systems. Further this design strategy contributes to the big picture of building a

bioelectronic material library or genome.

The second design strategy was built based on biomimicry of extracellular matrix proteins.
This involves searching for the right material candidate and synthetic tool to assemble
them into a similar morphology. However, the choice of a semiconductor material makes

the designed material have multiple modes of stimulation by enabling optical and
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electrical coupling. This enables the development of optoelectronically active extra
cellular matrix. The optoelectronic activity leads the cells being apoptotic under
photothermal effect and stimulated under photoelectrochemical effect. Besides we look
at how neuronal networks interact with ECM like materials and their mechanical cues.
Ultimately this strategy enables multimodality besides mechanotransduction of softness

and topography of the matrix.

The third design strategy was to design a material in order to test a biophysical
hypothesis. Though understanding of a biophysical hypothesis is suggestive of the
underlying signaling pathway and methods to tune it for therapeutic applications. Besides
the synthetic methodology used here suggests us the utility of hard-soft interfaces in

biology and their recognition by biological entities.

To summarize, different material design strategies were developed to understand how a
one on one correlation between nanomaterial properties and signaling cues could be

achieved.
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Appendix

Al. Extended data and figures for Chapter 2
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Fig. A.1.1. a. Wide angle X-ray scattering (WAXS) collected for pure 3C-SiC sample. b.
WAXS collected on a M-SiC sample showing mixed 3C and 15R polytypes existing on
that sample. c. WAXS collected for M-SiC sample at a specific spot showing a 15R

polytypic phase of SIiC, revealing phase separation during synthesis. The indexing of
phases was done using peaks from (36).

137



138



4H SiC
3CSiC
15R SiC

139



10pm !

4H SiC
3CSiC
15R SiC

140



Fig. A.1.2. Multipoint EBSD analysis carried out on a batch of 3C-SiC (A-B) and M-SiC
(C-G) samples. The EBSD was done on different crystals which actively diffract on the
detector as observed in the fore scatter diode (FSD) images. The FSD image has every
point with a color marked where EBSD was carried out. The Kikuchi diffraction pattern
and indexing from each corresponding point were detected and indexed as 4H, 3C or
15R.

Fig. A.1.3. a. SEM image of a flat surface identified for FIB preparation of atom probe
tomography tips. b. Deposition of platinum to protect the sample of interest. c. FIB milling
of trenches on either side of the sample of interest protected by platinum coating. d. Lift
out of a lamella using micromanipulator. e. Low magnification SEM image showing trench
of the lifted-out lamella in material of interest. f. FIB image showing a section of lamella,
platinum welded on a silicon micropost. g. Polished tip for atom probe tomography
measurement on a silicon micropost. h. Higher magnification image of the atom probe
tomography tip.
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Fig. A.1.4. Schematic illustration of the different layers of materials formed (a) with
respect to the laser writing point, embedded in a PDMS matrix (b). The different layers
formed is as a result of a temperature gradient that would exist from the laser writing point
into the bulk which would control the thermodynamics of reaction eventually leading to
such a layered structure (c). Moreover, we can observe these layers in SEM images (d-
f). Furthermore, addition of MoS2 to PDMS leads to a higher temperature at the burning

142



point (c). This is Fig. 4. continued. due to the fact that oxidation of MoS2 is highly
exothermic and the product formed -MoOs which is highly volatile at such temperatures.
This highly exothermic nature of the oxidation reaction leads to accelerated kinetics,
which coupled with catalytic activity of molybdenum in fixing nitrogen increases the doping
by ten times and also gives it a grading which follows the temperature profile in (c).
Graphitic layers as seen in a TEM (g) and its corresponding SAED pattern (j). HAADF
STEM image of a microtomed section of the SiC-graphite (h) with magnified section (i)
clearly showing the SiC-graphite interface where graphite is seen in ribbon like structures
further confirmed at higher magnification imaging (k,l).
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Fig. A.1.5. (a) Crystal size control factors in the laser ablation synthesis is demonstrated
here as a function of the laser power and scan speed. This illustrates that the synthesis
has a cutoff power with respect to the synthesis parameters and control on crystal on size
above the cutoff. The crystal sizes were estimated by using Debye-Scherrer equation on
the (111) peak of x-ray diffraction/scattering. (b) I-V characteristic of a device made by
SiC printing showing high conductance due to the supporting graphite layer below the
SIC crystals. The high conductance is due to the graphitic layer and illustrates its utility in
enabling integration of devices for future large-scale device fabrication (c) Configuration
for 3C-SiC muscle stimulation and recording electrodes on the skeletal muscle of an adult
rat. (Main manuscript Fig. 2Kk)
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Fig. A.1.6. a. UPS spectrum of 3C-SiC, M-SIiC, 3C-SiC-MnOz2, b. Estimation of work

function from the secondary scattering edge cutoff of the UPS spectrum, c. Estimation of
HOMO from the valence band edge of the UPS spectrum.
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Fig. A.1.7. a. M-SIiC consisting of a mixed phase and excess nitrogen doping,
demonstrated a weak photothermal effect which would switch polarity with the holding
level and portray a growing current with the applied stimulation (350 nm LED with a 10
ms pulse). The polarity flipping is due to the fact that thermal currents always superpose
onto any injected current following its direction contrary to faradaic processes. b.
Temperature change induced by a 10 ms pulse of 532 nm laser, as function of stimulation
power averaged over 10 holding levels. This shows that the photothermal effect is small
and thus a non-lethal dosage on cells further preventing the fluorescence imaging laser
from producing stimulation artifacts in our observation. c. Surface modification of 3C-SiC
by MnO: further enhances the photoanodic oxidation reaction as indicated by the
magnitude difference in current (Stimulation: 350 nm LED with a 10 ms pulse).
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Fig. A.1.8. a. Steady state fluorescence of Amplex Red for specific concentration of
hydrogen peroxide. Each curve is a separate measurement done with freshly mixed dye
stock solution and hydrogen peroxide of an appropriate concentration. b. The intensity
changes with respect to 0 mM hydrogen peroxide curve at 590 nm is plotted with
respected to the added concentration of hydrogen peroxide. The curve fitted by least
squares methods (R? = 0.98) gives a linear correlation between concentration change of
hydrogen peroxide and the fluorescence intensity change for a fixed concentration of
Amplex Red. This fitted curve is used a calibration curve to construct the quantitative
fluorescence kinetics curve in main manuscript Fig. 5d.
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Fig. A.1.9. a. Percentage change in bacterial population measured by standard spread
plate culture, with photoelectrochemical anti-bacterial treatment of 3C-SiC-MnO:2
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compared Fig. 9. continued. with samples containing 3C-SiC-MnOzunder dark (N=15). b.
Average fractional change in bacterial population (with respect to bacterial culture without
any 3C-SiC-MnO2 under light conditions), estimated by standard spread plate culture with
photoelectrochemical anti-bacterial treatment of 3C-SiC-MnO2 compared with samples
containing 3C-SiC-MnO2 under dark.
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Fig. A.1.10. a. Synchronization matrix of calcium signals before stimulation along with
mean synchronization index (MSI) of 0.261. b. Synchronization matrix of calcium signals
after stimulation along with mean synchronization index (MSI) of 0.347. (Stimulation
Power: 29 mW, Pulse: 1 ms).c. Overlay of calcium and DIC image showing 3C-SiC
particles co-cultured with smooth muscle cells along with stimulation point indicated as a
white star. Region of interests (ROIs) used for synchronization analysis in a and b have
been marked (Stimulation Power: 29 mW, Pulse: 1 ms)
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Fig. A.1.11. Elemental XPS spectrum collected on 3C-SiC samples for (a) oxygen 1s, (b)
nitrogen 1s, (c) carbon 1s, (d) silicon 2p. and M-SiC samples for (e) oxygen 1s, (f) nitrogen
1s, (g) carbon 1s, (h) silicon 2p.
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Fig. A.1.12. Elemental XPS spectrum collected on 3C-SiC-MnO2 samples for (a)
manganese 2p, (b) oxygen 1s, (c) nitrogen 1s, (d) carbon 1s, (e) silicon 2p, (f) Table
representing surface composition in atomic percentages for each element in 3C-SiC, M-
SiC and 3C-SiC-MnO:
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Fig. A.1.13. EELS mapping done for surface and bulk plasmons in M-SiC (b) and 3C-SiC
(e) on regions represented by HAADF STEM image in (a) and (d) respectively. The spatial
evolution of low loss EELS spectrum from bulk of a microtomed crystal to its surface for
a M-SIiC (c) and 3C-SiC (f) crystal. The evolution from bulk to surface shows how the
surface phonons are different in either case which could be correlated with the nitrogen
doping level as revealed by atom probe tomography and surface oxide and nitride defects
from XPS. Zero loss peak normalized, surface low loss EELS on microtomed crystals of
3C and M-SIC (f-inset). The M-SiC shows much higher surface phonon density of states
compared to 3C-SiC in agreement with the nitrogen doping levels in atom probe
tomography, surface oxide and nitride defects from XPS. This difference explains why M-
SiC shows photothermal effect compared to photoelectrochemical in 3C-SiC.
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890

Fig. A.1.14. HASMCs are cultured on the device (a) to obtain a uniform film of cells as
observed through DIC image (b), Actin immunofluorescence staining (c) and Z-stack
(Figure 3i in main manuscript). Differential calcium fluorescence (AF/F) surface plots are
constructed for device shown in (b): Time points before (-2.0 s) (d) and after stimulation
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Fig. A.1.14. continued. (e-g) (0.0 s, 2.0 s, 4.0 s respectively) for a 8 mW, 1 ms stimulation
on the region indicated by red box in (b). Magnified views of calcium waves in red boxed
region is represented in main manuscript Fig.5j. Scale bars in (b-c) are 100 um each
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Fig. A.1.15. a. SEM images of 3C-SiC after purification revealing cubic morphology. b.
SEM images of M-SiC after purification revealing rhombohedral morphology arising due
to phase mixing induced after MoS2 addition. c-d. Magnified view of crystals showing a
coating of MnO2 deposited on them by electroless deposition. e. SEM image of 3C-SiC-
MnO:z2 crystals where EDS mapping was done. f-i. EDS map of on crystals shown in (e).
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Fig. A.1.16. HAADF STEM image of a 3C-SiC microtomed crystal section (a) and (d). (b)
and (e) are their corresponding FFTs. (c) and (f) show the indexing of FFTs to [110] zone
using crystal maker software. HAADF STEM image of microtomed sections of M-SiC (Q)
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Fig. A.1.16 continued. and (k). HAADF STEM image of a 15R-SiC microtomed crystal
section (h) and (l). (i) and (m) are their corresponding FFTs. (j) and (n) show the indexing
of FFTs to [-1-1 2] and [-2-23] zone respectively. TEM image of microtomed sections of
M-SIiC (o) and (r). SAED patterns collected on respective sections (p) and (s). Indexing
of corresponding SAED patterns to [-2-2 3] zone (q) and (t).

Fig. A.1.17. Region of interest (ROI) of neuronal soma marked on DIC and calcium
image. The neuron in ROI 12 was stimulated by a 1 ms pulse of 5.3 mW. (Main manuscript

Fig. 6f)
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A2. Extended data and figures for Chapter 3
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Fig. A.2.1. Graph showing temperatures generated on p3HT nanofiber matrix stimulation
by a 532 nm laser for various power and pulse width across five different spots of the
sample.
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Fig. A.2.2. UV-Vis absorbance spectrum and photoluminescence spectrum for as
synthesized P3HT nanofibers in cyclohexanone.
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A3. Extended data and figures for Chapter 4

Graphene =

Fig. A.3.1. a. TEM image showing graphene ribbon like interconnects forming between
nanowires after mechanochemical synthesis of Si-Graphene hybrid, b. Graphene lattice
as seen on interconnect, c. Silicon lattice of a nanowire, d. Graphene lattice as seen
emanating from a nanowire whose lattice (e) is seen by changing the z-focus in the
microscope.

154



Fig. A.3.2. a. Detonation nanodiamond assembling into sheets in a formvar grid on drop
casting and drying, b. Electron diffraction pattern of (a) indexing to cubic diamond
structure.?®
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Low Loss EELS (LL- EELS)

1. 34 keV is assigned: Bulk plasmonic loss
in diamond

2. 12-13 keV: Several electronic transition
between crystalline levels:
5,55 U D Ly X > X UL

3. 22to23keV:[",s > I, and/or loss to
surface plasmons
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Fig. A.3.3. Low loss EELS of detonation type nanodiamond confirming the diamond
structure along with plasmonic transitions assigned to the peaks.?®
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Fig. A.3.4. Raman spectrum of graphene on silicon (a) and peak assignment compared
with spectrum of detonation type nanodiamond (b) along with peak assignments.*6:28
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