FCT Fundacao para a Ci€ncia e a Tecnologia

QUADRO R

DE REFERENCIA £

ESTRATEGICO :
NACIONAL covemmopaerdeuca i G EIROTER,







7N\
\_/

Il\

Universidade do Minho
Escola de Engenharia

Sandra Beatriz Tomé Gongalves

ULED Optrode for Acute Optogenetic
Applications

Tese de Doutoramento _ _
Programa Doutoral em Lideres para as Industrias Tecnoldgicas

Trabalho efetuado sob a orientacdo do
Professor Doutor José Higino Gomes Correia

janeiro de 2019



DECLARAGAO

Nome: Sandra Beatriz Tomé Goncalves

Endereco eletrénico: id5750@alunos.uminho.pt; Telefone: 915636173
Numero do Cartao de Cidadao: 13571854

Titulo da tese: ;/LED Optrode for Acute Optogenetic Applications
Orientador: Professor Doutor José Higino Gomes Correia

Ano de conclusao: 2019

Designacao do Ramo de Conhecimento do Doutoramento: Programa Doutoral em

Lideres para as Industrias Tecnoldgicas

E AUTORIZADA A REPRODUGAQ INTEGRAL DESTA TESE/TRABALHO APENAS PARA EFEITOS
DE INVESTIGAGAO, MEDIANTE DECLARACAO ESCRITA DO INTERESSADO, QUE A TAL SE COMPROMETE.

Universidade do Minho,

Assinatura:




STATEMENT OF INTEGRITY

| hereby declare having conducted my thesis with integrity. | confirm that | have not used

plagiarism or any form of falsification of results in the process of the thesis elaboration.

| further declare that | have fully acknowledged the code of ethical conduct of the University

of Minho.

University of Minho,

Full Name: Sandra Beatriz Tomé Goncalves

Signature:







Acknowledgments

This PhD journey was an extraordinary experience. It was a roller coaster ride in terms of emotions
and work, in which | have grown and learned a lot. In the ups and downs | had the support of
incredible people that | want to express my gratitude.

First and foremost, | would like to acknowledge my supervisor, Higino Correia, for the all the
support and advice during this project. Also, my supervisor at MIT, Ed Boyden, for teaching me to
always look at the big picture.

Because this work was a team effort, | really need to thank people from Microtechnologies Lab,
namely Jo3o Ribeiro, Helena Fernandes, Angela Loureiro and Sara Pimenta for all their contribution
to make this project a reality. | also appreciate all the work discussions and directions with Alexandre
Silva. Last but not least | want to thank Marino Maciel for the companionship and help every time
| needed. For all of you, you are good friends.

To all that warmly welcome me at MIT and specially in the Boyden lab, a sincere thank you.
| was very honored to join this research group. Jorg Scholvin, Francisco Flores and Justin Kinney
thank you for teaching me so much about probes, about animal experiments and data acquisition
and analysis. For all the work done at Champalimaud Foundation, | want to express my gratitude
to Rodrigo Oliveira for all you teach me and for your patience.

Moreover, | cannot forget the amazing people | met at MIT, the Portuguese lunch group. You
provide me the most amazing year with all kind of experiences. Being so far away from home was
so much easier in your company. | have grown as scientist as well as a person.

This section could not be completed without expressing my thanks to my family that always

believe in me and help however they could.

Thank you all!

iv University of Minho



A autora, Sandra Beatriz Tomé Goncalves, teve o apoio financeiro da FCT — Fundac&o para a

Ciéncia e Tecnologia, no ambito da bolsa de doutoramento com a referéncia PD/BD/105931/2014.

po(IH

QUALIFICAR E CRESCER.

DE REFERENCIA
ESTRATEGICO

Governo da Repiblica ~ UNIAO EUROPEIA
Portuguesa Fundo Social Europeu

University of Minho



Abstract

The human brain remains among the most poorly understood organ despite all studies and efforts
dedicated to it. Gathering knowledge on the brain mechanisms as a whole and individual networks
has been a challenge in neuroscience. Advances in microtechnologies enabled the development of
micrometer-sized devices or microsystems to interface and access a wide range of brain areas. The
study of neural networks aims to understand neurophysiological processes and restore lost neural
functionalities, in a way that catalyzes new diagnostic tools and treatments for brain disorders and
diseases, such as Parkinson, Alzheimer, depression, etc.

Optogenetics is a recent technique that has revolutionized scientists’ ability to control neurons
by promoting excitation or inhibition from targeted cells sensitive to light. Optogenetic tools (known
as optrodes) have shown cell-type neuromodulation with unique spatial resolution by delivering light
on a cellular-scale with millisecond temporal precision.

In the interest of developing a new tool for deeper understanding of the human brain and
its mechanisms, this PhD thesis presents the development of an optrode microsystem capable
of optical stimulation and simultaneous electrical recording. The photostimulation in the proposed
device will be provided by a commercial light emitting diode (LED) chip. With this approach, the light
source is directed to the target engineered neuron cells, in order to minimize losses of the emitted
irradiance, a major issue of conventional fiber-based approaches. The manufacturing process of the
LED-based optrode device comprehends only standard and low-cost microfabrication technologies,
such as blade dicing, photolithography and physical vapor deposition.

Fabrication results demonstrated mechanically robust optrodes consisting of 8 mm long and
600 pm wide single-shafts with a sharp tip. The optrode dimensions were optimized in order to
minimize tissue damage and shaft length was maximized to reach deep brain structures. Validation
tests show that probes have good recording and optical features, with average impedance magnitude
of 371 kS, at 1 kHz, and optical power of 1.2 mW.mm~2 (at 467 nm), respectively. The LED
chip integrated in the optrode showed a peak wavelength at 467 nm and thus enables optogenetic
experiments to be performed in engineered cells sensitive to blue light, e.g. neurons expressing
channelrhodopsin-2 opsins.

Overall, results show a device capable of meeting the requirements of a neural interface for

recording and stimulating of brain activity, which suggests a promising tool for neuroscience.
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Resumo

O cérebro humano permanece um dos 6rgaos menos compreendidos, apesar de todos os estudos
e esforcos dedicados a tal. Angariar conhecimento acerca dos mecanismos cerebrais como um
todo assim como circuitos neuronais individuais tem sido um desafio na area das neurociéncias.
Os avancos nas microtecnologias permitiram o desenvolvimento de dispositivos na escala dos
micrdmetros ou microssistemas que fazem interface e acedem a uma vasta gama de areas cerebrais.
0 estudo dos circuitos neuronais tem como objetivo compreender os processos neurofisiologicos e
restaurar funcionalidades cerebrais perdidas, de forma que esses estudos possam catalisar novas
ferramentas de diagnostico e tratamentos para doencas e disturbios de foro mental, tal como o
Parkinson, Alzheimer, depressao, entre outros.

Optogenética é uma tcnica recente que revolucionou a capacidade dos cientistas de modular
o funcionamento de neurdnios promovendo a excitacdo ou inibicao de células-alvo sensiveis a luz.
Ferramentas que promovem optogenética (conhecidas por optrodes) tém demonstrado neuromodu-
lacao de grupos de células com resolucao espacial Unica atraws da iluminacédo a escala celular e
com uma precisao temporal de milissegundos.

Na perspetiva de desenvolver uma ferramenta inovadora para um maior conhecimento de
cérebro humano e os seus mecanismos, esta tese de doutoramento propde o desenvolvimento
de um microssistema optrode capaz simultaneamente de estimulacéo o6tica e gravacao elétrica de
circuitos neuronais. No dispositivo proposto, a fotoestimulacao sera conseguida através de diodos
emissores de luz (LEDs). Com esta abordagem, a fonte de luz é direcionada para as células
neuronais modificadas de forma a minimizar as perdas de radiancia dtica emitida, sendo esta
uma das principais preocupacdes nas abordagens convencionais com fibra 6tica. O processo de
manufatura do optrode baseado em LEDs compreende apenas tecnologias de microfabricacao
padrao e de baixo custo, como a corte com lamina, fotolitografia e deposicao fisica de vapor.

Os resultados do fabrico demonstraram optrodes mecanicamente robustos que consistem
em sondas unicas, cada uma com 8 mm de comprimento, 600 um de largura e ponta afiada. As
dimensdes do optrode foram otimizadas de forma a minimizar o dano no tecido e o seu comprimento
foi maximizado para aceder a estruturas neuronais profundas. Os testes de validacdo demostraram
gue os dispositivos tém boas carateristicas funcionais de gravacao e éticas, com uma magnitude da

impedancia de 371 k(2, a 1 kHz, e ainda poténcia dtica de 1.2 mW.mm~2 (a 467 nm), respetivamente.
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Os LEDs integrados nos optrodes apresentam um pico de emissdo aos 467 nm e, portanto,
possibilita realizar estudos optogenéticos com células sensiveis a luz azul, por exemplo, neuronios
gue expressem opsinas channelrhodopsin-2.

Em suma, os resultados demonstram um dispositivo que vai de encontro aos requisitos de
uma interface neuronal com capacidade de gravacado e estimulacao da atividade neuronal. Isto
sugere que o dispositivo podera vir a ser uma ferramenta promissora na area de estudo das

neurociéncias.
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Chapter 1

Introduction

The brain is one the most complex living structure known, capable of shaping our thoughts, hopes,
dreams, imagination and abstract thinking. How the brain processes computation, retain memory or
feel emotions, is still not well understood, but a lot of progress was done towards the understanding
of brain functions. Ultimately, this knowledge will make us understand better how the different brain
illnesses emerge and how they affect us. With a wide spectrum of brain diseases and disorders that
represents emotional, financial and social burdens to the patients, their families and their network, it
becomes crucial the development of new or improved technologies. Indeed, during the last decade,
many efforts have been made to supply new tools that study more deeply the information processing
and networks in the brain.

This chapter briefly introduces the basic concepts of the nervous system, brain functions and
the role of neuron cells in transmitting and processing the information. Moreover, the engineering
challenges and requirements for the development of implantable technological solutions are explai-
ned. This kind of microsystem is the one being proposed in this thesis, which aims to interface with
engineered neural tissue for optogenetics. Finally, the motivation to develop a novel implantable
microdevice useful for optogenetic studies is presented and the objectives for this thesis are summa-

rized.




Chapter 1. Introduction

1.1 Nervous system and information transmission

Humans, as nearly all multicellular organisms, rely on the nervous system to control and coordinate
body functions as well as respond to internal and external stimuli (e.g. breathing, body temperature,
organ function, muscle activity, sensory inputs, etc.). The nervous system is divided into the central
nervous system (CNS) and peripheral nervous system (PNS): the first comprises the brain and the
spinal cord, and the latter consists of nerves responsible for connecting the central system to rest of
the body [1]. This complex communication system uses specialized cells to carry messages from
one cell to another ensuring that information transmission among all body parts occurs quickly and
efficiently.

The brain is the central organ of the CNS. It is divided into two hemispheres broadly similar
in shape, but some functions are associated with one of the sides: e.g. language is associated
with in the left hemisphere and visual-spatial ability in the right. Each hemisphere is conventionally
categorized into four lobes - the frontal, temporal, parietal, and occipital lobes, each associated with
specific functions [2]. The cerebral cortex is the outer layer of the brain that covers all these neural
structures and processes memory, attention, conscience, language and sensory perception. Due
to its complex multi-laminated structure composing of so many functions, the cerebral cortex is one
of the most study brain structures to better understand basal and pathological brain circuitry [3].
Most areas of the brain are basically the same in all mammals, which means animal models such
as mice and rats can be study to unfold details of connection and function of neural activity. This
is not the case for the cerebral cortex where distinctive circuits and organization complexity vary
from species. The huge development of the cerebral cortex in humans distinguish them from other
mammals due to its complex multi-laminated organization, being directly related to the emergence
of the superior intellectual capacities [3].

At a cellular level, the information carried by the nervous system is accomplished by neurons.
These cells transmit electrical signals called impulses or action potentials. Glial cells are another
type of cells existing in the nervous system. However, they act mostly as a support element that bring
structure and consistency to the brain, not being able to generate electricity and thus to transmit
information [1].

Neurons can be classified into three types according to the direction in which an impulse
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Figure 1.1: (a) lllustration of an impulse being propagated down an axon through its terminals to the dendrite of the
next cell. The main parts of a typical neuron are highlighted. Adapted from [4]. (b) Graph of an action potential [5].
Plotting voltage (in mV) measured across the cell membrane against time (in ms). When the input signals are strong
enough to pass the threshold, occurs depolarization in the cell, followed by its repolarization, which goes past the resting

potential into hyperpolarization, and finally the membrane returns to rest.

travel: (1) Sensory neurons carry impulses from the sense organs to the spinal cord and brain;
(2) Motor neurons carry impulses from the brain and the spinal cord to muscles and glands, and
(3) Interneurons connect sensory and motor neurons and carry impulses between them [2]. Despite
varying in shape and size, neurons have several features in common. Figure 1.1(a) illustrates the
main parts that constitute a neuron, and how it works to transmit electrical impulses to another
neuron using neurotransmitter vesicles in the synapse area. The largest part of a typical neuron
is the cell body (soma). Dendrites are short, branched extensions that spread out from the soma.
They carry impulses from the environment or from other neurons toward the soma until the other
end of the cell. The long fiber that carries impulses away from the soma is called the axon. In some
neurons, the axon is surrounded by an electrical insulating membrane, the myelin sheath, that aims
to increases the speed at which an impulse can travel along the axon. The axon ends in a series of
small swellings called axon terminals, located some distance from the soma [1]. In most animals,
axons and dendrites are clustered into bundles of fibers called nerves [2].

The transmission of messages is based on an electrochemical pulse: along the presynaptic

neuron information is transmitted in the form of electrical pulses from dendrites to axon terminals.
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At these terminals, vesicles filled with neurotransmitters (chemical messengers) release them into
the synaptic cleft. Synapses are the contact points where one neuron communicates with another.
Then, receptors in the dendrites of the postsynaptic cell receive neurotransmitters, collect all the
input signals from other neurons and send them to the soma. The soma generates an output signal
following a non-linear law and sends the electrical impulses to the axons. In this way, input signals
are processed and transmitted. The signal output may result on an action potential (also called
spike) depending if the strength of the input signals is able to produce a small difference voltage in
the cell membrane, and thus pass the threshold required to depolarize and repolarize its membrane.
After, the membrane goes into a refractory period where input signals have nearly no effect on the
membrane potential. Finally, after a few milliseconds, the neuron achieves again the initial resting
state and is ready to spike again. Indeed, a neuron may be able to fire spikes hundreds of times

every second [6]. The changes in the potential of a cell membrane is shown in Figure 1.1(b).

1.2 Neural interfacing methods

Devices capable of interfacing with neural circuits, either by recording or modulating their activity,
are a reality for a few decades now. Neuroscientists take advantage of these interfaces to map brain
networks and gather knowledge of their working mechanisms and interrelations. The ultimate goal
of these devices, also known as neural probes, is to restore sensory and motor functions, and to

treat neurological disorders.

1.2.1 Electrical interfaces

Conventionally, neural probes consist of electrical conductors that are in contact with the aqueous
ionic solutions of brain tissue. Early probes consisted of insulated wires capable of acquiring
bioelectric signals, by transducing ionic currents into electric currents [7]. The modality of recording
neural activity was quickly followed by electrical stimulation capable neuromodulation of brain
networks [8].

Techniques that include probing and perturbing neural activity are used as therapeutics into

clinical practice for nervous system diseases. Deep brain stimulation (DBS) has shown beneficial
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Figure 1.2: Implantable electrical neuroprobes. (a) Microwire array. (b) Typical single micromachined Michigan probe.
(c) Michigan 64-channel array. (d) Flexible parylene-based 8-channel probe. (e) UEA flat (left) and slanted (right) profile.
Adapted from [24] (f) Out-of-plane high density Al MEA. (g) 6 x 6 matrix of Si electrodes with 4 mm, 3.5 mm and 3 mm
length, and 600 pm pitch.

effects in a variety of neurological conditions, such as depression [9, 10], obsessive compulsive
disorder (OCD) [11, 12], chronic pain [13, 14], Parkinson’s disease [15], epilepsy [16], essential
tremor, dystonia and Tourette syndrome [17]. Cochlear [18, 19] and retinal [20] implants are also
widely used in the therapy of deafness and blindness, respectively. Indeed, cochlear neuroprostheses
are a successful therapeutic method with more than 300,000 devices already implanted worldwide
[21]. Neuroprosthetics are also applied to peripheral neural system disabilities, by trying to achieve
control of artificial limbs in individuals with tetraplegia [22, 23].

Neural probes can be classified according to their fabrication methods and design. Generally
implantable probes relying on an electrical interaction with neural tissue can be classified in three
types [24, 25]: Microwires, Micromachined, and Flexible Arrays (Figure 1.2). These designs rely on
different technologies, designs and transduction materials to manufacture probes, and each type
presents advantages and drawbacks for each application.

One of the first neural interface for chronic recording was made from insulated microwires
(Figure 1.2a), which remains in use today due to its ability to provide durable and single-neuron
recordings for more than a year [26]. This type of probe is easily clustered in bundles for multi-site
recording (tetrodes), and it is particularly advantageous to access deep brain structures.

Advances in microtechnology, such as photolithographic and etching techniques, enabled the

development of silicon (Si) micromachined electrodes. The Michigan probe [27] and the Utah
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Electrode Array (UEA) [28] are two well-known Si-based configurations of such approach. The
Michigan configuration includes single-shaft (Figure 1.2b), multi-shaft and 3D layouts (Figure 1.2¢c)
with multiple recording sites per shaft. On the other hand, the UEA configuration (Figure 1.2¢)
comprises a 3D array of 100 needle-shaped microelectrodes, and each tip of the shafts interacts with
the neural tissue by either recording or stimulating it. Currently, UEA electrodes have a maximum
length of 1.5 mm, which restricts their application to surface structures of the cerebral cortex. Efforts
are been made to obtain 3D microelectrodes array (MEA) with longer shafts based on Si wafers using
micromachining technology. Compact 3D arrays mostly include microassembly methods, which
combine 2D probes into integrative platforms [29-31]. Having the UEA as a starting point, our
group has previously presented approaches to fabricate 3D MEA with high aspect-ratio shafts (up
to 4 mm long), employing aluminum [32, 33] and Si wafers [34] as the bulk material for the probe
manufacturing process (Figure 1.2f and 1.2g). Other approaches reported to fabricate 3D arrays,
including microwire electrical discharge machining [35] and self-assembled processes [36, 37].

Finally, flexible arrays (Figure 1.2d) arose to overcome the mechanical mismatch between
stiff probes and soft neural tissue. Flexible materials such as polyimide and parylene-C are used to
substitute Si on microfabricated probes and stainless steel, or tungsten on microwires [38, 39].

In terms of industry, some major companies, specialized in the commercialization of electronic
components, have now available commercial neuroprobes. Most of these companies are North-
American, such as Medtronic, Tucker-Davis Technologies, Intan Technologies, Microprobes, and
Plexon Inc. Other industrial approach to emergent specialized companies in neuroprobes mostly
result from universities spin-offs: NeuroNexus Technologies is a 13-years old spin-off from the
University of Michigan (USA); Blackrock Microsystems and Blackrock Neuromed are spin-offs from
University of Utah (USA); and, Atlas Neuroengineering is a 5-years old spin-off from the University of
Freiburg (Germany). Riple and Epitel are also examples of specialized companies commercializing
neuroprobes.

Despite having represented a major breakthrough in the field of neuroscience, electrical interfa-
ces still hold clinical restrictions such as the inability to target specific cell types within neural
networks, and may cause potentially serious sensory motor, and neuropsychological side effects [15].
Taking as an example, patients with Parkinson’s disease undergoing electrical stimulation — where

no specific cell-type is targeted, instead the implanted electrodes target cells within their reach
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- may suffer some side effects, such as depression, mood alteration, or sensory and motor control
problems. Suppressing side effects requires turning off the electrical stimulation pulses [40].
Besides missing neuron selectivity, electrical stimulation shows inefficient inhibition, as stimulation

is typically excitatory.

1.2.2 Optical interfaces

The engineering tools interacting optically with the brain using optogenetics are called optrodes.
Typically, they are simultaneously capable of delivering light to neurons and electrically recording
them. Currently, there are various optrode designs reported to the scientific community, which will
be presented in the Chapter 2. These approaches are essentially categorized depending on source of
light: customized optical fibers, waveguide systems or ;LEDs. In an industrial context, the range of
designs is narrower. Neuronexus and Cambridge Neurotech commercialize optogenetics-compatible
neural probes that integrate exclusively optical fibers as light source.

Optical neuromodulation showed its potential by selectively controlling dysfunctional circuits
and, consequently, has been proposed to assist several diseases: dysfunctional parkinsonian motor
control [41, 42]; blindness [43-48]; deafness [21, 49, 50]; spinal cord injuries [51]; and, neuropsy-
chiatric disorders such as compulsive behavior [52], social dysfunction [53], anxiety [54] and
depression [5b, 56]. Recently, Roy et al. showed that optogenetic activation of hippocampal
cells in transgenic mouse models might lead to an effective strategy for treating memory loss in
the early stages of Alzheimer disease [57]. Nevertheless, it is in the field of vision impairments
that optogenetic studies are closer to clinical trials: Retrosense Therapeutics is a North-American
company that is in Phase I/l of a clinical trial, which aims to study dose-escalation of safety and
tolerability of a optogenetic promoter (RST-001) in patients with Retinitis Pigmentosa; GenSight
(France) had also scheduled to start in 2016 a clinical trial for visual impairments.

So far, optical stimulation is not mature enough to be applied in clinical practice. There are
still some key issues requiring additional research and development in photostimulation: (i) gene
delivery methods must prove to be safely and stably transferred into the patient’s neurons; and
(ii) it is still necessary to optimize the optical devices with an effective optical control, which means

delivering sufficient light intensity to the proper local neural circuit [58]; (iii) reliable and scalable
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technologies that promote device miniaturization; and (iv) development of active interfaces with a
life-lasting, fully integrated and ultra-low-power wireless system, capable of supporting bidirectional

data flow [59].

1.3 Optogenetics

The human brain functions in symbiosis with complex cell networks composed of estimated 85
billion neurons, 100 trillion synapses, and 100 types of chemical neurotransmitters [60]. A long-
standing aspiration in the scientific community is to understand and map the large-scale connectivity
of the brain. Optogenetics emerged as a novel technique to help serve this purpose.

The term optogenetic reflects the combination of two scientific areas: photonics and genetic
techniques. In this field of research, neural cells are genetically modified in order to make them
susceptible to light stimulation, providing excitatory or inhibitory control of the neural circuitry with
a millisecond precision [61]. The millisecond-scale precision is essential for neuroscience to keep
pace with the dynamics of action potentials and synaptic currents [62].

The engineered reagents are single-component light-sensing systems, conservatively referred
as opsins, which have a photoreceptive characteristic coupled with a biological function [61]. Figu-
re 1.3 shows the optogenetic technique mechanism, which initializes with transcription and expres-
sion processes. Viral systems currently represent the most popular approach of in vivo expression
processes [62]. These viral vectors are responsible for the introduction of opsins into the subject’s
brain. Consequently, the targeted neuron cells express the introduced opsin and, when exposed to
light, the photoreceptive proteins will promote a biological effect on those specific cells. In the case
of the light-sensitive ion channel opsin, channelrhodopsin-2 (ChR2), exposing the neurons to blue
light promotes cell depolarization in those that express the opsin. This means that spatial resolution
is improved by not triggering a response from all neurons exposed to light with simultaneous high
temporal precision (Figure 1.4). The selective trigger can go beyond the ability to turn on neurons in
vivo in a fast-reversible manner. It also enables turning neurons off (cells inhibition), which increases
the clinical applications for optogenetic tools.

Nowadays, opsins present four major categories: fast excitation, fast inhibition, bistable modu-

lation, and control of intracellular biochemical signaling in neurons and other cell types. A major
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Figure 1.3: Optogenetics: genetically modifying targeted cell types for optical depolarization or hyperpolarization of

the cell membrane. Adapted from [63].

class of light-sensitive proteins consists of transmembrane rhodopsins, which can be found in
several micro-organisms like algae, bacteria and fungi, as well as serving a diverse range of functions
[64]. Afew examples of the microbial opsin gene family are the light-gated proton pumps bacteriorho-
dopsin (BR); Halorhodopsin (HR), a light-activated chloride pump; and the light-activated ion-flux
proteins, the channelrhodopsin (ChR). In neurons, net photocurrent due to ChR activation is domina-
ted by cation flow down the electrochemical gradient, resulting in depolarization of the neuron. This
effect makes ChR the most used optogenetic tool in the context of action potential acquisition and
modulation [65]. Both ChR2 and NpHR (Natronomonas pharaonis Halorhodopsin) are being widely
employed in optogenetic studies since they could be functionally expressed without the addition of
exogenous cofactors [58].

All combined, opsins enable experimental manipulations tuned toward the desired physiologic
effect and kinetic properties of the light-dependent modulation. Over the last decade, the develop-
ment of light-sensitive proteins bioengineered to control neural activity increased considerably and is
continuously being improved [66]. Originally, these proteins mainly relied on activation by blue light,
like ChR2 with an action-spectrum peak around 460 nm [65]. Nowadays, the range of light-sensitive
proteins is wider with an absorption spectrum that covers much of the visible spectrum (400 nm
to 630 nm) [67]. Neural modulation efficiency will vary with the specific protein employed, since

they show different photocurrent characteristics. The level of protein expression, targeted cell type,
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Photostimulation approaches enable targeting selective celltype (highlighted with a red star) while electrical probes

trigger biological responses in the entire vicinity of stimulation focus.

required wavelength, optical power, and spatial extent of the light signal are also relevant variables
in photostimulation effectiveness [62, 67].

In 2005, the first published study described how a microbial opsin, a natural light-sensitive
ion-transporting membrane protein, could be expressed in neurons to make their electrical activity
influenced by light [68]. Over the last decade, optogenetics has seen a rapid rise in the number of

publications, therefore becoming a widespread research subject in neuroscience [69].

1.4 Requirements to develop an optrode

High-performance optical interfaces face various engineering and manufacturing challenges in order
to provide relevant clinical knowledge for neuroscience research. Table 1.1 summarizes the major
types of requirements these devices must comply with. Most optogenetic interfaces are combined
with traditional electrical recording so that optical stimulation can be simultaneously performed with
electrophysiology studies. The development of electro-optical microsystems is even more complex,
since the electrical performance of the optical probe has to be ensured. Indeed, most electrical
devices have shown to perform well in acute studies, but they tend to fail chronically since electrode
performance and properties vary over time. It is often not clear whether these variations are due to
changes in the tissue encapsulating the electrode, degradation of electrode materials, or whether
there is a change in the excitability or functional response of the neural tissue [70].

Considering the biological tissue response to implanted neural interfaces, there are performan-
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ce requirements to be envisaged by both electrical and optical probes. They need to minimize
tissue damage and displacement, ensuring reliable acute and chronic recordings as well as efficient
single neurons or cell circuit stimulation. The greatest challenge in obtaining consistent or stable
stimulation and recordings over time seems to be the biological response that the brain cells show
againstimplanted interfaces [71]. This phenomenon is a major concern, making the biocompatibility
of the implantable device one of the key features in the probe design. Yet, so far, no optogenetic
tool protects the intact architecture of the brain. Ideally, cells would respond to light delivered
at a distance, avoiding implantable solutions. In this perspective, Chuong et al. [72] proposed a
novel bioengineered opsin, Jaws, activated by red light (632 nm), which allows transcranial optical
inhibition of neurons and reaches deep tissue up to 3 mm, mitigating less invasive solutions in
optogenetics [72]. Nevertheless, by illuminating the entire volume of the brain, lateral accuracy of
stimulation is impaired.

Engineering design challenges include geometrical, mechanical, electrochemical, thermal,
and optical requirements for the development of functional neural probes. An optimal deep probe
design for acute and chronic recording and stimulation studies requires small cross-section dimensi-
ons that generates the least amount of tissue damage during insertion [24]. Current compact
human DBS devices are less than 1.5 mm wide [73]. Penetrating probes must also be structurally
robust in order to not buckle or break during implantation into tissue. This should be a major
issue in optrodes mounted on Si probes, due to the brittle nature of Si material. Nevertheless,
recent high-aspect ratio optrodes based on Si wafers have been reported with mechanical stability
during implantation [74, 75]. Other solutions include flexible deep and surface probes [76-79].
Although flexible structures decrease softness mismatch between the implant and the brain, they
need hard insertion shuttles to guide them toward the target area [77, 78]. Electrical recording sites
must provide low impedance magnitude (< 1 M{2) at 1 kHz (spike recording regime) and stable
impedance profile over implantation time [80].

The ability to deliver light into neural tissue with reliability and accuracy rises new demands
regarding probe fabrication. The major challenge for the current optogenetic-based interfaces
continues to be the effective light intensity delivered to engineered cells [81]. The emitted irradiance
threshold to stimulate in vitro culture cells expressing ChR2 is reported to be more than 1 mW.mm 2

[62, 68]. Coupling and propagation losses are crucial issues for light intensity efficiency in optrodes.
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Table 1.1: Summary of development requirements for an optrode microsystem.

Type of Requirement Description

* Provide stable and reliable clinical data in acute and chronic studies

¢ Electrical recording and optical stimulation of brain cells activity
Functional

¢ Minimize brain tissue damage and reaction against the implant

* Reliable transmission and acquisition of clinical data

Recording and stimulation mechanisms shall be activated for a selected task or protocol:
Operational * Recording sites shall transduce ionic currents into electrical currents

¢ Optical channels shall produce proper optical power to irradiate target cells and trigger a biological effect

* Minimize dimensions (width and thickness): < mm
* Maximize length: > mm (longer probes enable probing deeper neural structures)
¢ Minimize system weight: 4-6 g
¢ Be structurally robust, which do not buckle or break during insertion into tissue
* Include inert/biocompatible materials (minimize immune response to implanted devices)
Performance ¢ Low impedance material: < M2 at 1 kHz [80]
« Efficient light power delivery interface (optical stimulation): > 1 mW.mm=2 [68]
* Match wavelength with targeted opsin (e.g. ChR2-expressing neurons depolarize when exposed to 470 nm)
¢ Minimize light intensity losses (coupling, propagation and scattering)
¢ Minimize power consumption (wireless devices)

* Minimize overheating processes: Temperature varies < 2 °C [84]

¢ Brain tissue interaction: lonic and phonic currents
External interfaces
¢ Hardware: microdrives, data transmission (cables, telemetry, data loggers) and acquisition, computer

Coupling light losses are major concerns for optical fiber and waveguide-based devices, which
require external sources of light to be coupled to one end of the light channel. Due to their large
dimensions, manual coupling of laser diodes to smaller scale structures, amplifies misalignment
errors and consequently lowers light efficiency at stimulation site. A recent study employed a
compact injection laser diode (ILD) combined with alignment marks for ILD placement that showed
improvements in the total light efficiency of the device [82]. Refraction and scattering are also
phenomena affecting the efficiency of light delivered to tissue. In implantable devices, this issue is
reduced due to the proximity to target cells, while non-invasive solutions still have to struggle with it
due to the tissues that act as a block to light. Both refraction and scattering will be pronounced by
the encountering of several aqueous intracellular or extracellular layers, and by absorption of light by

hemoglobin and water, respectively. The attenuation of light intensity across the brain media further
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increases the stimulation focus toward a small group of neurons. A potential option for non-invasive
solutions might include higher wavelengths that are relatively amenable to deep tissue penetration.

Light intensity directly affects the volume of activated tissue, and therefore the efficacy of
neuromodulation. Accordingly, optrode systems are being optimized to deliver higher optical power,
so that the volume of neurons populations available for optical stimulation is maximized, and a
more efficient optogenetic interface is accomplished. Activation of a large area of the brain would
be optimized by employing multi-site optrodes rather than using a single optical site source to cover
the same volume. The multi-site approach provides more homogeneous distribution of light and
prevents gradients of light to happen, which causes a different extent of activation in the target
volume [67]. This phenomenon is a major concern in neural inhibition studies where uniform
light distribution is required to successfully silence neurons. Besides, multi-site optrodes aim
to increase power density around target areas in the brain, and subsequently maximize spatial
resolution of optical stimulation. This design approach can be accomplished by precisely arranging
the embedded light sources in order to minimize inter-optical site spacing, avoiding spatial aliasing
and still covering the entire area of interest [83].

Assessing thermal properties of optical sites under various conditions is also crucial, since
inadequate light power density or exposure time can cause cell damage from overheating. Rises in
temperature of approximately 2 °C have been used as threshold to prevent brain damage [84],
corresponding nowadays to the regulatory limit recommended by the American Association of
Medical Instrumentation (AAMI). By directly exposing light sources to tissue, pLED-based optrodes
could be easily affected by overheating, as light emitter converts energy into heat. However, Kim et
al. claims that if small dimensions pLEDs (50 x 50 zm?) are employed, a highly effective thermal
management is achieved, and the brain tissue itself operates as an efficient heat sink [77]. In fact,
previous studies using LED-optrodes measured local rises of temperature in vivo below 1 °C [85, 86].

Another issue shared by electrical and optical interfaces consists in stimulation artifacts (short-
duration and high-amplitude spikes), which can be observed in external recording methods, e.g.,
electroencephalography (EEG) [87] and electrocardiography (ECG) [88]. Artifacts can therefore
contaminate biosignals and preclude useful data from being acquired. Functional Magnetic Reso-
nance Imaging (fMRI) that is also a powerful imaging technology used to study brain responses

to different stimuli, can be affected by neural interfaces, limiting its compatibility with probes and

University of Minho 13



Chapter 1. Introduction

may also represent an unsafe procedure to patients [89]. Standard device implants, which include
various electronic and metallic parts, such as data acquisition signals, wires, screws, connectors,
etc., can cause severe degradation of magnetic resonance images due to differences in magnetic
susceptibility, which in turn leads to static field inhomogeneity and susceptibility to artifacts [90].
Attraction, deflection and displacement of implants, malfunction of electronically activated devices,
and heating or burn of devices and tissue are also possible risks associated with MRI and neural
implants. Nevertheless, strategies to promote compatibility with other technologies, such electromyo-
graphic setups [91], imaging techniques [90, 92, 93] and photochemical methods [94] are being
developed.

Optical interface design requirements should also include an efficient electronic communication
system, so that reliable signal transfer and data acquisition is accomplished, and animal mobility is
improved. Communication systems, relying on flexible lightweight cables and rotary joints, are being
replaced by untethered platforms, since they enable freely moving animals in chronic experiments

and support studies with a larger number of animals.

1.5 Motivation and objectives

Implantable neural probes have proved the huge social impact in the overall life quality of the
patients, with successfully implanted cochlear prosthetics, Parkinson's symptoms relief with DBS
technique, and more recently, promising results in human trials regarding artificial limb control
by tetraplegia patients [23]. Hence, these devices are becoming mature therapeutic solution in
clinical practice. The potential breakthroughs of neural devices have led to a major research
funding of neuroscience project around the world, e.g. the Brain Research Advancing Innovative
Neurotechnologies (BRAIN) Initiative, in USA, and the Human Brain project, in Europe.

In the interest of developing a new tool for deeper understanding of the human brain and
finding new treatments for brain disorders and diseases, this project research objective is to develop
a novel optrode microsystem, integrating commercially available LED chips into a deep-penetrating
Si probe. By employing optogenetics, this device is expected to demonstrate improved spatial
resolution (cell-type selectivity) and millisecond temporal precision. This device is also expected

to electrically record and simultaneous stimulate neural tissue using light pulses coming from a
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LED light source. As it will be explored in Chapter 2, LED optrodes have some key advantages
over traditional approaches: (i) they can be monolithically manufacture on the substrate or can
be transfer into probe body; (ii) do not require external light source; (i) minimize losses of the
emitted irradiance; (iv) individual addressable pLEDs enable different wavelengths, optical power,
and modulation bandwidth to trigger different photosensitive cells; and finally, (v) enable wireless
solutions.

The development of the proposed microsystem relies on two major categories:

¢ Establish a robust manufacturing technology, based on standard and low-cost semiconductor
technologies, for fabricating an implantable optrode with optical and electrical capability
stable in vivo. Blade dicing, photolithography and thin-film depositions are some of the

microtechnologies included for manufacturing of such challenging device.

¢ Perform in vitro and in vivo methodologies to validate the proposed device as a useful tool
in optogenetic studies. Mechanical, electrochemical, optical characterization techniques, as
well as electrophysiology studies, are the quantitative tests carried out to accomplish the

process validation.

1.6 Thesis Outline

The thesis outline proceeds as follows. Chapter 2 describes the state-of-the-art implantable optrode
solutions for mapping extracellular activity in the brain of animal models. Also, the optrode design
proposed for this work is presented. In chapter 3 the manufacturing and characterization technolo-
gies used for the project are described. Experimental results of the optrode prototypes are presented
in Chapter 4, which includes fabrication output and in vitro mechanical, electrochemical and optical
characterization of the device. Chapter 5 explores in vivo testing on mice brains using two different
probe solutions, comprising electrophysiology and optogenetic studies. The last chapter, Chapter
6, provides conclusions of this research and future directions for this work. In the Annex A is listed

the international journal publications that have resulted from this thesis.
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Chapter 2

Optrode Design

In this chapter will firstly be explored the current state-of-the-art for manufacturing an implantable
optrode microsystem. With the knowledge acquired through this literature review, it is detailed the

proposed microsystem of this thesis.

2.1 State-of-the-art optrodes

The requirement for light delivery in close proximity to the stimulus target can be achieved by one of
three methods. Light can be generated at some distance and then guided to the local position using
optical confinement with (1) optical fibers or (2) waveguides until the point of delivery. Alternatively,
light can be produced locally on a penetrating or otherwise implantable device incorporating a micro-

photonic element, e.g. a micro light emitting diode (1LED).

2.1.1 Optical fiber

Conventionally, the delivery of light into the brain to activate or silence opsin-expressing neurons
relies on the insertion of an optical fiber into the brain tissue. Fibers exhibit at one end the
photostimulation site, and at the opposite end it is attached or coupled to a light source. Commonly,
xenon lamps [1, 2] or LED [3-5], but mostly laser diodes [6-13] are used as light power sources.
The large use of lasers can be due to its high-light power output and narrowed wavelength selection.

Optical fiber-based devices have multiple designs, which are presented in Figure 2.1. One of
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Figure 2.1: State-of-the-art optical fiber optrode designs. (A) Optrodes comprising single fibers for optical stimulation
with: (a) no intrinsic recording (adapted from [1]); (b) single (adapted from [12]); and (c) multiple recording sites. Three
single fiber optrodes showing multiple electrode combinations: optical fiber coupled to (i) Si probe (adapted from [6]);
(i) MEA (adapted from [8]); (iii) tetrode bundles (adapted from [16]); and, (iv) tapered fibers (adapted from [17]).
(B) Combination of multiple optical fibers with (a) single (adapted from [9]) or (b) multiple electrodes (adapted from [18]).

the first approaches to promote photostimulation in an intact animal was performed by Aravanis
et al. [1], which employed, as the channel to deliver light to neural tissue, a single optical fiber
coupled to an external lamp as light source. In this design, the optical fiber is inserted with the help
of a cannula for spatial guidance mounted on the animal’s skull - Figure 2.1A(a). Later, Bernstein
et al. [14] reported the use of a multimode fiber for simultaneous activation and inhibition, using
blue and yellow light for genetically altered ChR2 and Halo/NpHR-expressing cells, respectively.
More recently, Bernstein et al. [5] proposed optrodes based on arrays of optical fibers. The array
design comprises more complex fabrication processes, including accurate fibers spatial distribution
structures and alignment platforms for individual fiber coupling to light sources. An example of a
3D fiber array optrode was reported by Schwaerzle et al. [15], in which a stiff Si housing is used
for the alignment of fibers that are coupled to a flexible substrate with integrated LEDs. Another
multifiber array was also reported by Chen et al. [10], comprising a pluggable optrode structure,
which takes advantage of a commercial mechanical transfer connector to facilitate fiber distribution
and coupling. Although they allow the study of a larger volume of neurons, array solutions inevitably
require higher complex designs and face more manufacturing challenges.

Informative data from an experimental setting are crucial, and therefore optrode designs
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quickly evolved to be coupled with an appropriate quantitative readout system. Indeed, optical sites
became concurrent with conventional electrical recording sites for simultaneous electrophysiology
studies. Over the years, several optrode designs have been proposed, employing either single
(Figure 2.1A(b)) or multiple recording sites (Figure 2.1A(c)).

The fabrication process of single recording sites conventionally includes thin-film deposition
of a metallic layer over the fiber body [2, 10, 12] or a metallic wire attached to the fiber [11, 19-
21], for electrophysiology recordings. These solutions that require illumination of metal electrodes
might result in photoelectric artifacts [12]. In the perspective of mitigating this phenomenon, glass-
based optrodes have been reported [11, 20, 22], which could prevent these undesired artifacts.
Additionally, Katz et al. [23] proposed the designing of a patch pipette holder containing an additional
port for the insertion of an optical fiber into the pipette (Optopatcher), allowing simultaneously
intracellular recordings (patch-clamp) with direct projection of light from the recording pipette.

In contrast, fiber optrode designs with multiple electrode sites consist in hybrid solutions,
relying on the integration of a single fiber unit into planar Si probes [4, 6, 13, 24], out-of-plane
MEAs [2, 8], or simply tetrodes [16], as illustrated in Figure 2.1 A(c)i - A(c)iii. With high density of
electrical recording sites, one is able to gather clinical data not only in the vicinity of photostimulation
focus but also simultaneously in other target neural circuits. For example, in the optrode-MEA
hybrid [8], the recording of extracellular neural activity occurs within an area of approximately 8 mm?
around the stimulation focus. The manufacturing process of the aforementioned designs may show
poor reproducibility, since manual coupling techniques are employed to attach the optical fiber to
shafts or MEA. Conversely, in the optrode-tetrode approach [16], both electrode wires and optical
fiber have a drive mechanism to ensure accurate guidance and alignment.

Another solution to produce multipoint optical sites consists in tapered fibers (Figure 2.1A(c)iv).
In contrast to most fiber optrodes reported that are restricted to a single photostimulation site per
fiber, Pisanello et al. [17] demonstrated the fabrication process of a tapered optical fiber device
with multipoint optical stimulation sites. In this approach, a combination of Focused lon Beam
(FIB) and Scanning Electron Microscope (SEM) systems perform milling processes over coating
layer of the fiber, resulting in the generation of multipoint optical sites used for mouse in vivo
stimulation. FIB technology is here used as a tool for maskless micromachining, which enables

a reproducible process with accurate geometric pits. This device does not include an intrinsic
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readout solution. Instead, the tapered fiber is coupled to a commercially available planar MEA that
performs extracellular recordings.

Fiber optrode designs also include multicore optical fibers [3] and clustering multiple single
core optical fibers, with single [9] or multiple recording sites [18, 25]. These solutions can be seen
in Figure 2.1B. The latter approach relies on the integration of optical fibers to metallic electrode
wires, while the other approach is obtained by simply using multimode fiber coupling with a light
power source. While enhancing light density in neurons, these designs present large dimensions
(> 400 pm) by combining several fibers. Consequently, coupling light sources to each core of
the optical fiber becomes a more complex process, decreasing its light power coupling efficiency.
Moreover, fiber-based optrodes integrating multiple recording sites rely on manual assembly proces-
ses between optical fiber and recording metal wires, which are later inserted into guiding tubes [18,
25]. Due to scaling issues, microassembly is a highly demanding process mainly because of its
complexity. As a result, this process has a low production yield and is time demanding. Manual
assembly could be improved by employing a high precision pick-and-place robot with micrometer
resolution to handle electrode wires. Another option for the inclusion of a readout system could be
a thin-film metal coating over the optical fiber surface, as reported by Ozden et al. [12].

To summarize, optrode solutions based on optical fiber optrodes have both advantages and
disadvantages. On one hand, fibers are able to reach deep neural structures by being long, flexible
and lightweight structures. In addition, optical fibers are easily acquired and require few fabrication
steps to produce a functional optrode. On the other hand, even though these tools ensure the
separation of resistive heat-generating elements from target tissue, a study by Stujenske et al. [26]
showed that high radiance light absorption from optic fiber emission can also cause localized tissue
heating. Fiber optrodes might also have the need to reduce fiber dimensions (usually 200 pm)
using mechanical stripping [5, 12, 21] or chemical etching processes [2, 6, 10], which aims to
remove the jacket layer around the cladding or simply to obtain a tapered profile at the end of
the fiber, smoothing tissue penetration during implantation time. Also, traditionally a fiber-based
optical system requires a light source with an external physical connection that might hinder wireless
solutions and compromise subjects’ natural movements and dynamics for freely moving animal
studies. In this context, Paralikar et al. [27] reported a fully hermetic, battery-powered fiber optrode

with wireless communication capability.
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2.1.2 Waveguide

As mentioned above, optical fibers present some constrains, such as the limitation of delivering
light to a single target within the three-dimensional structure of the brain, unless employing array
solutions. Thus, other approaches like using waveguide materials to deliver light to engineered
cells have been proposed. Similar to optical fibers, these structures guide optical waves by total
internal reflection. Waveguides are manufactured over the probe’s body, normally by using two
thin-film layers of distinctive refractive index materials, which results in a core-cladding system.
This manufacturing process enhances flexibility in the optrode design, and simultaneously enables
several optical stimulation sites along the probe.

Figure 2.2 shows different approaches to fabricate waveguide optrodes. Their design can
be divided into two major groups: deposition of waveguide thin-films over conventional Si probes
(Figure 2.2A) [7, 28-35]; and planar or out-of-plane optrodes that use waveguides as bulk material
(Figure 2.2B) [36—39]. Most waveguide designs exhibit electrical recording but vary significantly in
the number of shafts or in the number of photostimulation site per shaft.

Generally, the fabrication process of waveguides over Si probes includes standard microfa-
brication techniques, such as photolithography and chemical vapor deposition (CVD) techniques
to pattern photoresist materials or chemically deposit the desired material (e.g., oxynitride, silicon
oxynitride, silicon nitride, silicon dioxide, etc). SU-8, an epoxy-based negative photoresist, is the
most commonly core-waveguide material used for these designs [28, 29, 32-34, 40].

Similar to the optical fiber interfaces, some waveguide designs only provide a single stimulation
site per shaft [28, 30]. In order to increase the number of optical stimulation sites, multiple
waveguide probes (Figure 2.2A(b)) [29, 31, 32] and planar multi-shaft waveguide arrays were
proposed (Figure 2.2A(a)) for deep brain structures [7, 32, 33]. Another approach includes a
manufacturing process with a sacrificial Si substrate to achieve a flexible planar parylene-film multi-
waguide array for superficial neural applications [34]. Moreover, an alternative multimodality design
demonstrated a polymer-based neural probe integrated with SU-8 waveguide, microelectrodes and
a microfluidic channel [40].

Zorzos et al. [31] reported the fabrication process of a multiwaveguide probe capable of

delivering independently light to multiple targets along the probe axis (Figure 2.2A(b)i), thus enabling
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Figure 2.2: State-of-the-art waveguide optrode designs. (A) Waveguide layers coupled to conventional Si probes with
multiple electrodes. (a) Single (adapted from [33]) and (b) multiple photostimulation sites in (i) a single shaft (adapted

from [31]) and (ii) array (adapted from [7]). (B) Out-of-plane waveguides optrode (adapted from [39]).

targeting different brain layers. The final probe design with no recording capability comprised twelve
parallel silicon oxynitride (SION) rectangular waveguides (20 um wide and 9 pm thick) with a pitch
of 30 um. Later, a three-dimensional approach of this solution (Figure 2.2A(b)ii) was also presented
by fabricating waveguide combs (combination of several linear probes parallel to each other) aligned
in a custom-engineered baseplate [7]. In this fabrication process, position accuracy of the combs
and consequently the stimulation sites are directly dependent on the manual alignment, which could
hinder result reproducibility. Yet, this seems like a highly scalable solution.

In the multipoint optical site perspective, Segev et al. [41] reported the development of a
silicon nitride (SiN) waveguide-based array device, working in the visible range. This work is based
on the technique of Wavelength Division (de)-Multiplexing (WDM), where the waveguide array has
the ability to demultiplex the incoming light (one input) into its spectral components and guide the
target wavelength through each waveguide channel (several output channels). The small footprint
device (114 x 156 um? for 9 output channels at 473 nm) was recently integrated into Si probes
and validated in vivo [42]. Moreover, the waveguide array fabrication demonstrated here is fully
compatible with CMOS-photonics fabrication processes.

Figure 2.2B shows out-of-plane optrode designs using waveguides as bulk material. By applying
this concept, out-of-plane approaches present fabrication processes that vary between bulk material

dicing or abrasion [36-38] to photolithography (Figure 2.2B) [39]. Taking advantage of the extensive
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development of the UEA, it was demonstrated optical arrays suitable for optogenetics: the Utah
Optrode Array (UOA) [43] and the Utah Slant Optrode Array (USOA) [36, 37]. Both approaches
consit of arrays micromachined out of silicon dioxide (SiO5) and silica glass wafers, respectively. Also
based on the UEA fabrication methodology, Lee et al. [38] reported a 4 x 4 ZnO-based waveguide
array used in rodent experiments. Despite having lower density of optical sites than the USOA
approach, the ZnO-based device incorporates a simultaneous readout system. Kwon et al. [39]
also demonstrated a slanted SU-8 optrode array with multiple photostimulation and recording sites
able to reach neural circuits with different depths within a target area.

Compared with optical fiber optrodes, the probes that rely on waveguides present some key
advantages. First, the waveguide-based optrode can provide multi-stimulation sites along its axis
without significantly increasing the device dimensions [29, 31]. Second, the fabrication of multi-
waveguides per shaft does not directly represent an increase in fabrication complexity. Finally,
waveguide approaches allow more versatile design, since geometrical parameters such as thickness,
width, and spacing between waveguides can be lithographically defined. Therefore, reproducible
structures can be easily accomplished, enabling batch processes for waveguide optrode manufactu-
ring. Similar to fiber optrodes, waveguide-based solutions also require external optical sources to
promote photostimulation. Recent developments show integrated light sources allowing wireless
device solutions [15, 35].

Waveguide optrodes show a major constraint: manual attachment of an optical fiber to the
end of the waveguide. This process can be labor-intensive, time-consuming and inevitably result in
alignment inaccuracy. Coupling between optical fiber and waveguide on the pathway from a laser
source to the nerve cells contributes to light intensity losses in the tissue, which could compromise
the activation of engineered cells. However, efforts were reported to overcome this limitation by
fabricating a U-groove (set by optical fiber diameter) in the probe shafts to facilitate its alignment [28,
30, 33]. More recently, Kampasi et al. [35] reported a gradient-index (GRIN) lens system, which
serves as the optical coupling medium between waveguide and light source and enhances the device
optical efficiency (5.2-12%) while facilitating thermal dissipation at the back end of the device and
providing adequate thermal insulation to the tissue. Nevertheless, the GRIN-waveguide optrode still
presents stimulus-locked artifacts and is susceptible to angular misalignment errors between the

GRIN and waveguide junction.
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2.1.3 ,LED

Optical fiber and waveguide optrodes have been stimulating engineered neural cells by means of
lamps, lasers or LEDs, as external light sources. On the hand, one can directly stimulate brain
tissue by the implementation of LEDs onto probes. pLEDs are drawing attention due to their low-
power consumption and small sizes, which minimizes tissue damage and inflammation in chronic
applications.

Current uLED optrode designs (Figure 2.3) can be categorized by planar devices for surface
neural applications and by deep probes interfacing deeper brain structures. u-LEDs are either
(1) monolithical manufactured onto the device structure by deposition of gallium nitride (GaN) layers
on a substrate [44, 45], or (2) integrated in the probe by LED transfer techniques [46-49]. uLED
fabrication process includes an anode (p-contact), a cathode (n-contact) and multiple quantum well
(MQW) layers - see Figure 2.3A(b). GaN LEDs are the primary technology used in optrodes since
the light required for optogenetics is primarily blue (ChR2 opsin is activated at 470 nm) and must
also be high-irradiance. The emission spectrum of the LEDs depends on the indium concentration
and can be tuned from violet to amber [50]. Individual addressable emitters on an array require a
separated p-contact for each LED, but n-contact can be shared by all units [51].

One of the first designs consisted of a 16 x 16 array with individual addressable pLEDs, that
enabled selective activation of the emitting units [52]. This feature allowed driving individual LEDs
at different pulse width modulations, and thus enabled light intensity and brightness control. Also,
individual addressable devices allow operation at the required output-power density with a lower
voltage. This is crucial in applications where power consumption is a major factor, such as chronic
implantable devices. Grossman et al. [53], by employing the same design, improved the emitters
pitch to 50 um, enhancing spatial resolution of the device - Figure 2.3A(b).

More recently, using a single photostimulation site, Park et al. [54] reported a flexible device
(0.7 x 3.8 x 6 mm?) for in vivo applications with lightweight construction (16 mg), capable
of implantation into challenging anatomical shapes and subject’s natural motions. Despite its
straightforward planar geometric structure with silicone elastomer materials, the fabrication process
of this device includes flexible electronic technology for a stretchable radio frequency (RF) harvesting

unit, which receives and rectifies signals from a transmitter, as well as multiplies the voltages and

34 University of Minho



Chapter 2. Optrode Design
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Figure 2.3: State-ofthe-art u-LED optrode designs. (A) Planar probes for superficial applications with (a) single
(adapted from [54]) and (b) multiple of photostimulation sites (adapted from [53]). (B) Deep probes with multipoint
photostimulation comprising (a) single (adapted from [56]) and (b) multiple shafts (adapted from [44]).

routes the resulting direct-current output to the LED. Other approaches for cortex applications using
planar flexible devices based on arrays of uLEDs were proposed, reaching maximum stimulation
depths of 600 um [46]. Moreover, a high-density 4LED planar array (8100 pixels) was recently
reported for retinal prosthesis applications, demonstrating thermal stability and low-power consump-
tion, suitable for portable use [55].

Kim et al. [57] reported one of the first uLED optrode system that support deep brain tissue
studies. The optrode includes a single probe with four GaN pLEDs in an epoxy substrate. This
implantable multifunctional device (total thickness of 8.5 um) combines optical stimulation with
other sensors, such as electrical recording, temperature sensing and optical measurements. More
importantly, this device includes a wireless communication system, enabling behavioral control
over freely moving animals. Further development of this flexible design demonstrated a multimodal
solution with the integration in the same probe of a multiple optical sites with microfluidic channels
(Figure 2.3B(a)) [56]. As previously discussed, flexible devices need the support of hard platforms
to assist the piercing process during tissue implantation. In this study, the mechanical integrity
of the probe was ensured by treating brain’s surface with collagenase, which required low insertion
forces.

1LED Si optrodes comprehend both single or multi-shaft devices. A single-shaft optrode with
multi-site photostimulation capability was reported by McAlinden et al. [58, 59]. Figure 2.3B(b)
shows a four-shaft probe, each integrated with 4 p-LEDs and a total of 32 recording sites used
into hippocampal layers of freely moving mice [44]. However, manufacturing these optrode designs

require complex microfabrication techniques on the Si wafer: Deep Reactive lon Etching (DRIE) and
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wet etching processes to pattern substrate wafers; CVD, photolithography and lift-off techniques
for selective deposition of multilayer materials [58]. Despite established MEMS technologies, the
mentioned microfabrication techniques are complex with regard to parameters optimization.

The thin-film monolithical LED approach enables highly miniaturized light sources to be integra-
ted in the probes. However, they also have drawbacks. First, GaN-based LED-wafers (sapphire or Si)
techniques are expensive. Secondly, growing thin GaN layers on substrates offers limited substrate
choices. Third, each LED will have the same emission wavelength, thus limiting the flexibility of probe
design and application. On the other hand, the assembly process of the LED chip into a penetrating
may represent a hard task and yield challenges. Cao et al. [47] proposed a polyimide single-shaft
probe (12 mm long and 900 pum wide) integrating commercially available LED chip. The large
dimensions of the shaft are the result of using a high-footprint ZLED chip (1 x 0.6 x 0.2 mm?3),
which in this case is the determining factor in the whole shaft design. An interesting approach to
address high-footprint commercial LED chips is reported by Ayub et al. [60]. In that study, LED chips
are mounted on a thin polyimide-based substrate, stiffened using a micromachined ladder-like Si
structure. This approach avoids thicker probes by transfer LED chip to the surface of a stiff and
thick substrate. In these cases, wider probes are necessary to accommodate wide LED chips and
recording sites.

Considering these studies, advantages of using uLED optrodes to study neural circuits can be
summarized. First, they eliminate external light sources, directly delivering light to the tissue, which
minimizes light losses and simultaneously promote high power intensity stimulation. Secondly, to
have individual addressable pLEDs enable different wavelengths, optical power, and modulation
bandwidth to trigger different photosensitive cells. Finally, with this method one is able to multiplex
the electronic outputs leading to a small cable. Indeed, LED approaches show the potential to
accomplish a truly untethered solution, crucial for chronic implants. Nonetheless, since uLEDs are
the direct light source interface, a major concern consists in tissue damage due to overheating, and

thus understanding thermal effects of the using ©LEDs is important.
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2.2 Proposed /LED optrode microsystem

The proposed design in this research consists on an pLED optrode, due to the key advantages
shown in the previous section. Figure 2.4 shows a 3D optrode microsystem art-design comprising
multi-electrical and optical sites. This solution is a potential approach to meet the engineering
requirements previously identified. Multichannel electrical sites would enable recording and assess-
ment of brain networks at a multilayer scale, and individual addressable puLED per shaft could
provide multiple wavelengths at different optical sites. The objective of this research is to demonstrate
a multifunctional probe, thus only a single-shaft probe is presented for further integration in a 3D
probe array, as it can be seen in Figure 4.10. The single-shaft configuration could be assembled
into a close-packed array by the stacking method reported by Chang et al [61].

Our manufacturing approach to produce this microsystem consists on low-cost semiconductor
technologies, such as photolithography, thin-films deposition and blade dicing. The key advantages
of these technologies are: their simplicity, commonly used in the semiconductor industry; and, fast
processing time.

An optrode architecture includes optical, electrical, structural and hardware components: (i) a
light source is required to activate photosensitive proteins in neurons; (ii) electrical recording sites are
used for synchronized electrophysiology experiments; (iii) optical and electrical parts are assembled
on a rigid or flexible platform for fixation purposes; and, finally, (iv) data acquisition, transmission
and processing electronics can be external or monolithically coupled to the structural part of the

device. All the main components of the proposed microsystem are detailed in the next sections.

2.2.1 Active Sites

Our probe includes two major active sites: (1) multiple electrical recording points, and (2) one optical
stimulation site. The sites and interconnection lines and pads are accomplished by lithography and
thin-film deposition techniques detailed in Chapter 3.

The recording points will directly interface with neural tissue, so they can perform the transduc-
tion of the ionic currents into electric currents. At the electrode-electrolyte interface, the electrode
material requires: (1) biocompatible, (2) high resistance to corrosion, and (3) low constant impedan-

ce layers over the entire frequency range [62]. There have been reported several suitable metal-

University of Minho 37



Chapter 2. Optrode Design

Array Design Single-shaft Top View

Interconnection
pads

Silicon
substrate

Commercial
. LED
Interconnection

lines

microelectrodes

Figure 2.4: Design of the 3D optrode array concept (left), and detailed top view of a single-shaft probe with 10

patterned recording sites and a LED chip for electrical recording and optical stimulation, respectively.

Figure 2.5: Final single-probe optrode microsystem next to a one-cent coin, used as a reference.

based materials, which include titanium nitride (TiN) [63], iridium oxide (IrO,) [64-66], gold (Au) [67,
68], and platinum (Pt) [69, 70]. More recently, has grown the interest in using conducting polymers
for neural recording and stimulation electrodes, like the poly(ethylene dioxythiophene) (PEDOT) [70-
72]. In this work it was chosen Pt thin-films to interact with neural tissue, since it meets all the
requirements to be used as a neural electrode and can be deposited using traditional thin-films
techniques.

A commercial blue-light LED chip (ELC-470-37 [73], Roithner LaserTechnik GmbH) with dimen-
sions of 280x310x85 um? is used as the light source, which delivers light to photosensitive

engineered brain cells, so they can express the intended biological effect.
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2.2.2 Substrate

As microtechnology developed, a wide variety of materials were explored for use as probes substrate,
including Si, metals, glass, sapphire, and polymers [74]. Nevertheless, Si neural probes are still the
most popular approach for developing new shaft designs in research community and also consists
on the majority of solutions available in the industry.

Micromachined Si is the primary solution used in MEMS fabrication, due to the legacy of
microelectronics and the resulting microfabrication equipment developed to fabricate microelectro-
nics [75]. Moreover, it is compatible with Complementary Metal-Oxide Semiconductor (CMQOS)
processes and has key mechanical properties [76], such as: Low density: 2.33 x 10% Kg.m™3;
High degree of elasticity (Young's Modulus): 166 GPa, when subject to stress concentrations, as it is
in this case, where stress is concentrated in the geometrical discontinuity caused by the reduction in
cross-section area [77]; High degree of hardness: 11 GPa; High fracture resistance: 0.1-0.5 GPa;
and, no residual stress.

In this work, the active sites are patterned over micromachined n-type [100] 525 pm/1 um
thick Si/silicon dioxide (SiO5) wafers. The wafers are shaped into needle-profile shafts that serve
a structural function. The shaping process is carried out by blade dicing technology, which will be
explained in Chapter 3. The chosen Si doping and crystal orientation ensures the maximum shaft
robustness after the cuts. The final Si device must be small enough to avoid damage in the neural
tissue, but also strong enough to penetrate brain first membrane, the dura mater layer. Sharpening
process of the tips is performed in order to smooth electrodes implantation procedure into brain

tissue.

2.2.3 Encapsulation

The encapsulation layer serves a twofold purpose: (i) acts as an electrical insulator for the active
sites, and (ii) ensures that a biocompatible or inert material is interfacing with the neural tissue. As
previously discussed, an ineffective encapsulation layer over time can be the reason for the device
failure in vivo [62]. As the device is inserted into the brain, neurons and glial cells are inevitably
dislocated and damaged, creating an acute inflammatory response to the foreign body [78]. To

minimize the inflammatory response, probes fabricated using non-biocompatible materials, such
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as Si, need to be passivated with a biocompatible layer.

The biocompatible passivation materials reported comprehend polymers, metals and ceramics
[79]. Parylene-C [80, 81] and polydimethylsiloxane (PDMS) [54, 82] are two widely polymers for
encapsulation in Si neural probes. Biocompatible dielectric thin-films such as titanium oxide (TiO),
silicon nitride (SiN) and alumina (Al;03) [83-85] are alternative passivation materials over polymers.
The main advantage of using thin-film materials is the prospect to fabricate thinner insulation layers
using traditional deposition techniques. In this work, we use SiN thin-films, a widely choice as

protective layer in Si probes [86].

2.2.4 Packaging

After manufacturing, the LED chip and recording sites pads of the optrode need to be connected
to external hardware so the neural signals are extracted and processed. Firstly, the device is fixed
to a Printed Circuit Board (PCB) using cyanoacrylate, and its contact pads are packaged by Al wire-
bonding. Then, the PCB is coupled to an 18-pin connector (A79014-001 [87], Omnetics) to ensure
external connectivity for all the recording sites. External connection for the LED chip is made with

welded wires to PCB.
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Chapter 3

Microfabrication and Testing

In this chapter is presented the microfabrication technologies used for the development process of
the proposed optrode system. Moreover, in vitro validation techniques are explained. The setups and
parameters used during the manufacturing and characterization measurements are also detailed

here.

3.1 Manufacturing Technologies

3.1.1 Blade Dicing

Blade dicing is a purely mechanical process widely used in the separation of Si wafers into individual
chips/devices both in semiconductor and micro-electro-mechanical systems (MEMS) technologies [1,
2]. In the optrode manufacturing process, blade dicing has twofold purpose: (i) cut Si wafers into
rectangular profile samples where fabrication process is made, and (ii) shape final single-shaft
probes. The final shafts play a structural role, granting mechanical robustness to the final device.
The aim is to fabricate long shaft probes (8 mm) that enable reaching deep and hard accessible
neural brain structures.

All the cuts were performed in a dicing saw machine, model DAD-2H/6T (DISCO Corporation)
- Figure 3.1. Dicing saw equipment uses saw blades, at a constant rotational speed (3.000 rpm)
to perform cuts on the substrate. The cuts were performed using Z09 blade (DISCO Z09 SD2000
Y1 120 60 x 0.25A3 x 40 x 60E V), suitable for Si wafer dicing [3]. It is important to note that
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blade datasheet specifies a theoretical thickness of 250 pm, but the presence of synthetic diamond
particles in one the blade sides results in experimental cuts with a thickness of approximately
400 pm. This value is important since it defines minimum space between two consecutive cuts.
Cut speed was maintained to the minimum (0.3 mm.s™!), due to the fragile nature of the designs
being produced.

The cutting process includes setting up various parameters. Table 3.1 shows the list of
parameters and the respective function. Two preparation steps are required for cutting: 1) Calibration
of the blade height (Z-axis level), measured from a reference level (surface of the chuck table — see
Figure 3.1b). This is accomplished by promoting electrical contact between the blade edge and the
chuck surface. Z-axis calibration determines when Z = 0 and sets the maximum cut depth of the
blade; 2) Substrate must be properly fixed to the chuck, avoiding misalignment issues. Si wafers
rest on an adhesive layer, which is vacuum-fixed to the chuck through vacuum pits. After substrate
immobilization, they are placed and aligned using a double lens microscope, equipped with two
15 W lamps.

After the preparation steps, cutting parameters can be defined: 1) Cutting speed, which

(b)

Spim

Blade holder
z

Figure 3.1: Blade cutting setup. (a) Photo of the dicing saw equipment. (b) Saw blade setup. (c) Blade mounting

surface, and (d) photo of Z09 blade used in the cutting steps. Zoom images were performed with a LeicaM807™

stereo microscope.
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Table 3.1: Parameters and respective function for a cutting program.

Parameter Function
Cutting speed Determines how fast samples are diced
Y-axis step Defines distance between two cuts
Z-axis step Defines the depth of cuts
X-axis step Defines length of the cuts
Blade thickness | Minimum space between two cuts. Experimental values of
blade thickness usually exceed theoretical value.

determines how fast samples are pressed against the saw blade; 2) Y-axis step, which determines
the distance between two cuts; 3) Z-axis step, which determines the depth of cut; and, 4) X-axis
step, which sets its length. The combination of these parameters represents a unique cutting
program. The cutting programs are performed automatically, changing parameters depending on
the fabrication step. After finishing each sequence of steps, the program repeats itself until the
entire wafer is diced.

A substantial amount of heat within the blade is created during the dicing process, and thus
a suitable cooling method (deionized water jet) is used to keep the blade at low temperature and
ensure that the wheel does not lose its structural integrity. The use of deionized water ensures that
substrate is free of ionic contamination. After dicing, a nitrogen spray gun can be used to dry off

samples and chuck.

3.1.2 Photolithography

Photolithography is a standard method used in semiconductors industry and its objective is to
transfer geometric patterns to a film or substrate. There are multiple steps within this process in

order to get to the final geometry into the wafer [4]:

1. Clean the wafer. This step serves to remove impurities from the wafer surface and enhances

adhesion to substrate.

2. Deposition of a photoresist (PR) layer, applied by a spin coating method in order to be evenly
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Figure 3.2: (a) Transfer of a pattern to a photosensitive (PR) material. Using a positive photoresist (+PR), the developer
solution removes the material exposed to the UV light, while a negative photoresist (-PR) the process is the opposite.

(b) Pattern transfer from patterned PR to underlying layer by etching (top) or lift-off technique (bottom).

thick throughout the entire wafer surface. There are two type of PR: positive and negative.
With a positive PR (+PR), the mask contains an exact copy of the pattern which is to remain
on the wafer and negative resists (-PR) behaves exactly opposite of this, i.e., the negative
resist will contain an inverse of the pattern to be transferred. Figure 3.2(a) illustrates the

different PR mechanisms.

3. Soft baking process. This step serves to remove all the solvents from the photoresist coating

and to make the photoresist layers become photosensitive.

4. Mask alignment and ultra-violet (UV) exposure. In this step, the pattern that needs to be
transferred onto the wafer is deposited in an opaque mask. The opacity part will work
differently depending if one is working with a +PR or -PR. Once the mask is in contact with
the wafer and has been properly aligned, the PR is exposed through the pattern with a high
intensity UV light.

5. Post exposure bake and development phases. In the first step, the PR is stabilized and
hardened, and also the adhesion of the PR to the wafer surface is improved. With a +PR, the

development phase serves to remove the exposed PR layer.

6. Finally, the PR stripping step. The patterns at this point was transferred and then the PR

must be stripped after the imaged wafer is processed.

The patterning transfer process can be done in two different ways: etching and lift-off — see
Figure 3.2b. In an etching process, the material is already deposited on the substrate and the PR

forms a protective layer to the etchant. It is known as a subtractive process. On the other hand,
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Samples

Sample

Photomask 4 T p
Developer solution

Figure 3.3: Laboratory equipment used in the photolithography processes of the optrode fabrication. (a) Spin-coater;
(b) Hotplate (Praitherm PZ23-2, Harry Gestigkeit GmbH); (c) Mask aligner (Karl SUSS MUB3) that allows all-axis control

and wavelength exposure of 365 nm or 405 nm; and (d) Hotplate and magnetic stirrer for the developing phase.

lift-off process is an additive technique. Here, the PR forms a mold, into which the desired material
is deposited. The desired features are completed when the PR under unwanted areas is dissolved,
and unwanted material is lifted off [5]. In this work, we use lift-off processes to pattern the recording
sites, LED pads, and interconnection lines and pads.

The minimum feature size (resolution) that can be obtained with this technique has been
improving with the years. It depends on the focusing of the optical source and the interaction with
photoresist, i. e., exposure dose and time [6]. In this work, the minimum line width and pitch was
20 pm. Figure 3.3 shows the equipment used for all photolithographic processes during optrode

manufacturing.

3.1.3 Physical Vapor Deposition

The fabrication of important components of the microsystem requires a number of the deposition
made by physical vapor deposition (PVD) technology. PVD describes deposition methods under
vacuum conditions to produce thin-films (ranging from few nanometers to thousands of nanometers)
and coating layers. In contrast with CVD, physical techniques do not require chemical reactions to

occur to deposit a material. A key advantage of PVD is that almost any type of inorganic material
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Figure 3.4: PVD process illustration. (a) E-beam and (b) magnetron sputtering thin-film deposition under vacuum

conditions. (c) Deposition chamber used for thin-film depositions during optrode fabrication process.

can be used as well as some kinds of organic materials [7].

In this work, the optrode active sites, i.e, recordings sites, interconnection lines and pads
are manufactured by the deposition of metallic thin-films (Ti/Al/Pt) over Si/SiOy wafers. Also,
encapsulation phase is accomplished by deposit a coating layer of SiN over the optrode. Ti and Al
thin-films are deposited by e-beam technique. Pt and SiN films are deposited by direct current (DC)

and radio frequency (RF) sputtering, respectively.

Electron-beam technique
Electron-beam (e-beam) is a form of PVD in which a target anode mounted on crucible is bombarded
with an electron beam under vacuum conditions (Figure 3.4a). The e-beam is generated from a
metallic filament and steered via electric and magnetic fields to strike the target surface. The energy
of the e-beam is transferred to the target surface, heating it and causing its atoms to vaporize. The
vaporized atoms then travel and precipitate into a solid form, coating the entire surface of the
substrate. Generally, the substrates are placed at an appreciable distance away from the target to
reduce the radiant heating of the substrate by the target. Average working distances between target
and surface are 300 mm to 1 m [8].

E-beam technique has several advantages: (i) permits direct transfer of energy to the target
during heating, and therefore becomes very efficient in depositing pure evaporated material to
substrate; (ii) offers high coating uniformity and precise layer monitoring; (iii) material utilization
efficiency is high relative to other methods; (iv) the process offers structural and morphological

control of films; and (v) has a large range of deposition rates (it can be as low as 1 nm/min to
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as high as few p/min). Due to high deposition rates, e-beam has potential for several industrial

applications, e.g. electronic and optical films for semiconductor industry [9].

Sputtering technique
Sputtering deposition is a non-thermal process and the atoms are physically ejected from the target
onto to the substrate. This effect is caused by momentum transfer from an atomic-sized energetic
bombarding particle, usually a gaseous ion, accelerated from a plasma (Figure 4.5b). These
particles are often from an inert gas such as argon (Ar) [8]. The basic sputtering setup includes an
anode (substrate) and a cathode (target) within a vacuum system. By applying voltage between the
anode and the cathode, and with the appropriate gas pressure, plasma is generated in the region
close to the cathode surface. lonization of the gas results in free electrons and their respective ion
pairs, whereby an electrically neutral plasma is formed. The ions are rapidly accelerated towards
the cathode (negatively charged), causing the target to be sputtered. From this sputtering results the
release of atoms and secondary electrons from the target. The secondary electrons are accelerated
off the cathode, colliding against atoms, forming new ions. The atoms migrate to the substrate
where they are deposited and finally form a layer of a thin-film [8].

Sputtering processes can be implemented with DC or alternating current (AC) using RF. The
first is frequently used when the target material is a good electrical conductor, such as metals.
RF sputtering uses AC at high frequencies (13.56 MHz) and differs from DC deposition because
it avoids charge accumulations on the target surface by alternating ions and electrons production
according to RF cycle. Thus, RF sputtering enables deposition of insulation materials (e.g. SiN).
A magnetron can also be used in a sputtering deposition. In this case, the cathode is mounted
over magnets that are used to create a static magnetic field on the target surface. The secondary
electrons that are emitted from the bombardment of the target ions, are maintained in the proximity
of the cathode, by the action of the magnetic field. This cause the ionization of the molecules of the
gas, which generates a higher-density plasma and thus higher sputtering rates. The atoms removed
from the target (electrically neutral) are not affected by the generated magnetic field [8].

Sputtering is extensively used in the semiconductor industry to deposit thin films of various
materials in integrated circuit processing [9]. Compared to evaporation techniques (e.g. e-beam),

sputtering allows better film uniformity, especially in regions with steps or grooves. Also, another
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important advantage of sputtering is that even materials with very high melting points are easily

sputtered while evaporation of these materials is difficult [9].

3.2 Packaging

After the optrode fabrication process is completed, the active sites must be connected to external
hardware. The packaging process of this microsystem implements essentially wirebonding technique.

This will ensure electrical connection between the optrode device and a PCB.

3.2.1 Wirebonding

Wirebonding is a process that provides electrical connection between two components, normally
between an integrated circuit chip and its package. The interconnection is formed by a thin metal
wire, which is mechanically and electrically connected to the chip and the package using a wirebon-
ding tool. The wire used in this technique is usually made of Au or Al [10].

There are two common wirebonding processes: ball bonding and wedge bonding. For the
optrodes wirebonding process, it was employed wedge bonding technique. This bonding process
uses ultrasonic energy and pressure to create the bond between the wire and the bond pad.
Generally, Al wire is the most predominant wire used, since it enables the process to occur with low
or even room temperature, whereas when Au wire is used, temperature go up to 150 °C. Figure 3.5
illustrates the wedge bonding process. Initially the bond wedge moves the wire towards the bond
pad. After the contact with the bond pad, adequate amounts of pressure and ultrasonic forces are
applied to the wire for a specific amount of time, forming the initial metallurgical weld between the

wire and the bond pad (first bond). Regardless of the temperature, the wedge process deforms the

Bond
wedge
Wire
Force &
), Clamp l Ultrasonics

=) 1%t bond =) ' = 2™ pona =

%

Force &
Ultrasonics

Figure 3.5: Wedge bonding process illustration: the wire is wedge-bonded to a metal pad, and after generating a

specific loop shape of the wire, it is stitch bonded to the second bond pad (adapted from [10]).
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Capillary

Figure 3.6: Wirebonding machine used for the optrode fabrication process.

wire into a flat elongated shape of a wedge. The wire is then run to the corresponding package
location, forming a gradual arc or "loop” between the bond pad and the destination. Pressure and
ultrasonic forces are applied to the wire to form the second bond. The wirebonding machine breaks
the wire in preparation for the next wirebonding cycle by clamping the wire and raising the capillary.
Unlike ball bonding, the first bond for a wedge bond does not have a ball, which is why this wire
bonding process is called wedge-wedge bonding. The absence of the ball on the first bond gives
wedge bonding an advantage for much finer pitch applications of 40 pm or less.

In this work, the interconnection pads patterned in the backside of the Si probe are connected
to the metallic pads of a PCB using Al wires. Figure 3.6 shows the wirebonder (1204W, Mech-El
Industries Inc., USA) used in this phase.

The optrode device is physically and electrically connected to a PCB, whose layout is shown in
Figure 3.7a. PCB layout consists of a double metallayer with thirteen output connections: ten for

the recording sites; two for the LED; and one for ground (GND). This layout was carried out using

Altium software. Figure 3.7b shows a photo of the final PCB.

Oo6

() (b)

= Recording sites
output
connections

LED output

connections . Top
layer

Backside . Bottom

optrode layer
space

Figure 3.7: (a) PCB layout and (b) photo connected to the optrode microsystem.
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3.3 Invitro Characterization Technologies

As previously discussed in section 1.4, optrode devices must meet a number of requirements to
be a safe and useful tool for brain mapping and modulation. The characterization process is an
essential step for any device. Although there are sophisticated simulation tools used to predict
complex multiple behavior (mechanical, optical, thermal, etc.), there will be always a disparity
between the performance of a device as predicted in theory and as observed in practice. The
fabrication equipment and materials perform non-ideally, and thus it is important to understand
how well a device performs under specific conditions. In this section, it is described the testing

methods used to validate in vitro the proposed microsystem.

3.3.1 Mechanical tests

Probes mechanical robustness is essential to prevent that they break during insertion and withdrawal
into brain tissue. Thus, implantation and extraction tests were performed in different mediums and
at different speeds. Besides assessing probe integrity after this process, the force required to
implant and extract the probe was also measured under different conditions. Finally, it was also
performed longitudinal and axial compressive tests to quantify maximum load supported by the
probes.

Figure 3.8 shows the setup arrangement for all mechanical tests. All tests were carried on a
Shimadzu AG-IS dynamometer equipped with a 10 N &= 1% load cell (Shimadzu AG-IS, SLBL-10N).
The load cell holds the probe and moves it towards a specific target. During implantation, the probe
is lowered to the point of piercing the medium, whereas in the extraction the probe goes in the
opposite direction until it stops touching the medium (Figure 3.8a). Measurements were made in
two different substrates: 0.6% agar gel and calf cadaver brains. The use of 0.6% agar gel as a
brain phantom was previously reported [11, 12]. Brain samples were preserved 12 hours at 5° C.
Trials were carried out at room temperature. For both mediums, three different speeds were used:
50 mm.min~!, 120 mm.min~! and 180 mm.min—!. Different speeds aim to study the impact of
this variables on the maximum implantation and extraction load magnitude.

Compressive strength tests assess the capacity of a material/device withstand loads. Here,

probe shafts are subjected to compressive stress, buckling until they fracture. Theoretical maximum
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Figure 3.8: lllustration of the setup used for mechanical tests on the optrode. (a) Implantation and extraction tests

Implantation
direction
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on a certain medium. (b) Longitudinal and (c) Axial compression strength failure tests, where probe moves towards a

hard block until it breaks.

load can also be obtained by the Euler equation 3.1:

2
Po = % (3.1)
P.. is the longitudinal compression load on the sample, E' is the Young's modulus of shaft
material, A is the minimum area cross-section of a rectangular area: ¢ and w is the shaft thickness
and width, respectively. & is the effective length factor, L is the shaft length, and r is the radius

of gyration of a square cross-section, given by the equation 3.2. I is the moment of inertia of a

I,—, w3t w
= — — _— = — 32
Te=y V A 12wt V12 (3:2)

For longitudinal compression tests (Figure 3.8b), Si shafts are fixed perpendicularly to the

rectangular area.

dynamometer Al block surface, while in axial compression test (Figure 3.8c), shafts are positioned
horizontally to the Al support. In both tests, the device moves towards the aluminum block, at a

1

constant rate of 50 mm.min~", until it breaks.

3.3.2 Electrochemical tests

The amplitude of action potentials can be quite large, more than 500 wV, but is more typically on
the order of 100 pV [13]. Low-amplitude signals are quite sensitive to noise. Although the majority

of the noise signal encountered in single-unit recording arises from the multitude of undifferentiated
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Figure 3.9: EIS three-electrode configuration measurement setup. In this configuration a fixed voltage is applied to

the working electrode and the output current is read, and converted to a voltage signal by the transimpedance amplifier.

background action potentials (neural noise), the electrode impedance also affects the recording
signals quality [14]. Therefore, higher impedance electrodes are expected to have lower signal-to-
noise ratios (SNR) [13].

Electrochemical impedance spectroscopy (EIS) involves measuring the electrical impedance
and phase angle obtained with sinusoidal voltage or current excitation of the electrode. EIS spectra
are probably the most valuable in assessing the recording capabilities of electrodes and, because
the voltage excursions at the electrode are small, may also be a useful and benign method for
the in vivo assessment of an electrode [15]. Recording electrodes are typically characterized by
their impedance at 1 kHz (firing rate of neurons), which is quite variable, ranging in vivo from
approximately 50 k2 to 1 M) [13]. The phase angle describes how capacitive or resistive the
interface is. Low capacitance is desirable for neural recording since it will provide an overall lower
electrode impedance [15].

EIS was used to characterize the impedance of the Pt recording sites of fabricated optrodes.
The impedance measurements were performed in a potentiostat using a standard three-electrode
configuration, as shown in Figure 3.9, immersed in a 0.9% saline solution at room temperature.

The electrode-electrolyte interface can be modeled by an electrical equivalent circuit, as shown

in Figure 3.10. Signals at the surface of the electrical active site (V;,) generate currents (I) that

62 University of Minho



Chapter 3. Microfabrication and Testing

Re
Rs '\l’\f'\r Rm —(‘:s
—ANA— A -
Vsig n L
Il Vin —Za)
Ce
—D——‘Vrec
Amplifier

Figure 3.10: Equivalent circuit of an electrode-electrolyte interface (adapted from [16]).

flow to ground through the electrical recording site within the probe, and effective amplifier circuit,
creating the potential (V;,,) at the input of the amplifier before being recorded (V;...) [16]. Equivalent
circuit includes: R, electrolyte resistance; R,, leakage resistance, which models the flow of the
charge carriers crossing the electric double layer; C., electrode-electrolyte interface capacitance;

R,,, electrode resistance; C, shunt capacitance to ground; Z,, input impedance of the amplifier.

Lifetime Testing

Most implantable probes are used (and intended) for acute (few hours) in vivo applications, as they
perform inconsistently in chronic applications [17]. This poses a significant barrier to adopt this
technology into clinical practice. The challenge to chronically record neural signals is the lifespan of
the interface in use. The use of in vivo methods to assess the reliability of the interface is not only
expensive but highly time-consuming. As an alternative, high temperatures are used to accelerate
failure mechanisms [18]. The Eyring equation describes the temperature effect and is written in
terms of a reaction rate K [19] - equation 3.3.

kT
K =k
h

e AT (3.3)

where k is the transmission coefficient (assumed as 1, k=1), kg is the Boltzmann's constant,
h is the Planck’s constant, R is the ideal gas constant, T is the absolute temperature in kelvin
and A A7 is the activation energy. To calculate the activation energy, the mean lifetime equation is
related to the reaction rate [19] - equation 3.4.

1
Lifet: = — 3.4
1fetime I (3.4)
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Lifetime is estimated by the mean time to failure (MTTF) on a per-interconnect basis at elevated

temperature. Using this correlation, the activation energy is given by equation 3.5:

h

AAL = —RTn  rTR )

(3.9)

MTTF is estimated experimentally by measuring magnitude impedance of the probe recording
sites over time at a constant elevated temperature (80° C), until failure occurs. The accelerated
lifetime tests employ the same setup shown in Figure 3.9, using 1x phosphate buffer solution (PBS)
as electrolyte with pH of 7.5. PBS is a saline buffer solution similar in composition to cerebrospinal

fluid [20].

3.3.3 Optical tests

Optical measurements served to ensure enough optical power is delivered to the neural tissue.
Besides light intensity, it is important to ensure the light source presented the adequate wavelength,
since the engineered neurons expressing opsins are only activated when light is delivered at target
wavelength with a minimum of optical power.

Two major tests were performed with optrode light source (LED): peak wavelength ()\,) mea-
surement and optical power test. An illustration of the setups used for these tests is shown in
Figure 3.11. All tests were carried out in a controlled light ambient, in order to keep at a minimum
the influence of the light outside the LED.

The first test serves to specify the color of the LED used, i.e., the maximum point of the
spectral curve. A spectral curve shows the intensity of light recorded for a range of wavelengths. In
addition to the A, with the spectral curves, it is also possible to obtain the LED main wavelength
(A) and dominant wavelength (M\;). A, is the main point of the spectral curve, and it is identical with
Ap in the case of a symmetrical spectral curve. A4 is a measure of the hue perceived by the human
eye. The peak wavelength test uses a monochromator that gives a precise determination of the
emission spectrum. The specified amount of light emitted by the LED is focused through an optical
system onto the inlet window of the monochromator. The part of the light (which is not absorbed)
arrives at a calibrated detector, whereby external and reflected light must be carefully screened. The

peak wavelength is obtained by tuning the monochromator until the meter indicates a maximum
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Figure 3.11: lllustration of the setup used for optical tests on the optrode. (a) Peak wavelength and (b) optical power

measurements.

value [21]. The current values are obtained by a photodetector coupled to the monochomator outlet.

The optical power is decisive for characterization of any light source, as it corresponds most
closely to the final application of the component [21]. It is measured in the direction of the
mechanical axis of the LED with a small measuring angle. In this configuration, the LED is positioned
in front of the suitable photodetec- tor, which is connected to a power meter. Coupled to the
photodetector is a 1 mm-diameter pinhole that aims to limit the active photodetector area of detection,

and thus obtaining LED optical current in A.mm~2.

Optical power (P) value (in mW.mm™2) is
obtained by the equation 3.6, where I is the current produced by the photodiode (in A.mm~2) and

R (in A/W) is the photodiode responsivity at a specific wavelength.

P, = — (3.6)
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Chapter 4

Experimental Results

This chapter presents the fabrication and in vitro characterization experimental results of the optrode
microsystem. All manufacturing steps are detailed and discussed here, resulting in an optrode 8 mm
long and 600 p«m wide with a sharp tip. Active components of this device include 10 recording sites
and one LED chip for electrical recording and optical stimulation, respectively. Electrochemical,

optical and mechanical testing results of the device is also addressed in this chapter.

4.1 Manufacturing results

Figure 4.1 summarizes the manufacturing process of the proposed single-shaft device. As discussed
in the previous chapter, the optrode fabrication process combines several microtechnologies, such
as dicing blade, photolithography and PVD processes. All photos and measurements were performed
with a Leica M80”™ stereo microscope and Leica LAS™™ software.

Initially, Si wafers are diced into 75 x 30 mm? wafers using a dicing machine (DAD-2H/6T,
Disco), as illustrated in Figure 4.2. This individualization aims to facilitate fabrication steps further
ahead. The chosen Si doping and crystal orientation ensures the maximum shaft robustness after
the dicing step that defines shafts outline. As illustrated in Figure 4.1a, Si samples are coated with
a thin layer (1 pm) of SiO, that ensures electrical insulation between patterned components. Next,
Si samples are cleaned with acetone on a 20 min ultrasonic bath, then rinsed with deionized (DI)

water and heated at 110 °C during 20 min for dehydration. The cleaning step promotes a better
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Figure 4.1: Cross-section view of the optrode fabrication process flow (not to scale).

adhesion of the substrate surface in the next fabrication steps.

After cleaning, it follows a lithographic step (Figure 4.1b to f) to pattern the recording sites,
LED pads and interconnection lines. This phase starts by spin-coating a 7 um thick layer of -PR
(AZ nLOF 2070, MicroChemicals GmbH) that is an image reversal resist (Figure 4.1b). Then, the
samples are exposed to UV light (Figure 4.1c), using the lithographic mask shown in Figure 4.3a.
Next, the samples are immersed in developer (AZ 726 MIF, MicroChemicals GmbH) to dissolve
the unexposed PR (Figure 4.1d). Figure 4.4 shows SEM images (NanoSEM, FEI Nova 200) of the
patterning and the developing phases using the reversal PR.

Next, it is performed a metalization step of Ti/Al/Pt (15 nm/200 nm/60 nm) over the samples
(Figure 4.1e). Thin-film deposition parameters are shown in Table 4.1 and the setup in Figure 4.5.
Ti layer serves as an adhesion layer between SiO, surface and the above metallic thinfilm. Al

layer provides high currents to the LED, and therefore, increases light power delivered to target
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Figure 4.2: (a) lllustration of the individualization dicing step of Si/SiO wafers into 75 x 30 mm? samples. (b) Dicing

result.
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Figure 4.3: Lithographic masks used during fabrication process of the optrode. (a) Interconnection lines, recording
sites, and pads for the LED; (b) Connection pads to external electronics (top) and exposure of the recording sites areas

and LED contact pads (bottom).

cells. Finally, Pt thinfilm, which is only exposed to neural tissue in the recording sites areas
(50 x 50 um?), aims to transduce ionic current into electrical currents and acquire the biosignals.
The samples are then immersed in a stripper solution (TechniStrip NI555, MicroChemicals GmbH),
removing PR from the wafer. At this phase of the fabrication process, the recording sites, LED pads,

interconnection lines and external connection pads of the device are patterned (Figure 4.1f).
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Figure 4.4: SEM images of the first lithographic step using AZ nLOF 2070 -PR. (a) Top view of the interconnection

lines for the recording sites. Lines are ~ 20 um wide and spaced by ~ 20 um. (b) Cross-section of post-developing

PR, showing its undercut profile.

The following step is another photolithographic process that consists on the deposition of a

20 pm thick +PR layer (AZ 4562, MicroChemicals GmbH) by spin-coating (Figure 4.1g). This phase

has a twofold purpose: (i) to protect the samples against Si dust during the next dicing phase, and

(i) pattern the encapsulation layer of the optrode.

This cutting phase is done to get the desired probe profile (Figure 4.1h).

The cuts are

performed using the same dicing machine. Figure 4.6 shows the schematic of the dicing process

Table 4.1: Parameters of the thin-films deposition to manufacture the optrode microsystem.

Parameters Unit Ti Al Pt SiN
Technology E-beam E-beam DC sputtering RF sputtering
Target Ti Al Pt Si
Thickness nm 15 200 60 400
Pressure mbar | 4.3x107¢ 53x107%  6x1073 6x1073
Gas injection | sccm - - 40 (Ar) 7 (Ar) and 13 (N»)
Power W 350 700 100 150

Rate A/s 0.8 23 3.4 0.3
Temperature | °C 98 68 80 60
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L'ﬁ. Sample

Figure 4.5: Setup used for the metalization step of Ti/Al/Pt (15 nm/200 nm/60 nm) thin-films.

to define the shaft profile: =~ 8 mm long, ~ 600 um wide and a sharp tip. While shaft width is
set exclusively by Y-axis step (600 um), its length is accomplished by altering: (1) X-axis range of
the blade, and (2) sample alignment on chuck table. During cuts in X-axis, the blade is expected to
cover the distance correspondent to X-axis step value. As the equipment restricts X-axis value to a
minimum of 24 mm, using a range value inferior to its limits will inevitably result in a 24 mm long cut
- Figure 4.6. Thus, depending on the desired shaft length, substrate might be aligned differently in
the chuck surface. Here, the wafer is aligned by midline of the chuck and define X-step to 24 mm,
which results on 12 mm long shafts (Figure 4.6, Top view). Alignments left from midline allow
increasing shaft length, while right alignments would decrease it. It is important to note that long
cuts in X-axis direction result in lengths 4 mm shorter than intended, i.e., 12 mm cuts in substrate
produce shafts as long as 8 mm. This phenomenon is shown in cross-section view of Figure 4.6.

The explanation for this occurrence is due to round geometry of the blade, which by the end of the

vaccumpits Top view Cross-section view
alignment

4 e
lines

Ystep
blade
[ ) 12 mm
cut direction (x) [ ] Removed material

>
>

Figure 4.6: Schematic of the dicing process in the chuck (left), and top (middle) and cross-section (right) view detailing

the cutting plan to produce the shafts profile.
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Table 4.2: Experimental cutting parameters for single-shaft devices 8 mm long. Square brackets represent sequential

Y-axis steps repeated during cutting program.

Cut Parameter Unit Value

Blade thickness pm 80

Cut Thickness m 150

Cut speed mm.s~! 0.3

Z-axis step mm 0 (chuck surface)
X-axis step mm 24

Y-axis step (shaft width) Sm ([7 x 1501, 600, [8 x 150])

(a) 5th sth (b)

(=]
6th 7th

Figure 4.7: Dicing cuts sequence to produce shaft profile. (a) Schematic drawing. (b) Photo of the dicing result.

cut cannot completely remove the diced substrate.

The cutting program has most of its parameters with fixed values, while Y-axis steps include
several steps - see Table 4.2. Y-axis blade movements consist on several different stages, as
illustrated in the schematic of Figure 4.7a. Four cuts (1%, 27¢, 5" and 8!") serve to detach most
Si parts from the samples. Sharp tip is accomplished with the 3¢ and 4" cuts by rotating the chuck
surface and align the sample by the tip alignment mark (see Figure 4.3a) previously patterned to
facilitate this specific dicing step. Finally, the shaft width is defined by a set of cuts: initially, seven
150 pm-wide cuts remove excess of Si, followed by a 600 pm-wide step that determines shaft
width. Then, eight more 150 pum wide-cuts remove excess of Si on the other side of the shaft. In
Figure 4.7b is presented the result of the cuts sequence for the dicing step that outline optrode
shafts.

After the last dicing step, the samples are exposed to UV light (Figure 4.1i), using the mask

shown in Figure 4.3b. It follows a cleaning step with DI water, and the PR is removed with developer
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Figure 4.8: Fabrication result of the optrode without LED. (a) Overview photo of the encapsulated Si shaft with
patterned (b) 50 x 50 um? recording sites and LED pads (100 x 100 ;:m?) with a sharp tip (45 ° opening angle).

(c) Zoomed image with the recording sites and LED pads. (d) External connection pads. (e) Interconnection lines.

(AZ 351B, MicroChemicals GmbH), exposing only the desired passivation area (Figure 4.1j). A
deposition of 400 nm thick layer of SiN as the insulation material was performed by RF sputtering
(Figure 4.1k). Deposition parameters for SiN layer are shown in Table 4.1. Then, it followed the
removal of the PR layer with acetone, exposing the recording sites, LED pads and pads for external
connection (Figure 4.11). Figure 4.8 shows the result of the fabrication process without LED coupling.
At this point, recording sites, LED pads, interconnection lines, external connection pads and device
encapsulation are completed.

The final phase to produce the optrode consists on coupling the commercial blue-light LED chip
(ELC-470-37, Roithner LaserTechnik GmbH) into the optrode shaft. This process is accomplished
by manual transferring the chip into the patterned pads using sharp tweezers. The chip pads are
welded at 230 °C with solder paste (EM90Q7, Kester) dropped on the LED contact pads. LED is
coated with a thin layer of a biocompatible transparent glue (PERMABOND 102), in order to protect
it against wet conditions. Figure 4.9 shows the LED coupling process and result into the optrode

shaft.
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Figure 4.9: LED coupling into the optrode shaft. (a) Setup includes a microscope used for guidance as the LED chip
is manually placed into LED contact pads. The hotplate is used to heat the optrode shaft and to weld the solder paste.
(b) Optrode shaft holder that avoids probe movements during the process. (c) Dimension measurements of a LED chip

encapsulation and pads; (d) LED chip coupling result.

Figure 4.10: (a) Final optrode with 10 patterned recording sites and one commercial LED chip coupled to its shaft.
LED is ON with a driving current of (b) 0.3 mA and (c) 20 mA. Higher driving current generates higher optical power
and brightness.

76 University of Minho



Chapter 4. Experimental Results

Figure 4.11: Optrode packaging results. (a) Setup and (b) results from Al wire-bonding of the optrode to the designed
PCB.

The final optrode is presented in Figure 4.10 with 10 recording sites and one LED chip in
an 8 mm long and 600 pm wide shaft, with a thick layer of SiN as insulation material. After
manufacturing, the optrode is fixed to a PCB using cyanoacrylate, and its contact pads are packaged
by Al wire-bonding. Figure 4.11 shows the setup and results for wire-bonding the probe to the PCB. Al
wires are protected with glue resin dropped over the area. The PCB provides connection for external
hardware for the LED chip and it is also coupled to an 18-pin connector (A79014-001, Omnetics) to

ensure external connectivity for recording sites.

4.2 Fabrication discussion

The fabrication methodology based on lithography, thin-film depositions and blade dicing successfully
accomplished an optrode design with the proposed features: 10 recording sites for electrical recording
of neural activity, and integration of one commercial LED chip for optical stimulation of the surrounding
tissue.

Microfabrication results are shown in Figure 4.8 and Figure 4.10. Geometrical features of Si
optrodes resulted in =~ 8 mm long, ~ 600 xm wide and 525 um thick shafts. Maximize the length
of penetrating interfaces is important so the device is capable of reaching deeper neural structures
than current designs [1]. 8 mm long probes can reach almost any deep region of a mouse brain [2].

However, for rodents’ applications, the probe cross-section must still be optimized to reduce tissue
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damage. Here it was demonstrated a single LED-based probe concept, whose dimensions are
mainly limited by the dimensions of the commercial LED chip.

By using blade cutting technology to produce the single-shaft probes some level of chipping
might occur at the edge of Si shafts. As a brittle material, microcracks and chipping might be created
within Si wafers during mechanical processing [3]. These phenomena influence final device quality
and can be reduce by optimizing cutting parameters such as: feed speed, spindle speed, cutting
depth, saw street pattern and blade characteristics (diamond grit size, exposure, and thickness) [4].
The manufacturing process presented here kept to the minimum the feed and spindle speed:
0.3 mm.s~! and 3.000 rpm, respectively. The cutting depth is imposed by the thickness of the
wafer, as final samples need to be detached from it. The choice of blade was optimized for dicing
Si wafers. Nevertheless, blades wear can enhance edge chipping and explain the residual chipping
sometimes observed in the final devices.

Shafts geometrical profile results in 4 mm excess of Si in the opposite site of its tip (see
cross-section view of Figure 4.6). This excess could be easily removed by adding an etching step
in the fabrication process. Nevertheless, due to high length of the shafts and depending on the
requirement depth of application to implant the probe, this etching step may not be necessary.

Another important geometrical characteristic of the probe is its tip shape. Here, Si probe
shafts present sharpened tips (opening angle 45°) — see Figure 4.8b. Sharp tips on these devices
have been reported to result in lower implantation forces, and thus lowering tissue damage [5-7].

Currently, high-density probes include more than 1000 channels [8-10], which advantageously
span wider tissue areas and allow unprecedented opportunities for extracellular electrophysiology
studies. On the other hand, they suffer higher signal attenuations by noise and crosstalk wiring.
Conversely to these high-density designs, the proposed approach includes also optical stimulation
functionality, and not only recording capability as those reports. In this sense, Kim et al. [11]
demonstrated a successful multi-functional optrode that includes only a single 400 ;zm? Pt recording
site.

As previously discussed, u-LEDs are either (1) monolithical manufactured onto the device
structure by deposition of GaN layers on a substrate [1, 12], or (2) integrated in the probe by
LED transfer techniques [13-16]. Here, it was used the latter approach due to employment of a

commercial LED chip. While the first approach has the disadvantage of offering limited substrate
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choices, manual assembly of LED to substrate represents a harder task and might have yield
challenges. On the other hand, the use of different wavelength LED chip for simultaneous activation
and inhibition of engineered tissue is possible with commercial chip coupling approach. Further
developments to our probe could include monolithically manufacture LEDs onto the probe, as
demonstrated by other studies [1, 17], ultimately leading to probe cross-section reduction. An
interesting approach to address high-footprint commercial LED chips is reported by Ayub et al. [18].
In that study, LED chips are mounted on a thin polyimide-based substrate, stiffened using a microma-
chined ladder-like Si structure. This approach avoids thicker probes by transfer LED chip to the
surface of a stiff and thick substrate. Although minimizing probes cross-section is a preferable
feature, with our approach wider probes are necessary to accommodate wide LED chips and
recording sites.

Passivation layer on RTD is a required step with a twofold goal: (1) electrical insulation, and
(2) avoid electrical stimulation of neurons in its vicinity. Indeed, current as low as 10 1A have been

reported to promote microstimulation of neurons as far as 4 mm away [19].

4.3 Mechanical results

The fabricated devices were mechanically tested to prove their robustness. It was measured the
critical load shaft withstand into axial and longitudinal directions before breaking. Also, the force
needed during implantation and withdrawal in 0.6% agar gel and calf cadaver brain mediums at
different speeds was obtained.

Figure 4.12 shows the setup arrangement for the compressive strength failure tests (n = 3)
and the results using 8 mm long shafts. For longitudinal compression tests, shafts are fixed
perpendicularly to the Al block surface (Figure 4.12a), while in axial compression test (Figure 4.12b),
shafts are parallel to it. In the first case, the shaft moves towards the Al block, and in the second,

L until it breaks.

probe support is lower towards the probe, at a constant rate of 50 mm.min~

Results demonstrate that shafts withstand high longitudinal and axial loads before they fracture.
Single-shaft 8 mm long devices break after undergoing longitudinal and axial loads of an

average of 35.48 +0.93 N and 0.54 +0.06 N, respectively — Figure 4.12c and d. Longitudinal

theoretical critical force was calculated using Equation 3.1. Si Young’'s modulus (£) is 166 GPa,
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Figure 4.12: Experimental setup used for the compressive strength failure tests on the optrode: (a) Longitudinal and

(b) axial tests. Plot with (c) longitudinal and (d) axial results.

when subjected to stress concentrations [20]. In this case, stress is concentrated in the geometrical
discontinuity caused by the reduction in cross-section area of the shaft. k accounts for the end
conditions of the shaft. As it can be seen in the setup photos, shaft fixation to load cell does not
allow rotation but it can occur some translation. On the other shaft’s end, rotation and translation
are fixed, resulting in k = 2. This results in a theoretical maximum compressive load of 39.30 N.
Thus, the measured critical load magnitude shows an error of only 10% compared to theoretical
value.

The maximum insertion and extraction forces during implantation and extraction were also
measured using two different mediums: 0.6% agar gel (n = 20) and calf cadaver brain (n = 20).
Figure 4.13 shows the setup arrangement for testing both mediums: shafts were fixed to the dynamo-
meter perpendicular to medium surface, moving towards it at a certain speed. After the shaft
fully penetrates the medium, it stops for a few seconds before starting extraction tests. For both
mediums, three different speeds were used: 50 mm.min~—! (n = 20), 120 mm.min—! (n = 10) and
180 mm.min~! (n = 10).

Implantation and extraction tests (Figure 4.13c to e) reveal quick increase of the force for the
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Figure 4.13: Experimental setup photo used in mechanical tests on (a) 0.6% agar gel, and (b) calf cadaver brain.

1

Average displacement vs force plots for implantation and extraction trials at (c) 50 mm.min—%, (d) 120 mm.min—! and

(e) 180 mm.min—t,

initial insertion phase, as the shaft is subject to medium resistance. At this point, the shaft reaches
its peak force (moment A), until its tip pierces gel or brain surface. After implantation, the load
required to penetrate the substrate is quickly reduced (moment B). At the time of shaft extraction,
an increase in the required load (moment C, absolute value) is achieved until a complete detachment

between the shaft and the tested medium happens (load stabilizes =0 N).

(b) 100
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Figure 4.14: (a) Brain dimpling during an implantation test without dura removal. (b) Average displacement vs force

plot for implantation tests at 50 mm.min—".

The average forces require to implant and extract the shaft of the optrode device are presented

in Table 4.3. Implantation required load to pierce the 0.6% agar gel and calf brain tissue was around
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Table 4.3: Average load required for implantation and extraction trials of the devices into agar gel and brain tissue

mediums, at different speeds.

Speed Unit Implantation load Extraction load
0.6% Agar Calf Brain 0.6% Agar Calf Brain
50 mm.min~! | mN | 2904 0.32 12.444+323|2464+0.01 557 £ 112
120 mm.min~! | mN | 4.07 £0.45 14.00 £5.17 | 278 = 0.26 7.28 4- 0.63
180 mm.min~! | mN | 4534+£0.13 16494 5.07 | 3.30 £0.01 9.31 £ 1.03

3.83 mN and 14.31 mN, respectively, for all speeds. During shafts extraction, the required force
was 2.85 mN and 7.39 mN for agar and brain, respectively, for all speeds. In tests performed with
calf brains, dura mater layer was removed for load measurements. Attempts of shafts implantation
with dura layer (n = 5) showed significant brain tissue dimpling, hindering shaft penetration into the
medium. This phenomenon is shown in Figure 4.14a, where tissue penetration required 80.46 =+

7.08 mN to occur (Figure 4.14b).

4.4 Electrochemical results

EIS measurements were used to characterize the impedance of the 50 x 50 um? Pt recording sites
of optrode devices. The setup used for these tests is shown in Figure 4.15. Measurements were
performed in a Gamry system (Gamry Instruments, Reference 6007™), using a standard three-
electrode configuration (Figure 4.15a): 40x40x0.25 mm? Pt foil as counter electrode, Ag|AgCl
as reference electrode, and 0.9% NaCl solution as electrolyte at room temperature. Impedance
was measured for frequencies from 100 Hz to 1 MHz at a constant 10 mV AC voltage. In this
setup, all microelectrodes were connected to the ground (except the one being tested) to prevent
capacitive coupling between them. Figure 4.15b presents the average impedance values (n = 10)
of 400.80 £20.32 k(2 and capacitive phase angle (n = 10) of 68.86 & 2.96°, at 1 kHz.

Device lifetime test requires performing EIS measurements when the probe is soaked in a
heated electrolyte. The setup used was practically the same as presented in Figure 4.15a, with the
exception that for these tests, electrolyte was PBS and its container was heated to 80 °C. Impedance

values were recorded every 24 h until failure occurs. Failure was defined as a substantial change in
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Figure 4.15: (a) Experimental setup used for electrochemical tests on the optrode. (b) Bode diagram for the

50 x 50 umz Pt recording sites of optrode device.
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Figure 4.16: Average recording sites impedance at 1 kHz in function of soak time at 80 °C.

impedance at 1 kHz (> 1MHz), indicating an open circuit due to conductor fracturing/dissolution.

Figure 4.16 shows the impedance results of 10 recording sites of probes (n = 5) over time. After
72 h soaked in the heated saline solution, the average impedance of the recording sites increased
from about 200 k(2 to above 1.3 MS). Therefore, the MTTF considered was 48 h, as it was the
last experimental results with the impedance under 1 MS2. Using the Equation 3.5 at 7" = 80°C,
the activation energy (AAf) was calculated. The lifetime at physiological temperature (37 °C)
was estimated using Equation 4.1. Table 4.4 summarizes the parameters used to calculate the

accelerated lifetime testing, which results in a physiological lifetime is approximately two years.

Lifetime (T = 37°C) = k;hTeRT (4.1)
B
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Table 4.4: Accelerated lifetime testing parameters and result.

Parameter Value
MTTF 48 h
Soak temperature 353.15 K
Physiological temperature 310.15 K
AA%L 123 kJ.mol !
Lifetime 2.02 years

4.5 Optical results

Optical measurements aim to prove that optrode device provides enough light intensity to the
tissue at the expected wavelength. Figure 4.17a shows the setup used to measure LED peak
wavelength. For this measurement, optrodes are aligned with the monochromator (74125, Newport)
inlet. Connected to the monochromator is a photodiode detector (71675, Newport) that records the
current generated for a range of wavelengths (350-550 nm). The LED peak wavelength is the one
that emits the highest current. Figure 4.17¢ shows that LEDs peak wavelength is 467 nm (n = 3).
This value is confirmed by the LED chip datasheet. LEDs employed in the devices are commercial
chip and its datasheet reports a peak wavelength from 467 nm to 473 nm.

LED light power was measured using a photodiode sensor (FDS100-CAL, Thorlabs), coupled
to a 1 mm diameter pinhole (P1000D, Thorlabs). Connected to the photodiode is a power meter
(1918-R, Newport) that records the current generated by the LED. Figure 4.17b shows the setup
used to measure LED light intensity. From Equation 3.6 and the photodiode responsivity (}) at
467 nm (0.14 A/W), the LED optical power was calculated. Figure 4.17d shows the result of the
light intensity emitted by the LED chips as a function of its driven current. At its maximum forward

current (20 mA), LED chips are capable of delivering 1.2 mW.mm~2 intensity of light.

4.6 Characterization discussion

Mechanical tests comprehending compression strength tests, implantation and extraction forces

were presented. Si 8 mm long shafts demonstrated to be more robust when longitudinal loads are
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Figure 4.17: Experimental setup used for optical tests on the optrode. (a) Peak wavelength and (b) optical power
measurements apparatus. (c) LED chip normalized light intensity as a function of the wavelength. (d) Optical power vs

LED driven current graph.

applied than with axial forces. This presents as an advantageous feature, since longitudinal forces
are the ones playing a key role while implanting devices into the brain [21]. This phenomenon
is particularly relevant for long-shafts devices, where small cross-section combined with enhanced
length inevitably result in more frail devices.

Average implantation and extraction forces differ from medium, speed applied and test perfor-
med, as shown in Table 4.3. Implantation tests consistently required higher forces than with
extraction. In average, piercing the agar medium with the probes takes more 25% effort than
to extract it, whilst in the brain, implantation forces are 50% higher than extraction. Average
implantation and extraction forces for both mediums are in the magnitude of tens of mN (2.9 nM to
16.49 mN). Those values are consistent with those reported in literature for Si shafts [5, 7, 22]. As

expected, extraction forces have consistently lower magnitudes, as they only represent drag forces
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between the device and the surrounding material.

For both mediums, higher speeds averagely required higher implantation and extraction forces.
Although this is true for most cases, implantation tests in brain tissue presents high standard
deviation values, which makes it difficult to reach a correlation between the increased speed and
load. Nonetheless, low insertion speeds are expected to result in lower required forces, as they
generate less vibration and better accommodation of the implant to the tissue [22].

For all tests, brain tissue trials required higher forces to penetrate and remove the shafts
compared to agar gel medium: = 70% and ~ 60% higher forces for implanting and removing the
probes, respectively. A possible explanation for this difference between mediums could be due to
heterogeneous structure of the brain, which could difficult shaft movement and considerably affect
tissue deformation. This suggests that the shaft robustness is dependent on medium composition.
Moreover, probe implantation with dura layer represents an increase of more than 85% in the load
needed to pierce the brain. Therefore, dura mater layer must be removed before probe implantation.

Other reported long-shaft designs prove not be able to withstand the forces exerted by the
neural tissue during implantation, eventually breaking [21]. In this work, mechanical characterization
demonstrated overall robust high-length shaft probes. In both the agar gel and brain tissue, none
of the tested samples showed any sign of shaft breakage during and after trials.

Electrochemical results for the fabricated 50 x 50 pm? sputtered Pt recording sites show
impedance magnitudes below MS2. These values are reported to be suitable for electrophysiology
studies [23]. With a negative phase angle, Pt recording sites show capacitive behavior. This feature
is more relevant for recording sites that are also used for neural stimulation. With this technique,
charges are applied to the surface of the electrode and constant reduction and oxidation reactions
take place at the electrode-electrolyte interface. Charge-injection can be based on capacitive or
faradaic currents, depending on the electrode material. The last is more desirable because, in
principle, no chemical species are created or consumed during a stimulation pulse [24].

Accelerated lifetime testing aims to be a preliminary study to assess probes reliability for
chronic recording experiments. By increasing recording environment temperature, the failure mecha-
nism is accelerated [25]. Results show an estimated physiological lifetime up to two years. Since
the most common implant duration in a mouse brain is several weeks [26], the fabricated interface

could be a promising tool for reliable chronic in vivo neural recordings.

86 University of Minho



Photostimulation capability of an optrode device is validated by measuring the power intensity
of the light source at a specific wavelength. Reported minimum light intensity to promote a biological
effect in engineered cells is 1 mW.mm™2 [27]. At 467 nm (peak wavelength), LED chip used in the

2 which suggests that the fabricated optrode is capable

optrode showed a result of 1.2 mW.mm™
of photostimulation cells engineered with a blue-light sensitive opsin.

Although LED chip transferring technique presents several advantages previously discussed,
a major drawback is the impossibility of increasing the optical power, once it reaches the maximum
driven current of the LED chip. In this case, the LED chip allows to forward a continuously current of
20 mA. A possible solution consists on using a photostimulation protocol with discrete light pulses
that would enable to increase light intensity at specific times.

By directly exposing light sources to tissue, LED-based optrodes could be easily affected by
overheating around the stimulation focus area, as light emitter converts energy into heat [28]. Rises
in temperature of approximately 2 °C have been used as threshold to prevent brain damage [29],
corresponding nowadays to the regulatory limit recommended by the AAMI. This temperature refe-
rence may vary depending on different species, animal age and brain activity state [29, 30]. In
this regard, McAlinden et al. [31] and, more recently, Dong et al. [32] measured the heating profile
of LEDs using thermal cameras. McAlinden et al. [31] measured the temperature rise profile of
40 pm-diameter GaN LEDS and reported a maximum temperature rise of 1.5 °C over 100 ms light
pulse. Dong et al. [32] demonstrated temperature variation over pulsed and continuous illumination
regime, using the same forward current (20 mA) and a similar area (240 x 320 pm?) LEDs as
the emitter proposed in this work (305 x 338 pm?). Their results show a maximum temperature
rise of 2 °C for 350 ms pulse light train and 3 °C for continuous irradiance over 15 min. This data
suggests that the proposed optrode might safely provide photostimulation using discrete light train
protocols.

Moreover, an important feature to consider is the activation area of photostimulation that the
optrode can provide. Although it was not measured in this work, a good estimation is presented
by Dong et al. [32] that measured a 400 um penetration depth (depth that can be attained while
still presenting the optical power of 1 mW.mm™2) for a Lambertian emitter. The LED chip used for
the fabricated optrode is an ideal diffuse radiator, suggesting that light can reach up to a depth of

400 pm into neural tissue.
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Chapter 5

Acute In Vivo Studies

In this chapter in vivo recording and optical stimulation studies are presented using different probes
solutions. For the extracellular electrophysiology recordings, it was used high-density close-packed
probes developed at the Massachusetts Institute of Technology (MIT). For photostimulation experi-
ments, a commercial tetrode bundle was employed. The apparatus, results and analysis pipeline
are detailed in the next sections. The electrophysiology experiments were performed in Boyden
Lab (headed by Edward Boyden), the Synthetic Neurobiology Group, at MIT (Boston, USA), and
the optogenetic study was done in Costa Lab (headed by Rui Costa) at Champalimaud Foundation

(Lisbon, PT).

5.1 Extracellular electrophysiology recordings using close-

packed probes

5.1.1 Probe design and preparation

Two types of probes were used in the extracellular recording experiments, both showing high-density
and close-packed recording sites, fabricated in a hybrid lithography process. Recording sites that
are closely packed, such as in tetrodes, enable spatial oversampling of neural activity, which means
recording the activity of a single neuron from multiple points in space. Such spatial oversampling

helps greatly with data analysis (the "spike sorting” problem), in which recorded electrical events
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Close-packed
recording sites

10 um

Figure 5.1: (a) Close-packed recording sites on the Si shaft. (b) SEM of the tip of a recording shaft with two columns

of 100 rows each. (c) Top-down view SEM of a four-column Au electrodes probe [2].
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Figure 5.2: (a) Most recent close-packed design probe. Tilted FIB views detailing critical structures of the probe:

(b) Ti/Au recording site overview, and (c) electrically insulated metal wiring (Al/Ti).

are attributed to individual neurons [1].

Figure 5.1 and 5.2 show the two probes used for the in vivo recordings. The manufacturing
process of the probe shown in Figure 5.1 is described elsewhere [2], while the probe shown in
Figure 5.2 is still under development and not published yet. The manufacturing process, in both
cases, results in a single-shaft probe with a dense array of recording sites (up to 256 channels per
shaft), organized differently on the shaft.

Figure 5.1a shows a top view image of the 256-electrodes probe. All microscope images were

taken with a 5X-50X LED Binocular Compound microscope (AmScope, USA). Au recording sites are
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(b) Probe — — »

Au wire

Figure 5.3: (a) Setup used for Au wirebonding the probes to PCB. (b) Photo of a final and packaged device mounted

in a PCB and with black epoxy encapsulation.

arranged in four columns by sixty-four rows, at the shaft tip, and distributed along its axis, spanning
1-1.5 mm. Electrodes dimensions are 9 x 9 um? with a pitch of 11 zm, visible as the light squares
in SEM images (Orion NanoFab Helium lon Microscope, Zeiss, USA) of Figure 5.1b and c. Probes
length is between 4 and 5 mm and are 15 pm thick. Insulated metal interconnection lines run along
the length of the shank, visible as dark lines flanking the rows of light squares. The tip shaft has a
width of =50 um in the region shown in Figure 5.1b. Shaft width increases along its length up to
200 pm so it can accommodate all the interconnection lines. The center columns are connected
by wiring running in-between the outer pads, and all columns are then collected and routed along
the two sides. The direction toward the shank tip is indicated by the yellow arrow in Figure 5.1c.

Figure 5.2a presents the most recent single-shaft probe design with 128 recording sites. In
terms of design, the main differences of this probe compared to the probe shown in Figure 5.1
are (i) the recording points distribution on the shaft and (ii) uniform and reduced width (=70 pm).
The recording sites are connected to submicron dimension dual wiring layer that runs under the
recording sites, as it shows in transversal FIB images (Helios Nanolab 600 Dual Beam Focused lon
Beam Milling System, ThermoFisher Scientific, USA) in Figures 5.2b and c. The dual-metal layer
allows to reduce the overall width of the probe. FIB images were used to assess surface structures,
as well as their topology. These images are also important to debug possible defects introduced
during the probe fabrication.

After fabrication, probes are connected to a PCB and are wirebonded with Au wire (1204W,
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Probes -
immersed

-Probe holder
controlled by motor

A —

SRR F\?fpla_lte -

Figure 5.4: Cleaning probes setup.

Mech-El Industries Inc., USA). Figure 5.3a shows the wirebonding setup and the result of probe
packaging (Figure 5.3b). A layer of black epoxy encapsulates and protects wirebonding connections.

Prior to the recordings and in order to removed possible organic materials, probes are cleaned
by immersion in base piranha solution (5:1:1 DI water, 30% hydrogen peroxide (H,05) and 30%
ammonium hydroxide (NH,OH)) for 10 min, at 70°, and then rinsed with DI water. This step is
carried out in a chemical hood, using the proper personal protection equipment. Figure 5.4 shows
the setup used for the probes cleaning protocol.

A standard step to improve the quality of recorded biosignals is to perform EIS measurements
and ensure a suitable impedance of recording sites [3]. In the case of these probes, due to the small
area of the electrodes (81 m?), impedance values were consistently over 1 MS), and a strategy
was needed to reduce it. Changing the surface properties of a recording site to improve its electrical
characteristics is a common practice [4, 5]. PEDOT coatings for neural stimulation and recording
electrodes have been widely reported [6]. PEDOT is an electrically conducting polymer (ECP) that,
like iridium oxide, exhibits both electronic and ionic conductivity. PEDOT has emerged as the most
promising of the ECPs, and it can drastically decrease recording site impedance, which in turn is
hypothesized to reduce thermal noise and signal loss through shunt pathways [7].

PEDOT was coated over Au recording sites by electrodeposition. In this process, there is anion
doping of PEDQT, which is necessary to obtain the high electronic conductivity required for low-
impedance recording or for charge-injection. PEDOT solution was obtained by mixing the monomer

3,4-Ethylenedioxythiophene (EDOT, 483028, Sigma-Aldrich) and Poly(sodium 4-styrenesulfonate)
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Figure 5.5: (a) Schematic of electroplating setup. (b) Results showing Au recording sites surface before and after

plating with PEDQT.
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Figure 5.6: (a) EIS and plating setup using Willow system. (b) EIS measurement setup. (c) Impedance magnitude

results of a 256-channel probe, before and after electrodeposition of PEDOT over the Au recording sites.

solution (PSS, 527483, Sigma-Aldrich) with DI water. PSS is used as the dopant, which is incorpora-
ted into the polymer during the electropolymerization process [8-10]. PSS is physically entrained
in the EDOT solution and forms a charge-transfer complex that results in oxidation of the PEDOT
and consequent high electronic conductivity. EDOT:PSS combination, here referred as PEDOT,
was reported to retain approximately 90% of the original electrochemical properties after long-term
implantation [11].

The setup and concept of electrodeposition of PEDOT in Au recoding sites of close-packed
probes is illustrated in Figure 5.5a. This process was carried out at room temperature using

magnetic stirring of the electrolyte (PEDOT). Currents of 1 nA were applied for 10 s per electrode.
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Both EIS and electrodeposition processes were performed using the Willow system (LeafLabs, USA).
Figure 5.5b shows recording sites surface before and after plating with PEDOT. The plating results
are visible in the images as Au recording sites switch from gold-color to a brown-color surface after
plating.

EIS measurements employed a two-electrodes configuration (Figure 5.6a): recording site as
working electrode, Pt wire as counter electrode, and 0.9% NaCl solution as electrolyte at room
temperature. Impedance (Z) was measured for 1 kHz at a constant 10 mV AC voltage for each
electrode. Figure 5.6b shows an example of measuring impedance for a 256-channel probe before
and after plating of PEDOT over the Au recording sites. As it can be observed, the average impedance
magnitude (at 1 kHz) decreases from 3 M€2 to 500 k(2 for the majority of sites, making them suitable
for electrophysiology studies [3].

5.1.2 In vivo validation

In vivo recording experiments require a number of steps to perform them and extract biological
data. Figure 5.7 shows an illustration of these steps: (1) Promote the interface between probe and
brain, which implicates a surgical procedure for a craniotomy, followed by the probe implantation
into the animal’s brain; (2) Connect probe to the acquisition system (Willow system) and perform
electrophysiology studies. Acquisition system is responsible for collecting, amplify and digitalize the
data; (3) Extract recorded in vivo raw data from acquisition system and store it into HDF5 format

files; (4) Develop software tools for data analysis.

[Probe-Brain Interface] >> Data Acquisition ] ) [Handle Output Files] ) [ Data Analysis ]

:[\/ n, U1 pigitalization FT 3 4\ MathWorkse

Amplification

Figure 5.7: Schematic of the in vivo recording process flow using the close-packed probes.
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5.1.3 Surgical procedure

All procedures involving animals were approved by the Committee on Animal Care at MIT (Protocol
1115-111-18). Eleven C57BI/6 male mice, between 10-12 weeks of age, were implanted with
custom-made head plates under 2% isoflurane anesthesia. During surgery, the animals were placed
in a rodent stereotaxic frame (David Kopf Instruments, USA). Normothermia (37°) was ensured
during the procedure using a closed-loop heating pad (Fine Science Tools, USA). As preparation for
surgery, the head skin was shaved and cleaned with three alternating scrubs of betadine and 70%
alcohol. Then, a small incision was made using a scalpel blade, and fascia was removed using a
micro-curette. Three small craniotomies were made using an air drill with a dental burr in it. Then,
three stainless steel screws were implanted in the three craniotomies to serve as anchors for the
head plate. In addition, the two occipital screws had stainless steel wire (A-M Systems) attached
to them, to be used as electrical reference and ground, respectively. The head plate was then
placed on top of the skull, with its central aperture around the screws, and affixed to them with
dental cement (C&B-Metabond, Parkell). A fourth craniotomy (@ = 200-300 pm) was drilled for
probe insertion, either aiming at prefrontal cortex ([2.1 A/P, - 0.8 M/L], nine mice) or to primary
somatosensory cortex (- 2.5 A/P, - 3.5 M/L], two mice). Craniotomies were periodically doused

with lactated Ringer's solution to prevent dehydration.

5.1.4 Implantation and recording apparatus

Acute recordings were performed immediately after implantation of the head plates, with mice still
under isoflurane anesthesia (1.0-1.5%). In preparation for the recording session, mice were affixed
to a custom-made metal holder using the head plate, and a cone was placed over the mouse nose
for continuous delivery of isoflurane. Normothermia was ensured during recordings with a water-
heated pad (Gaymar T/Pump, Braintree Scientific, USA). The back of the probe was painted with
Dil, a lipophilic tracer, (2% w/v in ethanol, Millipore, USA) for subsequent histological assessment of
the probe position. Before insertion, the probes were positioned perpendicular to the brain surface
using a rotation stage (Thorlabs, USA). The probe was inserted at a constant speed of 10 ym.s™*

using a servo motor (Thorlabs, USA) to a final depth of 1.2 mm. The recording setup is shown

in Figure 5.8. The electrical ground and reference of the probes were connected to the respective
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skull screws. After implantation to its target depth, the probe was allowed to settle for 5 min before
starting the recordings. Recordings were made at 30 kHz using a Willow system. Data was recorded

continuously in a raw format (filesystem-free) with direct-to-drive data acquisition [12].
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Figure 5.8: Setup of the in vivo recordings in mice.

5.1.5 Histology

After recordings, mice were euthanized with an anesthetic overdose, and perfused transcardially
with 4% paraformaldehyde in 1x PBS. The brains were harvested and sliced on a vibratome to
obtain coronal sections 100 um thick. The slices were then mounted in glass slides using mounting
media that contained DAPI staining (VectaShield, Thermo Scientific, USA). Slices were imaged on a
widefield microscope (Nikon Eclipse Ti, USA), and the images were acquired using the NIS Elements

software (Nikon, USA).

5.1.6 Data acquisition and analysis pipeline

The raw data on the solid-state drives was downloaded and compiled into HDF5 format using
the HDFb5 library [13] and custom-written scripts. For analysis, it was used MatLab computing

environment (The Mathworks), running both built-in and custom-written scripts. The data analysis
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flow is illustrated in Figure 5.9. First, signals were pre-processed by bandpass filtering in the
frequency band between [0.4-6] kHz to obtain Local Field Potentials (LFP) and in the frequency

band between [0.3-500] Hz to obtain spikes. Spike detection and extraction was performed by

.mat file
Ch#
Spike#

Timestamps
Waveforms

¢ Band-pass filter: [0.4-6] kHz

threshold crossing (voltage peak superior to 250 ©V and minimum peaks distance of 5 ms).
« Thresholding: voltage peak superior to 0.25 mV

Raw data
(*.h5)
and minimum peaks distance of 5 ms
Spike Detection
* Band-pass filter: [30-500] Hz

Figure 5.9: In vivo data analysis flow.

Preprocessing

5.1.7 Electrophysiology recording results and discussion

In this section, it is presented the experimental results described in the previous sections from the
perspective of the central goal of this work, i.e. demonstration of the capability of the implantable
close-packed probes, developed in Boyden lab, to acutely record electrical signals from anesthetized
animals. Overall, electrophysiology studies were performed successfully using both close-packed
probes. The acute experiments (up to 1 h per experiment) enable to record both extracellular
single units (spikes) and LPFs from different areas of the mice's brain tissue. The measurement
of this brain activity is crucial since it reflects the highly dynamic flow of information across neural
networks [14].

The steps presented for in vivo validation were successfully and consistently accomplished
over experiments. The setup used for experiments enable reliable probe implantation due to the use
of micrometer-precision motor control stages. Willow system acquired the neural data, generating
large output files (=120 GB for an 1 h experiment), which incurred as an extra challenge to handle,
process and analyze data.

After implantation, probes remain precisely positioned at the targeted area inside the brain of
the mouse within the entire experiment. The precision of this position was verified with 100 pim-thick

brain slices that were prepared out of the brain of the mice studied in experiments. The different
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Figure 5.10: Histology results. Coronal stained images showings the exact probe position in the mouse brain (green
stain). A stereotaxic atlas is overlapped in the stained image for anatomic identification of the probe implantation in

(a) primary somatosensory cortex, hindlimb region (S1HL) and (b) secondary motor cortex (M2) in the prefrontal area.

brain structures are visible due to DAPI staining (purple color in Figure 5.10) and the track from
the probe is visualized on these slices by means of Dil staining (green color in Figure 5.10). The
images of such DAPI-stained slices are shown in Figure 5.10 against the stereotaxic atlas of the
mouse brain [15], visualizing the track from the probe positioned in the hindlimb region of primary
somatosensory cortex (S1HL) (Figure 5.10a) and the secondary motor cortex (M2) in the prefrontal
area (Figure 5.10b). In Figure 5.10a, the staining track position is extended to hippocampus,
probably due to the diffusion of Dil tracer in the brain tissue. The damaged region presented in
implantation area (slight depression above green traces) happens due to manual drilling of the
animal skull during surgery to create craniotomy openings, rather than due to probe implantation.

Despite the damage, neural activity is preserved. The drilling effect could be minimized with the
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Figure 5.11: (a) Spike activity of an individual recording site over a 32-min experiment. The anesthesia volume was
decreasing over time from 1.5% to 0.5% (from deeply anesthetized to almost awake animal). (b) Single unit activity (red

dots) and LFP data (blue traces) synchronized during burst-suppression.
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Figure 5.12: Spike data from all recording channels of a probe (middle). Spatial oversampling is observed by
overlapping spike-traces from adjacent electrodes (combination of the 4 columns, left). Spike train pattern showing

burst-suppression (top right) and a sparse firing cell (bottom right).

use of an automatic drilling setup.

Results show that probes were able to extract neural data either from individual recording
sites (Figure 5.11) or from the entire probe (Figure 5.12). As an example, Figure 5.11a shows the
filtered spike data from an individual channel over a 32-min experiment. The anesthesia volume
given to the animal was being decreased over time from 1.5% to 0.5% — Figure 5.11a. As expected, a
deeply anesthetized animal shows less activity compared to when it is almost awake where a higher
spikes density is observed. As mentioned before, the spike threshold applied was 250 .V, as a
typical recorded extracellular spike shows an amplitude around 400 .V [3]. Figure 5.11b shows an
individual recording channel with filtered LFP data that is perfectly synchronized with a single unit
firing rate (visible as the raster plot in red).

Figure 5.12 presents the recording data for all channels at a specific time in the experiment.
By overlapping data from adjacent recording electrodes, spatial overlapping can also be observed
(overlapping columns, left). This data is important to understand the overall behavior of neural
activity in a wide area of the tissue. In this case, in a few-seconds data, it can be simply seen a
cell with sparse firing rate (blue zoom area, bottom right), as well as burst-suppression (top right).

Burst-suppression pattern is characterized by bursts of high-voltage activity separated by intervals of
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Figure 5.13: Raster plot of the all recording sites during an entire experiment using a 128-channel probe. Color map
displays color channels as a function of spikes density. Grey-color channels are electrodes with impedance values over

5 M.

apparent inactivity that may last for no more than a few seconds or as long as several minutes [16].
Topically, burst-suppression occurs during the deeper stages of anesthesia [16].

Figure 5.13 shows raster plots of all 128-channels for the entire experiment (=45 min). This
data is important to spatially understand the origin of higher neural activity, and further analyze
the corresponding recording points. Due to the large amount of data, only recording channels
presenting impedance magnitudes between 100 k2 and 5 M{2 were analyzed. Channels outside
this impedance range are not processed and are colored grey in the color map of Figure 5.13.
Highlighted in green is a single neuron that fires with less frequency compared to the cell highlighted

in blue. As shown in the image, single units can be recorded redundantly with different recording
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channels (channels 10, 11 and 14; or channels 25, 127, and 128). Recorded cells are here sorted
exclusively by their firing rate and waveform. Nevertheless, further spike sorting analysis is needed to

assess the exact number of single and multi-units were recorded by the probe during the experiment.

5.2 Optogenetic silencing in behaving mice

The overall goal of this optogenetic research was to assess silencing process of an optogenetic
inhibitor opsin named Jaws, which exhibits an activation spectrum around 632 nm. Although there
is a wide range of excitatory and inhibitory opsins reported [17], Jaws seems like a promising tool
for optogenetics due to a study reported by Chuong et al. [18]. In this study, it was demonstrated

that Jaws can generate red light-induced photocurrents three times those of other silencers.

[Probe-Brain Interfaceﬂ) E Data Acquisition ] ) [Handle Output Files] ) [ Data Analysis ]

.plx files NeuroExplorer®
-nex files OfflineSorter'
=PLEX0ON

4@\ MathWorks:
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Figure 5.14: Schematic of the in vivo recording and optical stimulation process.

In vivo optogenetic recording experiments require a number of steps to perform them and
extract biological data. Figure 5.14 shows an illustration of these steps: (1) Promote the interface
between probe and brain, which implicates a surgical procedure for a craniotomy, followed by the
probe implantation into the animal’s brain. The probe was positioned with an angle of 30 ° relative
to the animals’ skull in order to accommodate the light source. In this case, a LED chip was
responsible to delivery light to tissue, and therefore was also attached into the animal head with
an angle of 20 °. For optogenetic studies, during surgery it is also necessary to inject a virus with
the photosensitive protein (in this case, Jaws) into brain tissue causing the targeted cells to become

light-sensitive. After surgery, it was necessary to wait around four weeks for Jaws’ expression in the
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cells. This time was also important for the animal recovery from the surgery and to adapt to the
additional head weight from the probe, rotatory joint and LED; (2) Connect probe to the acquisition
system (OmniPlex, Plexon) and perform daily electrophysiology studies in all subjects. Stimulation
protocol was needed to be defined a priori and it was implemented using Arduino during recording
sessions. The Plexon acquisition system was responsible for collecting, amplifying and digitalizing
the data; (3) Extract the recorded raw data from acquisition system and store it into .plx and .nex
format files; (4) Use Plexon software (NeuroExplorer and OfflineSorter) and MatlLab environment for

data analysis. Data analysis consisted in quantifying inhibition efficiency of the infected tissue.

5.2.1 Surgical procedure

All experiments were carried out on two C57BI/6 male mice and were conducted according to local
animal care protocols. Surgery was performed in three-week old mice, under ketamine/medetomi-
dine (50/50) anesthesia and using standard stereotaxic procedures. The surgical procedure had
a threefold purpose: (i) Viral vector injection to express light-sensitive chloride pump opsin (Jaws).
(ii) Probe implantation in the anterior cingulate cortex (ACC) for neural activity recording. This area
plays a key role in the expression of remote spatial memories in mice [19]. (iii) LED fixation in
mouse’s skull to deliver red light to cells.

Viral vector implantation consisted on a unilateral injection of AAV5-CamKIl-Jaws-eYFP into the
ACC brain area - coordinates [+0.8 mm A/P, -1.0 mm M/L] - so cells express Jaws. Neurons with
Jaws and CaMKII expression would inhibit action potentials upon the delivery of red light (wavelength
range from 550 nm to 625 nm), silencing neural activity [17].

During surgery, mice were implanted (initial depth was 500 pm) with a commercial probe
that consisted on a 16-metal microwire bundle, equipped with a single screw that allows the user
to increment electrodes depth during experiments (Figure 5.15a). This drive implant is used for
extracellular electrophysiology and is commercialized by Open Ephys [20]. The implant weighs
/2 g so it can be used in freely moving mice, as intended in this project. Also, it is compatible with
a variety of recording systems, in this case it was used the Plexon acquisition system [21]. A LED
with 0.9x0.9 mm? area and a peak wavelength on red light was also implanted and fixed to the

animal’s skull (Figure 5.15b). Both devices were fixed by dental cement (Figure 5.15¢), exposing
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electrical connection leads: LED connects to Arduino hardware, and probe connects to a headstage
(Omnetics), as shows in Figure 5.15d. Mice were allowed to recover for four weeks after surgery, in

order to brain tissue to properly express the light-sensitive protein (Jaws).

(a)

Rotary
joint
Implantation l
direction :
Arduino
connection

Microwires
—
bundle

Figure 5.15: Surgically implanted tools. (a) Schematic of the microwires bundle with rotary joint (single screw). The
whole rotation of the screw represents 200 um in depth [21]. (b) 0.9x0.9 mm? area LED; (c) Implantation result in
mice, covering LED and probe with dental cement and exposing electrical connections. (d) Omnetics headstage that

connects to probe, and cable connecting LED to Arduino hardware.

5.2.2 Implantation and recording apparatus

Mice were seven-weeks old at the start of experiments. Daily optogenetic recording and stimulation
experiments were conducted with behaving awake animals during four consecutive weeks. Immedia-
tely before experiments, mice were briefly anesthetized, under isoflurane anesthesia (3-5%), so cable
connections could be ensured. During experiments, animals were awake and physically restricted
to a cage that enables cables connection of Arduino hardware and OnmiPlex acquisition system to
the implanted tools. Real time electrical brain activity data was continuously recorded at 30 kHz,
and it was displayed in a monitor connected to OmniPlex hardware. The recording setup is shown
in Figure 5.16. Probe electrical ground and reference was connected to the headstage.

In order to keep track of the daily results, every recording session for each specific stimulation
and animal required to fill a log. This record basically helped to keep track of how many single or
multi-units each channel (representing a single microwire in the probe bundle) is acquiring signal
from, and also, to know last position of the rotary screw, since every session screw was turned by

1/4,i.e., 50 um.
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Figure 5.16: (a) Setup for optogenetic stimulation and electrical recording experiments in mice. (b) Circuit board for

light power controlling of the LED; (c) Circuit board to turn on or off Arduino board, powered by a 12 V battery.

5.2.3 Stimulation protocol

Stimulation protocol defines the duration and frequency by which the LED is activated and is
delivering light to brain tissue. LED control was performed by Arduino hardware. In order to
assess Jaws sensibility to light power, it was used two different light intensities: 10 mW.mm™2
and 60 mW.mm~2. Also, protocol includes sequential light pulses with 1 s and 5 s duration, with
a random interval between them (from 20 s to 40 s). Stimulation protocol follows the schematic
of Figure 5.17. Figure 5.18 shows one awake animal with the optical stimulation and electrical

recording apparatus and LED turned on and off.

3 * 10 mW/mm?
light
* 60 mW/mm?
Cycle 1 Cycle 2 % Cycle3  Cycle 39 Cycle 40
-5 — s Lo HEES — -
0 3010 3010 30£10 3010 end

Time (s)

Figure 5.17: Light pulse train (1 s and 5 s duration) used in stimulation protocol for different light power intensities

(10 mW.mm~—2 and 60 mW.mm™—2).
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StimulationglOFF Stimulation:'ON

Figure 5.18: Awake animal with the optical stimulation and electrical recording apparatus and LED turned on (right)

and off (left).

5.2.4 Data acquisition and analysis pipeline

Online Neural Data Processing: During data acquisition process, it was used OmniPlex Server
application (Plexon), which sends the flow of data from hardware devices into software processing
module. The application defines the algorithm used for data plotting and filtering for each individual
micro-wire electrode (in this case, 16 electrodes).

The PlexControl user interface was used for plotting each channel individually. This tool was
useful for real time spike detection of single cells and multi-units based on their waveforms. This
process is complicated by common-noise signals resulting from motion artifacts, electromyographic
activity and electric field pickup, especially in awake behaving subjects [22]. An example of the
spike detection process is shown in the Figure 5.19, where different color in each window channel
represents a different cell.

In this electrophysiology setup, there was no additional reference electrode implanted in the
animal’s brain. Here the approach to contrast the data acquired from each electrode was to
introduce a virtual reference. This solution consists of select one of the active recording sites
(1 out of 16) to serve as the reference, and therefore, its signal could be subtracted from all
recording channels [23]. The virtual reference approach reduces common-noise signal, because
common-noise spikes are very similar to neural spikes in their magnitude, spectral, and temporal
features [22].

Finally, the raw data and neural signal corresponding to each manual selected unit are saved

in a .plx file created by the acquisition system. This is a useful feature for the offline data processing.
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Figure 5.19: PlexControl user interface showing the result of a sorting process in the 16 channels (each channel

corresponds to a micro-wire electrode).

Offline Neural Data Processing: After experiments, neural data processing served to
quantify inhibition volumes of the infected mice using Jaws. Firstly, .plx files were converted to .nex
files using NeuroExplorer (Plexon). A custom-written script was run in this application to identify
light stimulation time event in the data, and thus identify if a specific spike event occurs when light
was on or off. OfflineSorter (Plexon) application was used for improving the units sorting, which
consequently improves data analysis.

For inhibition quantification, it was used MatLab computing environment (Mathworks), running
both built-in and custom-written scripts. Every experimental session for each animal was assessed
in order to quantify Jaws inhibition in each cell for all stimulation protocols. Inhibition (in percentage)
is obtained with equation 5.1, where mean value of spike events during stimulation is divided by

spike events occurring randomly when stimulation is off, using the same time frame.

. Tspikes stimulation ON
Inhibition japs (%) = ——2mc> SEAROR x 100 (5.1)
Lrandom spikes stimulation OF F

5.2.5 Photostimulation results and discussion

This optogenetic study aimed to test and quantify a red-light sensitive opsin in the ACC brain area.
Although the electrophysiology recordings were performed while the animals were awake, the neural
circuits underlying behavior were not assessed. This work demonstrated the capability of Jaws

inhibiting neural activity chronically in the target cortex area from awake behaving animals.
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Figure 5.20: Results of Jaws inhibition for (a) 10 mW.mm™2, and (b) 60 mW.mm—2 light power applied duringa 5 s
pulse duration. Raster plot (top) and histogram (bottom) of neural activity during inhibition and 5 seconds before and

after inhibition.

The experimental results show that stimulation with Jaws can effectively inhibit cells with
different power intensities, as shows Figure 5.20. No significant difference between 10 mW.mm™—2
and 60 mW.mm~2 was found. This result was expected as the light power employed in both cases

largely exceeded the light power limit reported in literature (1 mW.mm~2) [24].
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Figure 5.21: Histogram of neural activity, resulting on (a) no inhibition, (b) 15% inhibition, and (c) 100% inhibited
cells, using a stimulation protocol with 60 mW.mm™2 light power and 5 s pulse duration. For the same cell with 1 s

light pulses results in (d) 5% and (c) 100% inhibition.

As an example, Figure 5.21 shows the inhibition quantification, for the same cells, using
different pulse durations. The unit in Figure 5.21a is not affected by light (0% inhibition), while unit

SPKO7a was completely silenced when light was being delivered (100% inhibition), using 1 s and
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(a) (b)
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Figure 5.22: (a) Jaws inhibition (decreasing in signal amplitude) in a single neuron using a stimulation protocol with
60 mW.mm™2 light power and 5 s pulse duration. (b) Raster plot showing firing rate of the single cell during and after

stimulation period for an entire session (40 trials).

5 s pulse duration (Figure 5.21c and e, respectively). On the other hand, unit SPK0O9a expressed
slightly different inhibition percentage when exposed with red light for 1 s (5% inhibition) or 5's (15%
inhibition) - Figure 5.21b and d, respectively. This suggests that optogenetic inhibition efficiency
varies with exposing light time. This means that Jaws has a time lag that must be considered when
using it in in vivo experiments. Moreover, differences in inhibition percentage between cells may
result from their distance to light source, which may influence the light power delivered to the cell.

Figure 5.22a shows the amplitude reduction in the action potential of a Jaws-expressing
neuron, while exposed to red high light power (60 mW.mm™2). For the entire session (40 trials)
and 5 s light pulses, it is clear the consistent decrease in the neuron firing rate. This proves the
excellent ability of Jaws to inhibit cell populations.

As expected, common-noise signal, specially from animal’s movements, had an important
effect on the signals acquired. This effect was minimized by offline data sorting. Electrical field
effect was minimized by putting animal cage inside a Faraday cage during the experiment sessions.
Another important aspect is the virtual reference choice, which user-dependent. This selection
may result in quite different conclusions from the same experiment, depending on the reference
used [25]. An alternative solution to choose a reference consists of averaging the recording from
all functional electrodes and subtracts it from the other electrodes [22, 23]. The averaging will
represent the signal from a virtual reference positioned at the center of all recording channels [22].

As a conclusion, Jaws exhibited robust inhibition of neural activity, and it results in strong

light responses when used in ACC area of rodent models. Also, it demonstrates Jaws potential as
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a neural inhibitor tool. The noninvasive optogenetic inhibition opened up by Jaws [18] enables a

variety of important neuroscience experiments and offers a powerful general-use chloride pump for

basic and applied neuroscience.
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Chapter 6

Conclusions and Future Work

In this chapter are summarized the conclusions reached on this PhD work, taking into account
the main goals presented on Chapter 1. In view of the obtained results and limitations, it is also

presented future developments for improving the proposed microdevice.

6.1 Conclusions

This PhD work had twofold objectives: (i) Develop a robust implantable microsystem for optogenetic
applications, with simultaneous electrical recording and optical stimulation capability of brain circuits;
and, (ii) perform in vitro and in vivo characterization techniques for the device validation as a useful
tool in neuroscience.

Results show that optrode devices were successfully manufactured using standard microfabri-
cation technologies, such as photolithography, thin-film deposition and low-cost traditional mechani-
cal blade dicing technology. Fabrication results suggest a robust probe design consisting of 8 mm
long and 600 pum wide single-shafts with a sharp tip. An overall comparison to the LED-optrodes
presented in literature, the proposed device presents long shafts that enables reaching deep neural
structures in the brain of a rodent. This feature was accomplished using blade cutting technology
that is a purely mechanical microfabrication process and is characterized by its simplicity and
reproducibility, capable of producing high-aspect ratio devices. The 2D dicing methodology applied

to Si substrates facilitates the integration with patterning process, frequently used in MEMS and
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CMOS industry.

The integration of commercial LED chips presented both advantages and disadvantages. The
manual assembly of the LED to substrate represents as a hard task and showed yield challenges.
As an advantage, the use of different wavelength LEDs for simultaneous activation and inhibition of
engineered tissue is possible with the commercial chip coupling approach. The large dimensions
of the LED chip were a limitation factor to reduce probe width. As previously discussed, shaft cross-
section must still be optimized for rodents’ application, as it might cause a significant damage to
neurons. With our fabrication approach, wide probes are necessary to accommodate large LED
chip and recording sites. The pitch between recording points was limited by the photolithographic
processes in room conditions. Blade dicing cuts hinder the reduction of the shafts thickness, as
cuts with thinner substrates resulted in the wafer breakage.

Electrochemical, optical and mechanical testing also demonstrates a robust optrode micro-
system. Low impedance values of recording sites and sufficient light power results show great
potential for this design to modulate neural activity in both cortical and deeper brain regions.
Mechanical validation showed strong shafts capable of withstanding high longitudinal compression
forces before breaking, while requiring low forces (magnitude of mN) to implant them into brain
tissue.

The in vivo validation using the proposed optrode is currently being performed. Optogenetic
experiments done in animals are time-consuming and require a careful protocol preparation. The
optrode will be implanted in ACC cortical area, and engineered brain cells expressing ChR-2 opsin
will be tested to promote cells excitation when blue light is delivered into focus area, as well as
the electrical activity of cells in the vicinity of probe implantation area will be recorded. On the
other hand, in vivo acute recordings using close-packed probes successfully recorded LFP and
several single cells based on waveform and firing rate analysis. Optogenetic experiments using a
commercial tetrode proved to be a successfully study, as electrical activity of Jaws-expressing cells

was turned off (silenced) when they were exposed to red light.
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6.2 Future Work

The proposed microsystem in this work has still a lot of room for improvement to become a
mature optogenetic tool. Some of these improvements are suggested in this section as future
work directions.

In the perspective of reducing cross-section dimensions of the proposed device, future work
could include monolithically manufacturing LEDs onto the probe. In the last two decades, studies
demonstrate how to produce micro-scale and high-efficiency LEDs based on GaN technology in a
wide range of the visible spectrum [1, 2].

Another future strategy to improve efficiency of the optrode could include the integration of
an optical lens over the LEDs surface. The LED-lens combination would enable the convergence
and focusing of the light onto the LED active area. Our group reported the fabrication of polymeric
lenses using photolithography and thermal reflow processes [3]. The final lenses had dimensions
in the range of 30 um, 4.9 mm and 5 pm in width, length and thickness, respectively. The length
of the lithographic-based lenses results from the fact that they were manufactured over photodiode
arrays. Adjusting lenses and LED dimensions would only require employing compatible lithographic
masks for proper photoresist patterning over the LED emission area. As an alternative process
to traditional lithographic-based lenses, Thiele et al [4] reported the fabrication process of a 3D
200 pm lens structure over a 100 pm LED, using direct laser writing (DLW). With a collimation
factor increment of 6.2 and the emission half-angle reduced by 50%, DLW technology proved to
be a promising choice to produce collimating lenses. Despite its flexibility to 3D structuring and
sub-micrometer resolution, DLW can be time consuming to fabricate arrays of micro-optical devices
and complex photonic structures.

As previously discussed, since LED chips are the direct light source interface, a major concern
consists of tissue damage due to overheating. Thus, it becomes crucial to assess thermal properties
of optical sites under various conditions, avoiding inadequate light-power density or exposure time,
which can cause tissue damage. Probes providing in situ heat monitoring can be particularly
important on academic scenarios, where photostimulation protocols are frequently customized
to each experiment and application. As preliminary work, our group reported the integration of

a Pt thermoresistance into an optrode device for thermal sensing in the vicinity of LED-based
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stimulation [5]. This combination of hybrid devices might open new avenues for the study of brain
networks.

The 3D capability of recording and photostimulation is a key element for more realistic and
complete information gathering of neural networks. Strategies for targeting 3D distributed brain
structures could simply include manufacturing of planar optrode arrays using stacking methods [6]
or alignment plates [7], and thus enabling independent light delivery to dozens of sites distributed
in a 3D fashion throughout neural circuits.

Finally, strategies to reduce the acute inflammatory or chronic foreign body response of neural
tissue to implanted devices could be employed. This isimportant because responses of neural tissue
can lead to signal loss due to neuronal loss in the vicinity of the implanted device [8]. Thus, in order
to improve electrode-neural tissue interface and promote long-term recording stability, biomaterials
filled with anti-inflammatory drugs and neurotrophins can be coated onto the shaft of the probe.
Hydrogels and fast degrading conductive polymers [9, 10] can be used to reduce the inflammatory

tissue response and/or camouflage the implanted device [8].
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