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“One does not achieve goals only by dreaming about them without due diligence.
Just like a prey (deer) does not enter a sleeping predator’s (lion’s) mouth.”
-

Chanakya Neeti
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ABSTRACT
Parkinson’s disease is characterized by the degeneration of dopaminergic neurons in
substantia nigra leading to a decrease in the dopamine level in striatum. The current
dopaminergic therapies effectively alleviate the symptoms, but they do not halt the disease
progression and result in additional complications. Transplanting healthy stem cell-derived
dopaminergic neurons could replenish the dopamine levels without additional motor
complications. However, the cells migrate after transplantation in vivo and it is difficult to
stimulate them selectively to modulate on demand dopamine release to prevent dyskinesia.
In order to address these issues, this project aims to replenish the loss of neurotransmitters
via an implant capable of optically stimulating a large population of stem cell-derived neurons
to modulate neurotransmitter release. The development of two types of implantable leaky
opto-electrical neural implants to carry stem cell derived dopaminergic neurons into the brain
is presented. The devices are based on commercial optical fibers and silicon microfabrication.
Both devices contain two basic elements: a leaky optical element for optical stimulation of
neurons and a pyrolytic carbon element for electrochemical detection of subsequent release
of dopamine. Introduction of micro-optical windows in the core of an optical fiber/waveguide
leads to light leaking out of the optical element. The intensity and spatial distribution of light
were optimized to stimulate a large population of neurons surrounding the optical element.
Pyrolytic carbon obtained through the pyrolysis of polymer precursor was used as a substrate
for cell culture due to its biocompatibility and excellent electrochemical properties. Oxidation
of dopamine at the pyrolytic carbon surface indicates the quantity of dopamine released on
demand from the neurons upon light stimulation. Genetically engineered human neural stem
cells expressing the blue light sensitive opsin Channelrhodopsin-2, were differentiated into
dopaminergic neurons on the pyrolytic carbon surface. Light leaking from the micro-optical
windows stimulated the neurons leading to dopamine exocytosis, which was detected in realtime using amperometry. The multi-functional leaky opto-electrical neural implants described
here provide the first proof of concept of a device for differentiating optogenetic human neural
stem cells into dopaminergic neurons for on-demand release of dopamine to restore the
dopamine levels in Parkinson’s disease.
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ABSTRACT (DANISH)
Parkinsons sygdom er karakteriseret ved degeneration af dopaminergiske neuroner i
substantia nigra, hvilket fører til en nedgang i dopaminniveauet i striatum. De nuværende
dopaminergiske behandlinger lindrer effektivt symptomerne, men de afbryder ikke
sygdomsforløbet og resulterer i yderligere komplikationer. Transplantation af sunde
dopaminerge neuroner fra stamceller kan dog genopfylde dopaminniveauerne uden yderligere
motoriske komplikationer. Cellerne migrerer imidlertid efter transplantation in vivo, og det er
vanskeligt at stimulere dem selektivt til at modulere on demand dopaminfrigivelse for at
forhindre dyskinesi.
For at konfrontere disse udfordringer har dette projekt sigte på at genopfylde tabet af
neurotransmittere via et implantat, der kan bære en stor population af stamcelleafledte
dopaminergiske neuroner og stimulere dem med lys for at modulere frigivelse af
neurotransmitter. Udviklingen af to typer implanterbare leaky opto-elektriske neurale prober
til at transportere stamcelleafledte dopaminerge neuroner ind i hjernen bliver præsenteret. De
to prober er baseret på kommercielle optiske fibre og siliciummikrofabrikation. Begge enheder
indeholder to basale elementer: et leaky optisk element til optisk stimulering af neuroner og et
pyrolytisk carbon element til detektering af efterfølgende frigivelse af dopamin. Introduktion af
mikro-optiske vinduer i kernen af en optisk fiber / bølgeleder fører til et læk af lys ud af det
optiske element. Intensiteten og den rumlige fordeling af lyset er optimeret til at stimulere en
stor population af neuroner, som ligger omkring det optiske element. Pyrolytisk carbon opnået
gennem pyrolyse af polymer er anvendt som et substrat til cellekultur på grund af dets
biokompatibilitet og fremragende elektrokemiske egenskaber. Oxidation af dopamin på den
pyrolytiske carbonoverflade viser mængden af dopamin frigivet on demand fra neuronerne ved
lysstimulering. Genetisk modificerede menneskelige neurale stamceller, som indeholder
opsinet Channelrhodopsin-2, der er følsomt over for blåt lys, er blevet opdelt i dopaminergiske
neuroner på den pyrolytiske carbonoverflade. Lys, som lækkes fra de mikrooptiske vinduer,
stimulerer neuronerne, der fører til dopamin-eksocytose, som bliver påvist ved hjælp af
amperometri. De multifunktionelle leaky opto-elektriske neurale prober, som her er
beskrevet, giver det første bevis på bæredygtigheden af differentiering af optogenetiske
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menneskelige neurale stamceller i dopaminergiske neuroner til frigivelse af dopamin on
demand for at genskabe dopaminniveauerne i forbindelse med Parkinsons sygdom.
.
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Chapter 1
INTRODUCTION
Neurons are the fundamental building blocks of the brain, each connecting to thousand others
through synapses. This allows every neuron to transmit electrical or chemical signals to other
neurons to carry out specific functions, such as, action, thoughts and memory. There are
approximately 100 billion neurons in the human brain, which makes it the most complex object
in the universe1. Neuroscientists around the world are trying to understand the way the brain
processes all the information. Years of research in neuroscience has allowed us to identify
different regions of the brain that regulate functions such as speech and motor function. State
of the art devices allow the visualization and analysis of the brain in detail. On one hand, a
thorough understanding of the functioning of the brain could lead to technological
advancements to mimic the unparalleled abilities of the brain. On the other, this would help to
explain how brain injuries and diseases disrupt its functions.

1.1

Neurodegeneration: Past, Present and Future

Neurodegeneration refers to the process of losing structure or function of neurons. The
neurological disorders resulting from neurodegeneration, termed neurodegenerative
diseases, are a group of disorders with heterogeneous pathological expressions and affect
specific subsets of neurons2. Diseases such as Alzheimer’s disease, Parkinson’s disease and
Huntington’s disease are a result of neurodegeneration. The cause of neurodegeneration, with
a few exceptions, remains largely unknown2. The onset of symptoms, which develop when
there are insufficient neurons to maintain the normal function of a neural pathway, may not
start with the onset of the disease. This means that the onset of the diseases can vary from a
few months to several years before the symptoms develop depending on the rate of
neurodegeneration.
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The biggest risk factor for these chronic neurological disorders is the growing age of the
population3. With the increasing number of elderly citizens, people suffering from some kind of
neurodegenerative disease will dramatically increase2,4. This is a growing concern among the
medical community and lawmakers due to the increase in financial, physical and emotional
burden for patients and society. Another factor that exacerbates the problem is that current
medications aim at symptomatic treatments rather than halting the disease progression5. Our
limited knowledge about the cause of the disease and its progression impedes the development
of effective therapies. Despite this, research on multiple fronts has advanced our
understanding of neurodegenerative diseases. For example, the accidental discovery that 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was a potent dopamine neurotoxin led to
its use in mice and rat models to understand the mechanism of the death of dopaminergic
neurons and its consequences6,7. The loss of dopamine in the substantia nigra leads to the
symptoms of Parkinson's disease. Administering levo-3,4-dihydroxyphenylalanine (l-DOPA)
alleviates its symptoms. This changed the lives of patients with Parkinson's disease and
remains one of the most effective therapy for treating the disease7–9. However, the inability of
the current therapeutic approaches to offer beyond symptomatic alleviation has led to
transplant therapeutics to replace the lost neurons. Transplants from fetal tissue, embryonic
and induced pluripotent stem cells are currently under evaluation10. While the initial studies
were promising, the challenges with poor survival of transplanted cells, immune rejection and
transplanted cells developing Parkinson’s disease pathology indicate the need for further
research7,11,12.

1.2 Training for Cell Based Regenerative Medicine (Training4CRM)
This PhD project is part of the Marie Skłodowska Curie actions funded project Training4CRM13.
The project aim illustrated in Figure 1.2-1 is to develop an alternative therapeutic approach for
neurodegenerative diseases by combining the latest advances in stem cell research,
optogenetics, material science and novel fabrication techniques that could treat the diseases
in addition to alleviating the symptoms. In line with the project goal, this PhD project focusses
on the development of leaky opto-electrical neural implants (Figure 1.2-1A) consisting of a
leaky optical element and pyrolytic carbon electrodes. The purpose of the neural implant is to
deliver dopamine on demand for patients with Parkinson’s disease. In order to achieve this, the
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implant needs to fulfill three functions. First, it must act as the substrate for the differentiation
of optogenetic human neural stem cells (hNSCs) into dopaminergic neurons (Figure 1.2-1B) and
enable their in vivo delivery to the target site. Second, the leaky optical element must allow the
simultaneous and selective optical stimulation of the dopaminergic neuron population to
release dopamine on demand. Third, it must allow the real time electrochemical detection of
dopamine exocytosis from the grafted dopaminergic neurons via the pyrolytic carbon
electrodes (Figure 1.2-1C). The released dopamine contributes to restoring physiological
dopamine level in the striatum. Detecting dopamine establishes a feedback loop that enables
autonomous delivery of dopamine on–demand through optical stimulation.

Figure 1.2-1: A potential future personalized device. (Left) A PD/epilepsy patient self-administers treatment through
an opto-electrical bio-implant by remote control. (Right) The envisaged opto-electrical neural probe serves as a cell
carrier for cell replacement, an actuator for optogenetic stimulation and an electrical/electrochemical sensor for
modulating neurotransmitter levels. (A) A leaky opto-electrical neural probe used to (B) optically stimulate
optogenetic neurons (blue light for Parkinson’s disease and orange for epilepsy) growing on (C) a conducting
pyrolytic carbon scaffold, surrounding the neural probe. Figure adapted from Training4CRM grant agreement.

Carbon MEMS is a technique to fabricate pyrolytic carbon electrodes by heating a polymer
precursor at temperatures exceeding 900°C under inert atmosphere14,15. In addition to being
simple and highly reproducible, the process allows customizing the final electrode design
based on the desired application. The microstructure of pyrolytic carbon is similar to glassy
carbon and offers advantages such as wide electrochemical potential window16, chemical
inertness17 and biocompatibility18. This makes them suitable for a variety of applications
involving fabrication of micro-batteries19, biosensors20–22 and cell culturing studies23,24.
The current advances in stem cell research have allowed us to produce highly specific neuronal
sub-types in vitro from hNSCs. Genetic modification of hNSCs to express the blue light
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sensitive opsin Channelrhodopsin-2 enabled their selective stimulation from a population of
neurons. Microfabrication techniques allow the development of novel devices that support
monolithic integration of optical and electrical elements for modulating neurotransmitter
release. This thesis focuses on developing a multi-functional device and demonstrating its
ability to stimulate dopaminergic neurons selectively and simultaneously detecting its release.

1.3 Objectives
The primary objective of this doctoral thesis is to design, fabricate and characterize leaky optoelectrical neural implants with both optical and electrochemical properties capable of
transplanting stem cell-derived dopaminergic neurons.

Figure 1.3-1: The two types of neural implants developed in this PhD work: a) Leaky opto-electrical fiber, b) Leaky
optrode.

Two different designs of the neural implants were developed and characterized:


The first design is termed a leaky opto-electrical fiber (LOEF) (Figure 1.3-1a). The first step
was to pyrolyse a commercially available optical fiber in order to obtain a uniform coating
of pyrolytic carbon around it. Next step was developing a technique to pattern micro-optical
windows in the fiber core to allow light to leak out without deteriorating the electrochemical
properties of the pyrolytic carbon and differentiation of neural stem cells on the fiber.



The second design, termed leaky optrode (Figure 1.3-1b), uses silicon microfabrication
techniques to customize the design of neural implants. The goal was to allow easy
incorporation of micro/nano topographies on pyrolytic carbon electrodes to guide stem cell
differentiation. Furthermore, the spatial distribution of light leaking from the leaky
waveguide was optimized for uniform illumination of a large population of neurons
surrounding it.

4

1.4 Thesis Outline
Due to the highly cross-disciplinary nature of this thesis, I have collaborated with researchers
from molecular biology, integrated electronics and electrochemistry. The thesis is divided in
five chapters, each explaining different aspects that have been crucial for my work.
Chapter 2 describes Parkinson’s disease, its pathophysiology, symptoms and currently
available therapies. The chapter also presents the advantages and limitations of current
therapies, and concludes with recent advances in regenerative medicine.
Chapter 3 introduces readers to the technological breakthroughs in probing the brain. It
describes the techniques and devices available for monitoring and modulating the neural
activity in the brain. It also presents the concept of optical stimulation of neurons using
optogenetics, which is the basis for this work. Finally, state-of-the-art optical neural probes
that together with optogenetics have furthered our understanding of the functioning of the
brain are presented.
Chapter 4 describes the development of the LOEF from commercial fused silica optical fibers.
It begins with the results from pyrolysis and patterning of the micro-optical windows on the
fiber. Then, the optical characterization of the LOEF including evaluation of the intensity and
spatial distribution of light leaking from the LOEF is presented. The electrochemical response
of the LOEF with different redox probes is described followed by the differentiation of hNSCs on
the LOEF. Finally, the first optical stimulation of neurons and detection of dopamine exocytosis
is presented. The results discussed in this chapter have been published as part of Paper I. The
second part of this chapter describes the experimental work performed to pattern microoptical windows all around the LOEF, referred to as Omni-LOEFs. These results are included in
a manuscript to be submitted as Paper II.
Chapter 5 presents the microfabricated leaky optrode based on silicon microfabrication. The
chapter begins with the motivation for microfabricated neural probes in contrast to the LOEF.
The leaky optrodes are divided into the first- and second-generation probes. The optical
simulation, fabrication and electrochemical characterization of the first-generation probes are
presented in the first part of the chapter. This is followed by results from stem cell culturing on
the probes which then motivated the development of second-generation probes. The second
part of this chapter presents the results from optical simulation of the waveguide intended to
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both guide light and encapsulate the stem cells during implantation. Microfabrication of
second-generation probes and their electrochemical characterization comes next. Finally, the
chapter concludes with experiments involving stem cell culture, optical stimulation and
subsequent electrochemical detection of dopamine release. The results from the firstgeneration optrodes have been published in Paper III.
Chapters 6 and 7 conclude the work presented in this thesis and provide an outlook about the
possible improvements for these devices respectively. Furthermore, the application of these
devices and technologies for advancing the research on neurodegenerative diseases complete
the chapter.
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Chapter 2
PARKINSON’S DISEASE
This chapter introduces the reader to the pathophysiology of Parkinson’s disease, its
symptoms, current therapies, their limitations and the motivation for stem cell based
therapies.

2.1 Pathophysiology
An estimated 10 million people worldwide are suffering from Parkinson’s disease (PD). It is the
second most common chronic neurological disorder after Alzheimer’s disease25,26. The number
of people affected by PD has doubled since 199027. Due to the progressive nature of the disease
and ageing of the general population, there has been an increase in its global burden. An
important criterion to develop a new therapeutic approach to PD is to understand its
pathophysiology. The locus of PD is the degeneration of dopamine producing neurons in the
substantia nigra pars compacta (SNpc) of the brain. This leads to a disruption of the
dopaminergic pathways that modulate neurons in the striatum. The consequences are
abnormalities in the circuits of the basal ganglia28, which lead to the development of the cardinal
features of PD29. However, the degeneration of dopaminergic neurons and their projections to
the striatum takes decades to develop30. Degeneration of at least 70% of the neurons results in
recognizable motor and non-motor symptoms. Figure 2.1-1 shows the difference between a
healthy brain and the brain of a PD patient. Besides dopamine depletion, the pathological
hallmark of PD is the presence of intracytoplasmic inclusion of Lewy bodies31,32. Several
proteins take part in its formation and α-synuclein, a widely expressed protein in the brain, is a
major constituent33. The exact cause and mechanism underlying the disease progression is still
unknown.
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Figure 2.1-1: The Nigrostriatal Pathway with dopaminergic neuron projections connecting SNpc with striatum
(caudate & putamen, red lines) with neuromelanin pigmentation visible in SNpc (black arrows) in (A) normal brain
and (B) in PD patients shows loss of dopaminergic neuronal projections (dashed red line) and de-pigmentation of
SNpc (black arrows). C) Immunohistochemistry of Lewy bodies found in SNpc in PD. Figure reused with
permission34.

2.2 Symptoms
Parkinson’s disease is associated with a number of motor and non-motor symptoms that have
a major impact on life. However, there are four cardinal symptoms of PD: tremor at rest, rigidity,
akinesia (inability to move muscles voluntarily) and postural instability. Experts consider the
presence of at least two of these symptoms together with a consistent response to levodopa
are essential for the clinical diagnosis of PD35. Tremor is the most visible symptom, which
initially led James Parkinson to term the disease “the shaking palsy”. Starting with limbs, it can
progress to lips, jaws and tongue in the later phase of the disease. Clinical representation
varies between patients and the symptoms could go unrecognized for years36. Moreover,
tremor is rarely the major cause of disability in PD patients. Bradykinesia, defined by slowness
of automatic movements, is the most disabling feature of PD that could lead to inability to initiate
movement in the extreme case. It is a hallmark of basal ganglia disorders and makes carrying
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out tasks requiring fine motor control difficult37. Evaluating the slowness and fluctuating
amplitude of rapid repetitive movements such as finger taps or handgrips is an assessment of
bradykinesia. In the advanced stages of the disease, patients display rigidity and postural
instability. Postural instability contributes to the risk of hip fractures due to increased tendency
to fall and the fear of falling further impairs balance37–39. In addition to these symptoms, PD
patients display secondary motor symptoms related to neuro-ophthalmology40, speech
disorders41,42, dysphagia43 and respiratory complications44,45.
Other common and underappreciated features of PD are non-motor symptoms, including
depression that increases risk for dementia, impairments of attention, cognition and visuospatial abilities, all of which add to the PD disability and reduced life expectancy36,37. Moreover,
these symptoms do not respond to dopamine replacement therapy. In addition, patients exhibit
pain, sleep disorders and abnormalities with olfactory senses due to decrease in the
dopaminergic neurons in the olfactory bulb37.
There are additional long-term motor complications due to the symptomatic treatment of the
disease. Patients administered with dopamine drug therapy exhibit involuntary motor
functions due to the fluctuation in the dopamine levels46. This is further associated with
behavioral disorders including mood disorder47, obsessive-compulsive disorder48 and
impulsive behavior49.

2.3 Current therapies
As the cause and pathogenesis of PD is still unknown, development of an effective therapy
requires further understanding of the disease. As of today, PD has no cure. Current therapies
are symptomatic and aimed at alleviating the symptoms of the disease rather than modifying
its progression. Moreover, due to the progressive nature of the disease, drug therapies lose
their efficacy and surgical interventions such as the implantation of electrodes for stimulating
the affected region of the brain are required to alleviate symptoms in advanced stages of the
disease.

2.3.1

Symptomatic therapy with drugs

Since the degeneration of dopaminergic neurons results in the loss of striatal dopamine levels,
one would imagine direct administration of dopamine to restore its level. Unfortunately,
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dopamine cannot pass the blood brain barrier. However, the precursor to dopamine, l-3,4dihydroxyphenylalanine, commonly known as l-DOPA or levodopa, can cross the blood brain
barrier and is metabolized into dopamine by aromatic L-amino acid decarboxylase by
dopaminergic neurons50. Levodopa has been the most effective drug therapy to date51. The initial
belief was that administering selegiline, a monoamine oxidase B (MAO-B) inhibitor could slow
the disease progression52. However, studies revealed that the inhibitor only delayed the need
for levodopa therapy by ameliorating the symptoms. Administration of levodopa is either by
oral route or through intravenous infusion. The dosage varies among patients and the
progression of the disease53. The main improvement of administering levodopa is alleviation in
tremors and rigidity. However, the benefit usually only lasts three to five years, known as the
‘honeymoon’ period, after which the patients exhibit severe side effects54. In addition to causing
nausea, personality changes and hypertension, there is a progressive loss of the efficacy of the
drug commonly known as ‘wearing off’. The drug has to be administered multiple times a day to
alleviate symptoms. However, during the time between drug administrations, there are
fluctuations in the dopamine levels, which result in additional motor complications called
dyskinesia53–55. With disease progression, tailoring the dose of levodopa to provide antiparkinsonian benefit and reduce dyskinesia becomes difficult56. Continuous subcutaneous
infusion of levodopa instead of intermittent stimulation seems to avoid motor complications56–
59

. Infusing patients round the clock with levodopa has been associated with desensitization and

psychiatric problems59–61. However, limiting infusions to waking hours seem to suppress the
associated complications.

2.3.2

Symptomatic therapy with surgical intervention

Surgical lesioning of the globus pallidus internus was originally the only treatment and a
dramatic decrease in its use was observed with the introduction of levodopa62. In 1987, two
research groups reported significant suppression of PD tremors with chronic thalamic
stimulation63–65. This technique called Deep Brain Stimulation (DBS) commonly used for
diseases like epilepsy consists of placing two or more electrodes in the diseased region of the
brain. The electrodes connected to a pulse generator deliver electrical stimuli to modulate the
neural network in the subthalamic nucleus and the internal segment of the globus pallidus
region66 (Figure 2.3-1). While the mechanism through which DBS influences PD symptoms is
unclear, it affects the neural networks consisting of neuronal bodies, axons and synapses
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surrounding the electrode. Factors such as the cost, lack of available expertise in implanting
the electrodes, its programming, and adjusting devices hinders adoption of DBS, especially in
developing countries. In addition to these challenges, problems related to infection, lead
fracture and hardware issues are common. DBS is also associated with a wide range of
neurological side effects including cognitive impairment, difficulty with speech and memory
deficits66–69. However, studies have revealed benefits of using DBS in younger patients66,70.
There is need for further systematic studies of risks and benefits of early intervention.

Figure 2.3-1: Electrode implantation for DBS. Two specific sites in the brain are common targets for deep-brain
stimulation in Parkinson's disease: the subthalamic nucleus and the internal segment of the globus pallidus. Both
are nuclei in the basal ganglia, where much of the degenerative change in Parkinson's disease occurs. Reproduced
with permission from66, Copyright Massachusetts Medical Society.
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2.3.3 Regenerative therapy
With a motivation to impede the course of the disease, attention has been focused towards
more neuro-restorative and regenerative approaches, because even a single dopaminergic
neuron can have a significant effect on the postsynaptic striatal neurons71. The motivation
behind transplanting fetal mesencephalic tissue into the striatum over 20 years ago was to
replace the dopaminergic neurons lost in PD72. While the initial results were promising, several
issues such as graft rejection, the required amount of graft tissue and ethical aspects of
obtaining fetal tissue have directed focus towards stem cell-based therapies. Stem cells have
the ability for indefinite renewal and differentiation into specialized cells. Advances in stem cell
research have enabled reproducible generation of homogeneous population of A9
dopaminergic neurons from embryonic stem cells, neural stem cells and induced pluripotent
stem cells73–75. The A9 group of neurons found in the SNpc is implicated in PD. Recently adult
fibroblasts have been directly converted to neurons called induced neurons76. However, one
has to avoid transplantation of undifferentiated cells to prevent formation of tumors. Moreover,
a sufficient number of neurons exhibiting appropriate electrophysiological response need to
be implanted and their dopamine release regulated. An estimated 80.000 dopaminergic
neurons are required in human patients to achieve therapeutic effects77. Advances in genetic
engineering may lead to synthesis of neurotrophic factors or the missing neurotransmitters
from genetically modified neurons to restore function71. One technique may be the implantation
of neurons contained in a semipermeable polymeric capsule to allow the bidirectional diffusion
of neurotransmitters and nutrients without exciting significant immune response52,78.
Traditionally, evaluation of the therapeutic effect is based on changes in symptoms. However,
advances in technology have led to the development of different neural interfaces that enable
quantitative real time monitoring and modulation of brain regions. The next chapter provides a
comprehensive overview of different neural interfaces and their relevance for this PhD project.
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Chapter 3
NEURAL INTERFACES
This chapter introduces the readers to the vast research domain related to neural interfaces
using implantable devices. The chapter begins with the development of techniques to modulate
the neurons in the brain and describes the advances in the design of implantable neural probes
for electrical recording. The second part of the chapter presents the recent breakthroughs
using light stimulation for modulating neuronal networks, the technique called optogenetics
and the developments in the field of optical neural implants. In this work, optogenetics enabled
the selective stimulation of dopaminergic neurons.

3.1 Neural Recording
Neurons in the brain communicate through electrical impulses known as action potential. The
movement of ions through the neurons when passing an action potential leads to electrical
activity in the brain. By placing electrodes on the scalp, it is possible to measure this activity in
the form of voltages. In the 1930s, Hans Berger first demonstrated this form of electrical activity
using a technique called electroencephalogram (EEG) in different brain states such as awake,
sleeping or anesthesia79. It is possible to isolate signals from the EEG, known as evoked
potentials that are a result of external stimulation80. Ever since neuroscientists first recorded
EEGs, this approach has promoted understanding of information flow and the functioning of the
brain.
Probing electrical activity at the cellular level using implanted electrodes could provide crucial
information about the physiological and pathological brain functions. Initially, sharpened metal
wires completely insulated except at the tip allowed extracellular recordings from a single
neuron81. Since then, advances in microfabrication technologies have enabled the fabrication of
several devices that allowed for continuous recordings from neural populations over periods

13

spanning weeks to years82. The success stories of cochlear implants and DBS have led to
increasing optimism for wireless implantable devices with advanced electrode design83.

Figure 3.1-1 shows the development and achievements in neural recordings from the early 20th
century to the present day. More recently, implanted neural interfaces are not only used for
neural recording but are also helping to modulate neural networks in order to treat diseases by
either stimulating, suppressing or bypassing dysfunctional element82.

Figure 3.1-1: Development and achievements in neural interfacing and recording. (Top) Timescale of achievements in
brain neuronal recording and (bottom) Timescale of progress of technology of brain computer interfaces. Figure
used with permission from82.

3.2 Micromachined neural probes
The advances within photolithography and silicon micromachining have fueled the fabrication
of microelectrodes for interfacing with the brain83–85. With today’s silicon etching technology
and continuous improvement of microfabrication techniques, it is possible to design complex
geometries with high precision and feature sizes approaching nanoscale, integrate electronic
circuits for signal processing while fabricating on a large scale82,83,86. An important criterion for
these devices is that the implantable devices must record from and/or stimulate intended
target population of neurons while ensuring minimal tissue damage and immune response87. A
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plethora of implantable neural probes containing both two and three-dimensional geometries
with various material coatings have been developed. One key advantage of micromachined
probes is the ability to incorporate several recording/stimulation sites that allow monitoring of
hundreds of neurons in parallel to map the spatial representation of neural activity88. The state
of the art microelectrode based neural probes are based on the two dimensional Michigan
probe89 (Figure 3.2-1a) and the three dimensional Utah electrode array90 (Figure 3.2-1b). These
make use of silicon micromachining, as silicon is the common material used in the CMOS
industry. This also allows incorporation of a large number of recording sites to record activity
of large neuronal population91 (Figure 3.2-1c). Other materials such as ceramic (Figure 3.2-1d)
and diamond (Figure 3.2-1e) have been used to fabricate neural probes as an alternative to
silicon as substrate to minimize electrical cross talk as these are insulating materials.

Figure 3.2-1: Neural microelectrodes fabricated with silicon micromachining methods. a) Planar Michigan electrode
defined with photolithography89. Figure shows eight probe shanks with eight electrodes on each shank. b) Utah
electrode array with electrodes arranged in a 10 × 10 design by dicing and etching, size of array is roughly 4 × 4 mm90.
c) A 1000-channel silicon microelectrode fabricated through electron beam and photolithography92(© 2015 IEEE).
Neural microelectrodes fabricated with the use of non-conventional materials such as (d) ceramic-based planar
microelectrode93 (Reprinted with permission from93. Copyright (2000) American Chemical Society)and (e) diamondbased planar microelectrode94 (© 2009 IEEE). f) A multi-functional neural probe integrating a microfluidic channel
for drug delivery95. All figures reused with permission.

Moreover, recent state of the art devices also incorporate microfluidic channels for chemical
stimulation and drug delivery to minimize initial immune response95–97 (Figure 3.2-1f). In
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addition to development of new devices, considerable effort is dedicated to understanding and
minimizing the tissue response to the implanted probes, which leads to chronic degradation of
the device performance and eventually to device failure98,99. Two significant factors that lead to
adverse tissue response are the mechanical properties of the implant and the biochemical
environment around the device.

3.2.1

Mechanical properties of neural probes

Implantation of a neural probe into the brain results in severing of blood vessels and tissue. The
stiffness (Young’s modulus) of the conventional materials used in the fabrication of neural
probes is at least six orders of magnitude higher than that of the brain tissue98,100. This
mechanical mismatch and the micro-movement of the brain result in a constant shear stress
on the tissue101–103. Figure 3.2-2a shows the scale of material stiffness for brain and commonly
used neural probe materials104. One approach to circumvent this problem is by reducing the
dimensions of the implanted device.

Figure 3.2-2: a) Log scale of elastic modulus for many substrate materials used in neural probes. Lower panel:
Polymer-based neural microelectrodes formed with the use of microfabrication techniques and host substrates104.
b) Parylene-C/SU-8-based flexible microelectrode with thin lateral arms allowing for mechanical mismatch
compensation105. c) Flexible polyimide-based planar shank containing multiple electrodes106. d) 3D Parylene sheath
probe highlighting the probe tip and a portion of the integrated Parylene cable107. All figures reused with permission.
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Thin substrates have a significantly reduced stiffness compared to their bulk counterpart due
to the cubic relation between the stiffness and the characteristic dimension108, for example
when considering bulk steel and steel wool. This reduces the surface area exposed to the brain
tissue and results in reduced macrophage formation and astrogliosis109–111. However, reducing
the dimensions also reduces the charge carrying capacity and sensitivity of the recording112,113.
Alternatively, adapting the form factor to include a lattice structure, as shown in Figure 3.2-2b
promotes re-establishment of severed cell-to-cell connections while reducing the area to
which glial cells can react105,110. However, further studies are required to validate these findings.
Shifting away from rigid materials leads to the use of soft polymeric materials to establish
conformal contact with the soft neural tissue. Due to their stretchability and low Young’s
modulus, polymeric materials do not induce large strains and minimize secondary
inflammation82,114. The use of polymers benefits from CMOS compatibility, a large selection of
processing techniques115 and methods for functionalization with anti-inflammatory drugs116.
Changing the polymer functional groups allow tuning the biocompatibility, control release of
drug molecules and control biodegradation of polymeric implants117. Some representative
polymer probes are shown in Figure 3.2-2b-d. One drawback of polymer probes is their need
for insertion aids during implantation such as layers of dissolvable materials, removable
backbone stiffeners and piercing the tissue prior implantation118–120. Moreover, water uptake by
the polymer leads to delamination and changes of the electrical performance of the probe over
time121. Thus, these are currently limited to acute neural recordings107,122.

3.2.2

Biochemical environment around the device

Rupturing blood vessels and damage to the brain tissue due to implantation elicits immune
response at the implantation site. This results in a cascade of chemical and biochemical
alterations at the tissue-electrode interface. In an attempt to degrade the foreign body, the
immune system releases several neurotoxins and macrophages to clear the injury site. This
results in an acute inflammatory response that manifests as fluctuations in impedance
measurements and neural recordings107,113,123. In chronic situations, the macrophages form a
glial sheath around the electrode, which inhibits neuronal growth around the electrode, while
increasing the interfacial impedance124. One strategy is to incorporate delivery of anti-
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inflammatory drugs (such as dexamethasone) to promote neuronal health and inhibit
production of inhibitory molecules125,126.
Neural probes with buried channels have been developed to deliver drugs directly at the injury
site97. While these are applicable for acute recordings, several associated challenges
(biofouling during insertion and chronic attachment to a pump) have led to alternative methods
of drug delivery98. Both synthetic and naturally occurring hydrogels have been used to deliver
drugs and neurotropic factors in situ in conjunction with neural implants thereby reducing glial
inflammation for a few weeks127,128. Another strategy is to modify the implant surface to mimic
the biological environment. Several types of bioactive coatings (collagen, fibronectin and
laminin) have been used to promote cell adhesion, neuronal growth and increase neural
density around the implant129,130.

3.3 Optical stimulation
Electrical stimulation using the DBS has provided tremendous insight in to the functioning of
the brain131,132. However, the electrical current delivered to the brain interferes with other motor
and cognitive functions. Furthermore, electrical stimulation suffers from poor spatial
resolution and the inability to stimulate or silence specific neurons selectively133. An alternative
technique to stimulate specific neurons is optogenetics.

3.3.1

Optogenetics

Optogenetics combines genetic and optical tools to render a neuron sensitive to a specific
wavelength of light134. This is achieved by genetically encoding neurons to express light
sensitive trans-membrane proteins called opsins. There are two categories of naturally
occurring opsins, microbial and vertebral135. Microbial opsins are found in bacteria and algae.
These aid the microbes in activities such as navigation and controlling intracellular ionic
concentrations136,137. Vertebral opsins are found in animals and are primarily used for vision and
controlling circadian rhythm. Microbial opsins find application in optogenetics because of their
ease of engineering and faster kinetics. In order for the opsin to function, it requires a form of
Vitamin A retinal that isomerizes once it absorbs a photon. The retinal binds to the opsin forming
a light sensitive retinal-opsin complex. When a photon is incident on this complex, photoisomerization takes place, inducing a conformational change of the opsin. This leads to ion
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channel opening or ion pump activation followed by a change in the membrane potential,
leading to the activation or inhibition of the neuron135. Fortunately, mammalian neural tissue
contains sufficient quantities of this retinal that allows the use of optogenetic tools without
exogenous supplementation.

Figure 3.3-1: Opsins are membrane-bound proteins that when activated with light result in cell activation
(depolarization), inhibition (hyperpolarization), or modulation of intracellular signaling cascades. Illustrated here
are channelrhodopsin-2 (ChR2 -a cation channel used to stimulate neural activity), iC1C2 (a newly developed
chloride channel used to inhibit neural activity), halorhodopsin (eNpHR3.0 - a chloride pump used to inhibit neural
activity), eBR (a proton pump used to inhibit neural activity), and OptoXR (a G protein–coupled receptor used to
modulate intracellular signaling cascades). Figure adapted with permission from135.

A commonly used opsin for optogenetic actuation is Channelrhodopsin-2 (ChR-2). It is a lightgated cation channel sensitive to blue light at 483 nm and allows depolarization of neurons138.
Another opsin used for hyperpolarization is the NpHR, halorhodopsin, a chloride ion pump with
excitation maximum at 590 nm139. A variety of proteins for optogenetic actuation has been
developed and Figure 3.3-1 shows some of them. There are currently two strategies to deliver
opsins to the neurons: Virus based methods140 or transgenic animal lines141. In this work, we
used lentivirus-based transfection to encode human neural stem cells to express ChR-2.
The current research for the development of optogenetic tools follows two parallel paths, one
for the development of microbial opsins for genetic modulation of neurons and the other to
develop novel devices for light delivery142. As this work focusses on the development of a novel
optical neural probe, the advances and the current state of the art optical neural probes are
presented in the following section. Readers interested in learning about the recent
developments related to the microbial opsins are referred to the herein cited works134,143–147.
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3.3.2

Optical neural probes

At least 1 mWmm-2 is required for the effective stimulation of the optogenetic opsins148,149. The
simplest way to deliver light to the neural tissue is to use an optical fiber coupled to a laser or a
light emitting diode (LED). Due to their coherent nature, low divergence and easy coupling into
thin core optical fibers, lasers are preferred over LEDs135,142. Moreover, the narrow bandwidth
of lasers ensures that the irradiance coincides with the activation spectra of the opsin, thereby
leading to a higher stimulation efficiency.
Typically, commercially available multimode optical fibers coupled to lasers are used for light
delivery. However, the flat end of the optical fiber results in tissue damage during implantation.
Wet chemical etching of the glass core causes sharpening of the tip, which minimizes tissue
damage, while improving spatial resolution142,150 (Figure 3.3-2a). These optical fibers offer the
advantage of simplicity in assembly and flexibility to adjust stimulation depth. However, the
associated single-site stimulation limits their application when requiring optical control of
larger brain network.

Figure 3.3-2: a) Schematic of a microprobe based on a dual-core optical fiber: a graded index optical core and a
hollow core. The optical core is connected at one end to a multimode optical fiber, and the other end is tapered150. b)
Schematic representation of a multipoint-emitting optical fiber device shows seven windows. Fluorescence images
show light emission from the optical windows for an input-coupling angle of 9°. Scale bar represents 100 µm152.
Figures reused with permission.
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This has led to the development of devices capable of stimulating multiple sites either by the
use of bundled fibers or multipoint emitting fibers151,152 (Figure 3.3-2b). These devices are
capable of dynamic illumination of different brain regions. However, the maximum outcoupling efficiency varies with the locations of the emitting windows, and the angle of incident
light requires careful adjustment to maintain the optical power emitted from the windows.
Implanting optical fibers in conjunction with neural probes for optical stimulation and electrical
readout makes the process more invasive. Moreover, it is difficult to control precisely the
separation between the optical fiber and the recording site when performing manual assembly.
Therefore, the use of modern microfabrication technologies has led to the development of
optical neural probes, also defined as optrodes, combining both features in a single device.

Figure 3.3-3: Different microfabricated optrodes. a) SEM of a probe shank with a concave waveguide, electrodes,
square shaped microfluidic channel and a lateral channel opening in the SU-8 channel wall155. b) Conceptual diagram
of a multi-functional neural probe integrated with an embedded microfluidic channel and an optical waveguide156 (©
2015 IEEE). c) SEM image shows a fabricated optrode with multi-shank optrode array. Inset shows the conceptual
diagram157. d) Assembled optrode coupled to laser diodes using GRIN lenses158. Inset (a) shows the enlarged view of
the optical mixer with GRIN lens coupling into the 2-waveguide mixer. Inset (b) shows the enlarged probe tip with
color mixed light illuminating at the 30 µm x 7 µm waveguide tip. e) Optrode with silicon nitride waveguides and
grating couplers to couple light out for multi-point stimulation159. (Inset) shows the close up of grating emitter. All
figures reused with permission.

These probes typically contain an in plane waveguide for light delivery together with electrodes
for recording neural activity and/or microfluidic modalities. The waveguide core is made of
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either dielectric materials or polymers such as SU-8 with silicon oxide cladding153,154. Light is
coupled between the laser source and the waveguide using optical fibers aligned to deep
reactive ion etched (DRIE) grooves (Figure 3.3-3a-c). Alternatively, using a bare laser die to
couple light directly into the waveguide eliminates the need for optical fibers154 (Figure 3.3-3d).
However, these devices are suitable only for single site stimulation. Multisite stimulation is
possible by introducing multiple waveguides157 (Figure 3.3-3c, e) or stacking planar Michigan
style probes to form a 3D array160,161. However, the oversized components required in this
approach make it quite invasive. Recently, planar optical neural probes with 12 microwaveguides and aluminum corner mirrors for multi-site stimulation have been reported162.
However, this required a complex fabrication process.
An alternative to laser light sources are LEDs and µLEDs. They offer the advantage of low power
consumption and faster switching speeds. Figure 3.3-4a,b present different varieties of µLED
based neural probes. The main disadvantage of waveguides coupled to LEDs is their low
coupling efficiency. One strategy to overcome this limitation is to insert µLEDS directly into
brain region of interest163,164. However, the dimensions of the commercially available µLEDs
make it difficult to miniaturize the devices. Moreover, operating LEDs inside the brain result in
damage to the tissue due to heat dissipation from the device. B. Fan and W. Li created a spider
schematic assessing several aspects of laser and LED based optical neural probes142
(Figure 3.3-4c).

Figure 3.3-4: a) A multifunctional, implantable optoelectronic device illustrating various components: Layer for
electrophysiological measurement (no. 1: Pt contact pad, microelectrode), optical measurement (no. 2: silicon μIPD), optical stimulation (no. 3: μ-ILED array), and temperature sensing (no. 4: serpentine Pt resistor), all bonded to
a releasable structural support for injection (microneedle)164. b) A 6-shank µLED probe with 16 µLEDs per shank165.
c) A spider schematic compares several main specifications of the laser- and LED-based micro devices. The
performance rated on a scale of 1 to 5 with five being the best142. All figures reused with permission.
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In conclusion, many efforts aim at developing technologies for reliable neural probes for
optogenetic applications. The majorities of these devices are still at an early stage of
development and evaluated only for acute experiments. Several technical and scientific
challenges need addressing before the use of these devices for chronic applications. Currently,
these devices record neural activity and the resulting behavioral change in animal models
because

of

site-specific

stimulation.

However,

understanding

the

influence

of

neurotransmitters and the ability to modulate them would prove fruitful in the understanding of
neurodegenerative diseases and aid in the development of novel therapies to treat them. The
next two chapters present the development of two different types of optical neural probes that
allow selective optical modulation of dopaminergic neurons and real time electrochemical
monitoring of dopamine exocytosis.
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Chapter 4
LEAKY OPTO-ELECTRICAL FIBER
In neurodegeneration, the loss of neurons leads to loss of specific neurotransmitters in the
brain. The different types of state-of-the-art implantable optical neural probes presented in
the previous chapter use light emitted from the tip of an optical fiber/waveguide to stimulate a
neuronal population and record the action potential with implanted microelectrodes or on
device electrodes. However, they do not measure the induced changes in the neurotransmitter
levels. This project aims to develop novel therapies to replenish the loss of neurotransmitters
via an implant capable of optically stimulating a large population of stem cell derived neurons
to modulate neurotransmitter release (Figure 1.2-1). With this vision, this and the next chapter
present two alternative designs of implantable neural probes, consisting of a leaky optical
element and pyrolytic carbon electrodes, as a substrate for stem cell differentiation. Light
leaking from the optical element stimulates a large population of stem cell- derived
dopaminergic neurons leading to the release of dopamine. The pyrolytic carbon electrodes
detect the neurotransmitter release, which differentiates these neural probes from other types
of neural probes currently available.
This chapter describes the fabrication and characterization of a novel implantable device
fabricated from a commercial optical fiber, as visualized in Figure 1.3-1a. The chapter consists
of two major parts. The first part describes the methods used to convert a commercial optical
fiber into a leaky opto-electrical fiber (LOEF) and the techniques used for its characterization.
The results from the fabrication and characterization of this LOEF led to Paper I included in the
appendix. The second part describes the work performed to convert the above LOEF into an
omnidirectional emitting LOEF (Omni-LOEF) for optical stimulation of a large population of
neurons. The results from the second part are included in the manuscript (Paper II) attached in
the appendix.
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4.1 Commercial optical fiber to LOEF
This part of the chapter summarizes the work performed for the fabrication and
characterization of LOEF. Further details are available in Paper I. As mentioned in the previous
chapter, light delivery to brain tissue for optical stimulation of neurons is generally achieved
through an optical fiber. Optical fibers implanted in conjunction with electrode arrays to record
neural activity make it an invasive process. However, incorporating a conductive layer on the
optical fiber could eliminate the need for additional electrodes and make the process less
invasive. In this work, we exploited the process of pyrolysis to convert the polymer buffer layer
on a commercial optical fiber to obtain a uniform coating of pyrolytic carbon. Figure 4.1-1a-c
illustrates the overall concept of obtaining LOEF from optical fiber fabrication.

Figure 4.1-1: a) Schematic of an optical fiber before pyrolysis shows the core, cladding and polymer buffer layer. After
pyrolysis (b) the polymer shrinks into pyrolytic carbon and the optical fiber becomes an opto-electrical fiber (OEF).
c) Patterning micro-optical windows on the OEF leads to light leaking out, turning the OEF into a leaky opto-electrical
fiber (LOEF). This light will stimulate the cells cultured on the LOEF.

4.1.1

Pyrolysis of optical fiber

Heating polymers to high temperatures such as 900 °C in an inert atmosphere leads to the
decomposition of the polymer. The non-carbon content is lost as gases leaving behind carbon.
The resulting carbon has similar properties as glassy carbon. Figure 4.1-2a shows a schematic
of the pyrolysis process and the parameters involved. Changing these parameters influences
the properties of the final pyrolytic carbon. The polymer precursor has a major influence on the
yield and degree of shrinkage of the resulting carbon14,166–168. A higher pyrolysis temperature
enhances the conductivity and the electrochemical response of the pyrolytic carbon169. Other
factors such as the heating rate and dwell time influence its microstructure.
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Figure 4.1-2: a) Schematic representation of the pyrolysis process showing the different process parameters
involved. b) Grooves etched into a silicon wafer to hold fiber during pyrolysis. c) Image shows comparison of optical
fiber before and after pyrolysis. d) SEM of pyrolysed optical fiber shows the thickness of the carbon layer after
pyrolysis. e) Light leak in the case of a tapered optical fiber. f) Light leak from a micro-optical window in an optical
fiber. Figures (d) and (f) reused with permission from Paper I.

In this work, the polyimide buffer layer on a commercial optical fiber was the precursor
material. Grooves etched into a silicon wafer as seen in Figure 4.1-2b acted as holder for the
fibers during the pyrolysis process. Optical fibers cut into smaller pieces measuring 6 cm in
length (Figure 4.1-2c) were pyrolysed in a furnace at 900 °C. This specific length was optimal as
it allowed easy handling during subsequent cell culture and the electrical- and optical
interfacing. The temperature was ramped at 2°Cmin-1 during heating and cooling while the dwell
time was one hour. At the end of the process, the thickness of the polymer buffer layer had
decreased from 15 µm to about 8 µm, as shown in the Figure 4.1-2d. The pyrolysed fiber is
referred to as an opto-electrical fiber (OEF) in this thesis.

4.1.2

Principle of light leakage

Light exiting from an optical fiber tip can only stimulate a small population of optogenetic
neurons in the immediate vicinity. This is due to the large absorption of blue light by the brain
tissue170. In order to enlarge the volume of neuronal activation, the light intensity at the input
must be high. However, the large input power leads to heating of the cells close to the fiber tip
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leading to tissue damage171. Therapeutic effect in humans necessitates stimulation of a very
large population of neurons simultaneously172. Letting the light leak gradually from a large
section of the optical fiber achieves this purpose. One way to do this is by tapering the optical
fiber (Figure 4.1-2e) as previously shown by others 173. This allows simultaneous cell culture on
the tapered fiber and their optical stimulation. However, it does not allow monolithic integration
of electrode material on the tapered fiber, as the electrode would block light leaking from the
fiber. An alternate way is to introduce micro-optical windows in the electrode, which would
allow light to leak out174,175. Figure 4.1-2f shows the principle of light leakage from the microoptical windows. As light reaches the interface of the micro-optical windows, it encounters a
sudden change in both critical and incidence angles. Where the incident angles are lower than
the critical angle, the light leaks out while the remaining light propagates further.

4.1.3

Laser ablation of micro-optical windows

Laser ablation involves the removal of material from a solid by irradiating the surface with a
high intensity laser beam. Laser ablation can have different applications because of its ability
to pattern deep cavities even in very hard materials such as diamond176. In this work, we used a
picosecond laser to ablate micro-optical windows through the pyrolytic carbon fiber cladding
and the fused silica core allowing light to leak out. Changing the laser parameters such as
power and focus influences the dimensions of the windows177. The second half of this chapter
presents a thorough description of the influence of these parameters while fabricating the
Omni-LOEF. The power of light leaking from the micro-optical windows is directly proportional
to their depth. However, care must be taken to ensure mechanical integrity of the optical fiber
after the ablation process. Laser ablation of non-pyrolysed optical fibers leads to excessive
thermal stress build up in the polyimide layer (Figure 4.1-3a). This stress results in the
formation of cracks in the pyrolytic carbon post pyrolysis (Figure 4.1-3b). Presence of cracks
results in open electrical circuits and is undesirable. To prevent the cracks, we first pyrolysed
the optical fiber and then performed laser ablation. Figure 4.1-3c shows an image of a LOEF with
a series of ablated micro-optical windows. The presence of the small heat affected zone
indicated the ability of the pyrolytic carbon to dissipate the heat generated during ablation and
drastically decrease the thermal stress.
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Figure 4.1-3: a) Laser ablated optical fiber before pyrolysis with severe thermal stress. Notice the change in the color
of polymer buffer from yellow to black. b) Pyrolysis of laser ablated optical fiber from (a) shows development of
cracks in carbon layer during pyrolysis. c) Laser ablated pyrolysed optical fiber with no damage to carbon and just a
small heat affect zone. d) Schematic representation of laser ablation of 3 rows, showing the laser penetrating the
entire material due to reduced thickness of the fiber available for ablation. e) Longitudinal cross section of pyrolysed
fiber after laser ablation of 3 rows, showing severe damage to the carbon layer and the fiber. f) SEM shows LOEF
containing an array of 2x10 micro-optical windows.

Performing ablation of several rows of micro-optical windows increases the light output for
optical stimulation. However, three rows led to severe structural damage of the fiber due to the
fiber’s circular cross section (Figure 4.1-3d). As the laser moves away from the center, the
thickness of the fiber available for ablation decreases. Hence, the laser ablates through the
entire material leaving the pyrolysed fiber extremely brittle and in some cases, breaks it
(Figure 4.1-3e). The first design of the LOEF tested in Paper I consisted of an array of 20 micro‐
optical windows (two rows of 10 holes each) with a spacing of 80 µm between each row (Figure
4.1-3f).

4.1.4

Optical characterization of LOEF

Before evaluating the intensity of light leaking from the LOEF, the influence of the pyrolysis
process on the optical properties of the optical fiber was evaluated using the cutback method.
The cutback method involves measuring the power transmitted by a long optical fiber and
repeatedly cutting the fiber short while measuring the output power. However, for the optical
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characterization of the LOEFs, optical fibers with different lengths were prepared since cutting
and cleaving the pyrolysed fiber was difficult. Light from a blue laser diode (460 nm) was
coupled into fiber segments of different lengths (n = 3). This wavelength matches the absorption
maxima of ChR-2 at 473 nm. Optical power measured from the tip (Thorlabs PM130D power
meter) indicated no change in the transmission after pyrolysis. As seen in Figure 4.1-4a
visually, there are no discontinuities in the carbon layer and no light leaks through the carbon
cladding. Figure 4.1-4b shows that light leakage increases with increasing micro-optical
windows (from right to left: a single, 1 X 10 and 2 X 10 micro‐optical windows).

Figure 4.1-4: a) Photo of uniform coverage of pyrolytic carbon on a pyrolysed optical fiber with light emerging only at
the tip. b) Photo shows different light leak intensities from patterns of a single, 1 × 10 and 2 × 10 micro‐optical windows
(from right to left). c) Image of fluorescent nanobeads in gelatin surrounding the LOEF shows the spatial distribution
of light leaking from a pattern of 2 X 15 micro-optical windows. The arrow indicates the direction of light coupling.

Measuring the intensity of light leaking from the micro-optical windows is important as the
threshold for activation of ChR-2 (the optogenetic opsin used in this work) is 1 mWmm-2, which
is rather high170,178. By coupling light from the same laser diode as above into a LOEF containing
20 micro-optical windows, the total intensity of light leaking from the optical windows
measured was 5.5 mWmm-2 with 2 ms laser pulses (period = 10 ms). This is the intensity from 20
optical windows and is sufficient for optogenetic stimulation. The intensity from the tip was not
measured. Measuring the intensity of light from a single optical window in an array of optical
windows is not possible due to their dimensions. In addition to light intensity measurements,
we also measured the spatial distribution of light leaking from the LOEF by immersing it in
gelatin containing a dispersion of fluorescent nano-beads, which can be activated by blue light.
Figure 4.1-4c shows how the leaking light excited the nano-beads, revealing the spatial
distribution of light. We see higher intensity in the beginning of the leaky section than towards
the end due to light continuously leaking out. The light leaks out several millimeters in both
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transverse and longitudinal directions. However, as we would like to stimulate dopaminergic
neurons adhering on the LOEF, the light intensity decay with distance is not important.

4.1.5

Electrochemical characterization of LOEF

An important function that the LOEF must provide is its ability to detect dopamine released by
the neurons due to optical stimulation. The electroactive nature of dopamine allows detecting
dynamic dopamine release from the neurons. Electrochemical methods are simple, offer high
spatial and temporal resolution for detection and have been used for both in vitro and in vivo
detection of dopamine179,180, including detection of single (quantal) events of neurotransmitter
release from neurons181. Two commonly used electrochemical techniques are cyclic
voltammetry (CV) and chronoamperometry or simply amperometry.

Figure 4.1-5: a) Schematic representation of typical 3-electrode electrochemical setup with counter electrode (CE),
reference electrode (RE) and working electrode (WE). b) Cyclic voltammogram shows anodic and cathodic peaks. c)
Typical amperometry current plot shows spike in the baseline current due to a sudden change in concentration of
analytes such as dopamine exocytosis.

Figure 4.1-5a shows a typical electrochemical setup consisting of three electrodes designated
the working electrode (WE), the counter electrode (CE) and the reference electrode (RE). These
together help monitoring the current and the potential. The potential of the RE is, ideally,
constant and allows monitoring the changes in potential at the WE. The current generated at the
WE, due to oxidation or reduction of analytes, flows through the CE and can be measured there.
CV measures the current generated at the WE because of a triangular potential scan across it
(Figure 4.1-5b). CV is an important characterization method that provides information about the
formal potential of a redox couple, electron transfer dynamics and electrochemical fingerprint
of chemical species involved, allowing identification of the measured analytes182. Amperometry
involves measuring the current changes over time at a constant applied potential as shown in
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Figure 4.1-5c. The electrode is sensitive to rapid changes in the concentration, which makes this
the method of choice for real time measurement of small changes in the concentration of the
electroactive species, such as dopamine183. When the cells release dopamine in close proximity
of the electrode surface, there is a sudden increase in its concentration. The dopamine oxidizes
at the electrode leading to an increase in the current followed by an exponential decay.

Figure 4.1-6: a) Cyclic voltammograms of pyrolysed fiber before (OEF) and after (LOEF) laser ablation in 1 µm
[Ru(NH3)6]2+ acquired at different scan rates. b) Peak currents versus the square root of scan rate for the same OEF
and LOEF. c) SEM image shows a close up section of ablated micro-optical window. The highlighted area is slightly
larger than the ablated area resulting in an increase of electrode area and the current in the acquired CVs. d) Cyclic
voltammograms of 250 µm dopamine hydrochloride acquired on an LOEF, showing the influence of O2 plasma
treatment and Geltrex coating on the electrochemical response (scan rate 50 mVs−1). e) Peak current maintains
linearity with the square root of scan rate for the same LOEF before and after O2 plasma, and after Geltrex coating.
Figure reused with permission from Paper I.

The electrochemical properties of pyrolytic carbon have already been widely characterized in
the past184–186. It acts as an excellent electrode material for the detection of dopamine while
being biocompatible. Here, we characterized the OEF and LOEF as a working electrode to
assess the influence of micro-optical windows on the electrochemical properties of the carbon
layer using the redox system hexaammineruthenium (II) ([Ru(NH3)6]2+. A platinum wire served
as CE and an external Ag|AgCl (saturated KCl) as the RE. Intuitively, one would assume a
decrease in the current from LOEF compared to OEF since laser ablation removes carbon from
the OEF. However, from Figure 4.1-6a-b, we see an increase in the anodic (iP,a from 5.5 ± 1.8 µA
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to 11.5 ± 1.3 µA) and cathodic (iP,c from 11.8 ± 1 µA to 13.3 ± 1 µA) peak currents after laser ablation
at a scan rate of 50 mVs−1(n = 3). Assuming a circular cross section of the ablated windows, the
ratio of the area contributed by the sidewalls (2πrh) to the area removed by laser ablation (πr2)
is 1.6 (Figure 4.1-6c). Hence, the exposed sidewall slightly increases the area of the electrode,
which could contribute to the increase in the current. Another factor influencing the electrical
properties of pyrolytic carbon could be the highly localized heating during laser ablation. The
peak potential separation was better than previously reported values for photoresist‐derived
carbon films under similar pyrolysis conditions as used here (ΔEp = −86.7 ± 3 mV before vs.
−81.3 ± 3 mV after laser ablation)15. The LOEFs show a linear relationship with the square root of
the scan rate up to 900 mVs−1 indicating that the conductivity of the pyrolytic carbon is not the
limiting factor for electrochemical processes at higher scan rates. Further, the ability of the
LOEFs to oxidize dopamine was evaluated by acquiring CVs in dopamine hydrochloride (Figure
4.1-6d). There was a minor increase in the anodic peak currents (4.4 ± 0.2 µA to 4.9 ± 0.3 µA in
250 × 10−6 M dopamine, ν = 50 mV s−1, n = 3) and widening of peak potentials (49.6 ± 1.2 mV before
vs 57.6 ± 3.1 mV after) with laser ablation. Oxygen plasma was applied to improve coating of the
carbon with proteins required for cell adhesion. It is important to note that the pre-treatment of
the LOEFs with oxygen plasma led to slight improvement in acquired CVs. As seen in Figure
4.1-6e, the relationship between peak currents and scan rate is linear and that oxygen plasma
treatment leads to increase in both anodic and cathodic peak currents. Finally, coating the
LOEFs with the extra cellular matrix (ECM) Geltrex, a murine tumor basement membrane
extract used to support adherence of cells, led to a clear decrease in the electrochemical
sensitivity (Figure 4.1-6d-e). However, the sensitivity was sufficient for dopamine detection.
These results (for more details see Paper I) clearly demonstrate that laser ablation does not
deteriorate the electrochemical properties of the LOEF and make it suitable for dopamine
detection, despite coating with cell-attachment promoters.

4.1.6

Optogenetic stem cell differentiation on LOEF

Our former group member, Dr. Janko Kajtez, optimized the protocol for culturing the human
ventral mesencephalic neural stem cell line (hVM1) overexpressing BcL-XL (basal cell
lymphoma-extra large) (hVM1-BcL-XL), and assisted in the differentiation into dopaminergic
neurons as well as their imaging. Before optogenetic experiments, the ability of the LOEF to act
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as a substrate for stem cell differentiation was investigated by differentiating hVM1 cells into
dopaminergic neurons. Figure 4.1-7 shows the results after 10 days of differentiation.

Figure 4.1-7: Differentiation of hVM1 cells into dopaminergic neurons on an LOEF: a) Fluorescence maximum
intensity projection of 17 optical sections spanning 100 µm of the LOEF. Immunocytochemistry shows an even
coverage of the LOEF by the differentiated neurons: DNA (blue), TH (red), ß‐III tubulin (green) and merge (green, red,
blue). White circles represent locations of micro‐optical windows. b) SEM images indicating cell growth on and into
the micro‐optical windows of the fiber. Figure reused with permission from Paper I.

The LOEFs were coated with Geltrex as mentioned above to promote homogeneous cell
adhesion. This leads to uniform coverage of the fiber with cells. Upon hVM1 differentiation, a
dense neuronal network is generated that extends to the bottom face of the fiber without
rotating the fiber (Figure 4.1-7a and Figure 4.1-8a-b). This inherently is beneficial when microoptical windows are patterned all around the fiber (see section 4.2 and Paper II). We also see
that the neurons grow into the laser ablated optical windows adhering to the silica core
(Figure 4.1-7b). After differentiation, immunocytochemistry was used to analyze the number of
dopaminergic neurons (Figure 4.1-7a). Larger than half of the neuronal population (52 ± 7%, n=3)
expressed tyrosine hydroxylase, the rate limiting enzyme involved in the production of
dopamine. This indicates successful generation of dopaminergic neurons and shows that the
LOEF is suitable as a substrate for dopaminergic neurons.
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Figure 4.1-8: Immunocytochemistry results. a-b) hVM1-ChR-2 cells differentiated on the LOEF. a) Shows the top half
and (b) shows the bottom half of the same LOEF. Figures (c) and (d) compare the differentiation of hVM1 cells and
hVM1-ChR-2 cells on cell culture well plate. The differentiation efficiency of the ChR-2 modified cells is lower than
hVM1 cells. DNA (blue), TH (red), ß‐III tubulin (green) and merge (green, red, blue). White circles mark micro‐optical
windows.

My partner in crime Ana Gonzalez‐Ramos, another ESR in the Training4CRM project, affiliated
with Lund University, generated the lentivirus containing ChR-2 under the human synapsin-1
promoter, labelled with the fluorescent marker mCherry for transfection of the hVM1 cell line.
Dr. Tania Ramos‐Moreno transfected the stem cells with the lentivirus at Lund University in
Sweden. This rendered the neurons sensitive to blue light. However, as we see in Figure 4.1-8cd, the optogenetically-modified hVM1 cells displayed lower differentiation efficiency compared
to native hVM1 cells. This can be due to disruption of the cell biology because of genetic
modification. In order to demonstrate the working principle of the LOEF, the hNSC-ChR-2 cells
were seeded and differentiated on the LOEF (for details of the differentiation protocol see Paper
I).

4.1.7

Design of optogenetic setup

In the experiments involving cell culture and immunocytochemistry, pieces of LOEFs fixed in
place with wafer bonding blue tape served as the substrate that fit into a 6-well cell culture
plate. Optogenetic experiments required optical and electrical interfacing of LOEF to couple

35

light and record dopamine. A former group member established a protocol involving removal
of the 2 cm long pyrolysed optical fiber (without laser ablation) from the cell culture plate and
manually interfacing it to the electrical recording instrument. This method was not
reproducible mainly due to the small dimension of the pyrolysed fiber (200 µm diameter), which
made it extremely difficult to handle them. The position and orientation of laser-ablated
windows on the LOEFs were difficult to see due to their dimensions. As shown in Figure 4.1-9a,
the 2 cm long optical fiber made it difficult to connect the 1 cm long ferrule for optical coupling
and connection to the electrical leads, while ensuring part of the fiber was immersed together
with external CE and RE in a beaker containing baseline buffer solution. Making the fiber longer
than 2 cm meant it could not fit into a standard cell culture plate. Placing the fiber inclined during
differentiation was not possible, as the cells would not adhere to the surface during seeding and
settle down due to gravity (Figure 4.1-9b). There was a need for a custom-made setup to ensure
horizontal setting of fiber at the bottom of the well and accommodate long fibers.

Figure 4.1-9: Schematic representation of different setups used for optical and electrical interfacing for LOEFs. a)
Schematic showing the problem with coupling light and making electrical connection to 2 cm long LOEF. b) A
configuration to use LOEF in inclined position showing cells settle at the bottom. c) Schematic of a large dish
containing several LOEFs at once. d) a 3D printed holder with LOEF placed at the bottom. e) Concept of sandwiching
LOEF between two PMMA sheets. f) A hole drilled at the bottom of cell culture plate with LOEF glued in position.
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The first idea shown in Figure 4.1-9c was to use a large dish to seed cells on several fibers at
once. One of the problems of using a large dish was the large quantity of expensive cell culture
medium required to maintain cells in culture. In addition to that, submerging the entire fiber
would lead to cells growing on the entire fiber surface, including the locations for optical
coupling and electrical connection. This was undesired, as it would lead to contamination of
devices. A second idea with a 3D printed custom holder (Figure 4.1-9d), containing a well area
for cell culture with a small opening to insert fiber, prevented the need for a large volume of cell
culture medium and left part of the fiber dry for interconnections. Once the fiber was in place,
the use of a quick dry glue ensured a liquid tight seal when tested with ultra-pure water (milliQ). However, there was liquid leakage a few days into cell culture that drained the wells off
culture media. Unlike pure water, culture media contains several additives and proteins
required for the cells that could lower its surface energy. 3D printing using filament printer
inherently has microscopic gaps between the layers. The combination of gaps and lower
surface energy could have resulted in liquid slowly leaking out. The third idea was to carefully
bond two poly(methyl methacrylate) (PMMA) substrates using biomedical double sided tape
without damaging the fiber (Figure 4.1-9e). However, the problem with liquid leakage persisted
probably because the tape did not conform well to the contour of the fiber. We tried thermal
bonding of PMMA substrates while taking care not to break the fiber or damage the brittle
carbon layer in the process. After several attempts at optimizing the process, a handful devices
were liquid tight with culture media for a week and had intact carbon layer. However, the yield
was extremely low and resulted often in either cracked carbon layer or improper bonding of the
substrates. The next idea, as it appeared in my dream, was to drill a 0.5 mm hole at the bottom
of cell culture plate (Figure 4.1-9f). The main challenge with this was sealing the drilled hole, as
quick dry glue did not work. We acquired medical grade adhesive (Dow Corning 732, multipurpose sealant) from a partner at Lund University that was apt for the application. It was as
viscous as a paste and dried quickly maintaining a liquid seal for weeks. This combination of
drilling hole in a cell culture plate and fixing the fiber with the medical adhesive served as the
solution for every cell work involving leaky opto-electrical fibers presented in this thesis.

4.1.8

Optogenetic stimulation of neurons on LOEF

Figure 4.1-10d shows the setup used for cell work. After 10 days of differentiation, blue light at
460 nm from the same laser diode used before was coupled into the fiber for optogenetic
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stimulation (Figure 4.1-10). Externally immersed RE and CE served as electrodes for
electrochemical detection.

Figure 4.1-10: Amperometry of dopamine oxidation from hNSC‐ChR‐2‐derived dopaminergic neurons after 10 days of
differentiation: a) Light‐induced depolarization recorded for differentiated hNSC‐ChR‐2 cells (black) and hNSCs
(red) on LOEF. From left, three single pulses (I, II, III) and two five‐pulse trains (PT1, PT2) were applied. b) Magnified
view of PT1 from (a). c) The effect of light pulses on hNSC‐ChR‐2 cells on an OEF (pulse time indicated by blue arrows)
and current peak upon K+‐induced depolarization of the same cells. d) Setup used for optogenetic experiments. Inset
shows leaky region (white box) and light from the tip (red box) of the LOEF under test. Figure used with permission
from Paper I.

We applied three single light pulses at an interval of 50 s between pulses followed by three five‐
pulse trains with an interval of 50 s between each pulse train. Each pulse was 500 ms long with
a period of one second. The light leaking from the micro-optical windows stimulated the
neurons on the LOEF leading to membrane depolarization and subsequent dopamine release.
This resulted in transient current peaks in the baseline current during amperometric detection
(Figure 4.1-10a-b). A control experiment with differentiated non-optogenetically modified hVM1
cells did not result in any changes in the baseline current with light stimulation (Figure 4.1-10ab). Since the LOEF emits light from the optical windows and the tip, we evaluated the
contribution of dopaminergic neurons near the fiber tip to the total amperometric current. We
repeated the same experiment with optogenetic hVM1 cells on an opto-electrical fiber (OEF)
without laser-ablated windows. As seen in Figure 4.1-10c, there was no change in the baseline
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current with multiple optical stimulations. This specific experiment was concluded with
chemical stimulation using potassium. The high response recorded upon chemical stimulation
confirms that the cells were alive and the absence of current peaks for the OEF upon optical
stimulation was due to the lack of contribution from neurons near the tip. Previous works have
verified that these cells do not release any electroactive molecule other than dopamine187,188.
Together with a multitude of control experiments (details in Paper I), these experiments clearly
demonstrate that the recorded current was indeed due to light induced dopamine exocytosis.
This is the first demonstration of a LOEF as a multifunctional device for hNSCs differentiation,
optical stimulation and real‐time electrochemical detection of dopamine exocytosis.

4.2 From LOEF to Omni-LOEF
The previous sections described the fabrication and characterization of a LOEF containing two
rows of laser ablated micro-optical windows. However, differentiation of hNSCs showed that
the cells grow all around the LOEF. Therefore, two rows of optical windows are insufficient to
stimulate the entire population of neurons on the LOEF. Hence, together with a master student,
Andrea Dotti, we developed a novel process to incorporate micro-optical windows on the entire
surface of the optical fiber with the aim to stimulate a larger neuronal population than the LOEF
did. This section describes the development of the said process and results from the
characterization of an Omni-LOEF including optical stimulation of neurons and dopamine
detection. The results from this work are part of a manuscript to be submitted (Paper II).

4.2.1

Parameter optimization for laser ablation

The two important parameters that influence the dimensions of the micro-ablated windows are
the laser power and the laser focal plane. The fabrication of the LOEF initially involved
optimization of the laser power to obtain sufficient light leak for the first optogenetic
experiments. However, the laser micromachining tool underwent a major servicing that
increased the laser power by over five times. This necessitated the re-optimization of the laser
power before further processing. The objective of this optimization was to obtain the smallest
possible width of the ablated window in order to pattern the windows as close as possible all
around the pyrolysed fiber without compromising its mechanical strength. For simplicity, we
will address the laser power in terms of percentage power instead of actual values (Table
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4.2-1). The optimization was based on a simple design consisting of seven circles (1 x 7), each
with 15 µm diameter and spaced 100 µm apart (Figure 4.2-1(top)). The laser power was varied
while focusing the laser at the top of the fiber. It was found that increasing the laser power
severely deteriorated the shape of the ablated windows. Such a behavior was not seen in our
previous study.
Table 4.2-1: Measured values of laser power at different settings.

Power (%)

30

35

40

50

60

Power (W)

1.5 ± 0.04

2 ± 0.05

2.7 ± 0.04

4.3 ± 0.03

5.9 ± 0.02

Figure 4.2-1: Optical fibers ablated with different laser power (in %) show the deterioration of the ablated optical
window with increasing power. The top panel shows the pattern of the ablation.

As seen in Figure 4.2-1 (bottom), there is a large heat affected zone at high laser powers
together with laser ablating through the entire fiber (not seen here). This led to formation of
cracks, which is undesired since it disrupts the conductive paths in the carbon leading to open
circuits. Moreover, these cracks propagate and lead to the peeling off of the carbon during
subsequent handling. Thus, laser power values of 50% and higher were excluded from further
investigation. The intensity of light leaking from the optical fibers, which determines their
applicability for optogenetic experiments, also depends on their depth. The optical power of
light leaking from the micro-optical windows was measured using a power meter, which was
divided by the total interfacial area of all the optical windows to obtain the intensity. As seen in
Table 4.2-2, light leak from optical windows in optical fibers ablated at powers of 30 % at several
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different repetitions is not sufficient for activation of ChR-2. The laser further underwent a spot
size correction to rectify the irregular shape of ablation at high powers. As a result, 40 % laser
power was used for subsequent experiments.
Table 4.2-2: Measured optical intensities at different laser powers and repetitions.

Power (%)

Repetitions

Measured Intensity from optical windows (mWmm-2)

30

500

0.39 ± 0.01

30

600

0.49 ± 0.01

30

700

0.6 ± 0.02

30

800

0.65 ± 0.01

40

500

5 ± 0.1

40

600

5.5 ± 0.1

In laser ablation, the laser is focused with a lens on the top surface of the substrate to be
ablated. Therefore, in Paper I, the laser was focused on the top surface of the pyrolysed fiber.
However, the laser tool allows micrometer precision in the definition of the focus during
ablation. As a novelty, the influence of setting the laser focus to different planes along the
diameter of the fiber was investigated. Figure 4.2-2a shows the five different planes selected
for investigation. Surprisingly, the change of the focus from the top of the fiber to the bottom
restored the circular shape and decreased the width of the ablated micro-optical windows. As
seen from Figure 4.2-2b-f and Table 4.2-1, focusing the laser at the bottom reduced the width by
as much as 9 µm while their depth remained nearly the same (145 ± 3,5 µm).
Based on these results, the next step was evaluating the influence of varying the laser power
on the dimensions of ablated windows while setting the laser focus to the bottom. Three
different power values (35 %, 40 % and 45 %) were evaluated on three fibers, all ablated at 600
repetitions. Using 45% power rendered the fibers very brittle due to ablation depth exceeding
180 µm on the fiber with 200 µm core diameter. For a power of 35 %, the intensity of light leak
was insufficient for ChR-2 stimulation.
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Table 4.2-3: Influence of changing laser focus on the dimensions of ablated micro-optical windows at 40% laser
power and 600 repetitions.

Focal Plane

Width (µm)

Top

30.2 ± 0.5

Top-Mid

26.6 ± 0.5

Mid

24.6 ± 0.5

Bottom-Mid

22.4 ± 0.4

Bottom

21.1 ± 0.4

Figure 4.2-2: Influence of laser focus depth on the ablated micro-optical windows. a) Schematic representation of
different planes along the depth of the fiber used to investigate the influence of laser focus. b-f) SEM cross section
of ablated optical windows showing the variation in the width of the windows.

Attempt to increase in the number of repetitions from 600 to 800 led to a widening of the ablated
optical windows from 24 ± 0.4 µm to 26 ± 0.4 µm (n=5), while increasing the depth by about 50
µm (Figure 4.2-3a-b). While there was an increase in the intensity of light due to the increase
depth of the optical window, it was still insufficient to stimulate ChR-2. Assuming the average
diameter of an hVM1 cell to be approximately 15 µm, too wide windows could result in the
neurons trapped inside. We noticed this in Paper I where cells grew inside the 30 µm wide
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ablated windows (Figure 4.2-3c). It is possible that dopamine released by neurons trapped
completely inside the optical windows does not immediately reach the electrode due to slow
diffusion and thus might not be detected. The optimal results in terms of smallest width of
optical windows, required intensity of light from the ablated windows and mechanical integrity
were obtained at a laser power of 40 % with bottom focus (Table 4.2-3 & Figure 4.2-3d). Hence,
the combination of 40 % laser power, 600 repetitions and focus at the bottom of the fiber was
used to create the Omni-LOEF.

Figure 4.2-3: An OEF ablated with a laser at 35% power a) 600 times and (b) 800 times with bottom focus, showing the
influence of increase in number of repetitions on the width and the depth of the ablated optical window. c) SEM shows
neurons inside the micro-optical window. d) SEM of top view of fiber ablated using the combination of 40 % laser
power, 600 repetitions and focus at the bottom of the fiber.

4.2.2

Optimizing the design of the Omni-LOEF

There are two important aspects to consider before ablating the pyrolysed fiber all around its
circumference. The first is the adjacent positioning of the ablated windows and the second is
rotating the fiber at precise angles. It was decided to ablate the pyrolysed fiber at six different
angles to cover the entire fiber surface. Since the depth of ablation is more than the radius of
the fiber cross-section, it was important to calculate the spacing between ablation points and
offset them for different angles to prevent ablating through and breaking the fiber. However, a
large offset would reduce the chances of a neuron encountering an optical window. Exploiting
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the ability of the laser to translate with micrometer precision, we designed a pattern of seven
ablation points in a row. Each ablation point was spaced 180 µm apart and with an offset of 30
µm with respect to the subsequent row as shown in Figure 4.2-4 (top).This design permitted
patterning windows all around the pyrolysed fiber without any overlapping optical windows.

4.2.3

Rotating the fiber at precise angles

The sample stage of the laser micromachining tool is limited to translation in X and Y directions.
Hence, in order to rotate the fiber, we created a 3D printed custom-made fiber rotating setup.

Figure 4.2-4: Top: Design of laser ablation points to obtain optical windows around the fiber with no overlap. a) CAD
model shows main support structure that houses four pillars to mount the fiber holder. b) Cross section of pillars
shows possibility for five different orientation on one side of the fiber. c) CAD model shows fiber holder with the
central groove for placing the fiber. The holes on the fiber holder match those on the pillars for setting the fiber holder
at various orientations. Inset shows central groove and support structures to ensure bottom focus during multiple
ablation steps. (d, e) Shows the actual setup for fiber rotation aligned at two different orientations. The fixation bolts
hold the fiber holder in position. f) Six angles used for the ablation of fiber to create the Omni-LOEF.

The setup ensured that the described design of the micro-optical windows could be achieved
with the existing tool without interfering with other components. 3D printing provides a quick
and easy method for adaptation of the design for optical fibers with different dimensions. It
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further allowed setting the laser focus to the bottom plane for every single angle of rotation.
The setup consisted of a main support structure (Figure 4.2-4a) and a fiber holder (Figure
4.2-4c). The main support structure (10 cm X 4 cm X 0.1 cm) consists of four pillars (1 cm X 1 cm X
2.1 cm each). Holes (2.3 cm diameter) defined at 0°, 30° and 45° permitted fixation of the fiber
holder at different angles with respect to the main support (Figure 4.2-4b). In order to minimize
the height of the pillars to prevent interference with the movement of focusing camera and
laser stage, they were placed as close as possible to each other as shown in the Figure 4.2-4a.
The fiber holder (7.55 cm X 2.9 cm X 0.3 cm), held in position between the pillars by fixation bolts,
encompasses a central groove to place a pyrolysed fiber and a 600 µm wide opening (ablation
window) to allow laser ablation from the top and bottom (Figure 4.2-4d-e). Wafer bonding tapes
hold the fiber in place during ablation. Holes created in the fiber holder match the ones on the
main structure to allow rotation of the fiber along different angles. Finally, two additional
support structures incorporated in the fiber holder allow setting the laser focus to the bottom
of the fiber during each ablation process (Figure 4.2-4c (inset)).

4.2.4

Fabrication of Omni-LOEF

With the design for laser ablation around the fiber and the fiber rotating setup for positioning at
precise angles, we ablated the pyrolysed fiber to produce the Omni-LOEF. Figure 4.2-5a shows
the SEM of the Omni-LOEF. The final design had in total 42 micro-optical windows (1x7 along six
different angles). The SEM shows ablated windows along three angular directions. The
dimensions and shape of the ablated windows along different angles are consistent. In situ
rotation of the fiber to view the entire surface is difficult in SEM. Further, SEM does not allow
visualization of sections to check for overlap between optical windows. Hence, we performed
X-ray micro-tomography to image the entire fiber surface (Figure 4.2-5b-c). This allowed
slicing the LOEF along its longitudinal axis (Figure 4.2-5d) and visualization of cross sections
along its length as seen in Figure 4.2-5e-f. We see from Figure 4.2-5d that there is no overlap
between the laser-ablated points. The variation in the depth of the ablated windows from left to
right is due to the slight misalignment of the fiber with respect to the vertical axis. Figure 4.2-5f
shows four different cross sections moving from bottom to the top of fiber to visualize the six
different angles used for ablation. There is very minimum overlap between the optical windows
probably due to misalignment during laser ablation. However, the fiber maintained its
mechanical integrity for subsequent experiments. The cross sectional shape and depth of the
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ablated windows match the cross-section SEM images shown earlier. The protruding flat
surface at one end of Omni-LOEF seen in Figure 4.2-5b was because the fiber was manually
broken to fit the workspace of the X-ray imaging instrument.

Figure 4.2-5: Omni-LOEF with laser ablation on fiber along six different angles: a) SEM of ablated windows along
three angles. (b-f) Images from X-ray micro-tomography show laser ablated micro-optical windows on the entire
surface of the pyrolysed fiber. d) A longitudinal section of the fiber shows locations of optical windows along two
different angles. Circles mark the ablation along the second angle. e) Axial section view of one ablated window
shows its entire length and no overlap with adjacent windows. f) Four different axial sections along the length of the
fiber show the six different angles of ablation. Notice no optical window in (f) is visible in its entire length due to no
overlap between them.

4.2.5

Electrochemical characterization of Omni-LOEF

We thoroughly characterized the electrochemical properties of the LOEF in the previous
study24. To evaluate the influence of multiple ablation steps, we acquired CVs with the OmniLOEFs as the WE, using the redox couple potassium hexacyanoferrate ([Fe(CN)6]4-/3-). As seen
from Figure 4.2-6a, there is a minor increase in the maximum currents going from OEF to a
LOEF with one row of seven micro-optical windows (LOEF 1x7). This could be due to the
combination of the sidewalls of the ablated windows and the multiple laser ablation processes
as mentioned earlier. These fibers were not oxygen plasma treated. Table 4.2-4 presents the
maximum potential peak separation, and the anodic and cathodic currents for the different
configurations. For the Omni-LOEF, a decrease in the currents along with significant increase
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of the peak potential separation is observed. A plausible reason for this could be the use of an
entirely new setup for laser ablation compared to the previous work. The new setup partially
blocks the airknife on the laser micromachining tool designed to clear debris off the sample
during the ablation process. The presence of debris could lead to reduced electrochemical
interactions at the surface. As mentioned earlier, oxygen plasma treatment renders the LOEFs
hydrophilic to ensure uniform coating of cell adhesion proteins.
Table 4.2-4: Maximum oxidation and reduction current for OEF, LOEF (1 row with 7 windows) and Omni-LOEF.

OEF

LOEF 1 X 7

Omni-LOEF

Omni-LOEF – O2

imax,a

9.5 ± 2.4 µA

10.2 ± 1.3 µA

6.1 ± 0.1 µA

9.8 ± 0.5 µA

imax,c

9.7 ± 2.5 µA

10.8 ± 1.5 µA

5.7 ± 0.9 µA

10.9 ± 0.8 µA

ΔEp

105.3 ± 3 mV

149 ± 8 mV

246.5 ± 25 mV

226 ± 8 mV

Figure 4.2-6: a) Exemplary cyclic voltammograms acquired with multiple laser ablations. b) Maximum anodic and
cathodic current for a Omni-LOEF before oxygen plasma treatment varies linearly with the square root of scan rate.

In addition to changing the surface energy, the plasma cleans the surface of any organic matter
and debris. It is evident from Figure 4.2-6a that the CVs obtained on the Omni-LOEF after the
oxygen plasma treatment show a significant improvement in the oxidation and reduction peaks
and the potential separation between them. In fact, the values of the peak currents measured
for the Omni-LOEFs are comparable to the ones of LOEF 1x7 and OEF, which means that the
laser ablation did not affect the integrity of the pyrolytic carbon fiber electrode. However, the
peak potential separation remained larger even after plasma treatment, the reason for which
remains unclear and needs further investigation. In all cases, the maximum currents maintain

47

a linear relationship with the square root of the scan rates over a large range (Figure 4.2-6b),
indicating the suitability of the Omni-LOEF for dopamine detection. It is important to note that
for the calculation of current vs square root of scan rate, the absolute maximum current was
used instead of actual peak current.

4.2.6

Optogenetic stem cell differentiation on Omni-LOEF

In the previous study (Paper I), we used a polyclonal hVM1 cell line expressing ChR-2. For the
present study, the cell line was cloned and the clone expressing the highest amount of tyrosine
hydroxylase and ChR-2-mCherry (called Clone 19) was expanded for further experiments.
Clone 19 was seeded and differentiated on the Omni-LOEF using the same differentiation
protocol as used before (section 1.1, Paper I). In addition to Geltrex as cell adhesion promoter,
poly-L-Lysine (PLL, 10 µgmL-1) was applied to investigate the influence of different surface
modifications on stem cell differentiation. Oxygen plasma treated Omni-LOEFs, coated with
both Geltrex and PLL, were used as substrate for differentiating Clone 19 at a density of 200000
cells mL-1. The resulting clone 19 containing 3D-LOEF served as WE for optogenetic
experiments. The procedure for optogenetic stimulation was the same as described in section
1.1. However, in addition to single pulses and pulse trains, we also investigated the ability of the
neurons to release dopamine under sustained stimulation for 10s.
Figure 4.2-7 shows the immunocytochemistry of cells on Geltrex (left panel) and PLL (right
panel) coated Omni-LOEFs. The Geltrex coated Omni-LOEF displayed higher cell expansion
with good confluence, however, very few of the neurons expressed tyrosine hydroxylase (TH).
In contrast, as shown in Figure 4.2-7, there were fewer cells adhering on the PLL coated OmniLOEFs compared to the ones with Geltrex coating. The cells formed clusters, a behavior
previously reported23. But unlike the case with Geltrex, nearly all the neurons expressed TH,
indicating that they were dopaminergic.
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Figure 4.2-7: Immunocytochemistry (ICC) of the differentiation of Clone 19 into dopaminergic neurons on OmniLOEFs: Fluorescence maximum intensity projection for Geltrex coated (left) and PLL coated (right) Omni-LOEFs.
DNA (blue), TH (red), ß‐III tubulin (green) and merge (green, red, blue).

Figure 4.2-8a-c shows amperometric current signals from optical stimulation of neurons on
Geltrex coated Omni-LOEF. Every single optical stimulation led to dopamine release from the
cells. Even under sustained stimulation, the cells were able to release dopamine and the
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current peaks decreased over time due to dopamine depletion from the neurons (Figure
4.2-8c). This behavior was similar to the previous experiments with LOEF (Paper I). However,
the optogenetic stimulation resulted in much less current than was seen before (Paper I). This
was primarily due to the presence of very few dopaminergic neurons in the differentiated clone
19, as seen from the ICC images in Figure 4.2-7. The previous experiments with LOEF (Paper I)
involved the non-cloned hVM1-ChR-2 cells. Since the cloned cell line is new, there is a need for
optimization of the differentiation protocol and biological characterization.

Figure 4.2-8: Comparison of dopamine detection from optical stimulation of Clone-19 differentiated on Omni-LOEF
coated with Geltrex and PLL. a) Single peaks b) 5-pulse trains c) Sustained 10 s stimulation. The cell seeding density
is 200000 cells mL-1.

The ICC of PLL coated Omni-LOEF showed fewer neurons compared to Geltrex. One would
therefore assume that the current obtained from amperometry should be significantly smaller
than on the Geltrex coated counterpart. Surprisingly, under the same stimulation condition, the
currents observed were at least 1.5 times higher on the PLL coated Omni-LOEF (Figure 4.2-8ac). One contributing factor might be because a higher number of adherent neurons in this case
showed dopaminergic phenotype. We have in fact previously observed that Geltrex limits hVM1
differentiation and that PLL surface modification promotes differentiation into dopaminergic
neurons. A separate study by another PhD student is currently evaluating these aspects.
Finally, clone 19 was differentiated on both Omni-LOEFs with six rows of seven optical windows
and LOEFs containing one row of seven optical windows for comparison (Figure 4.2-9a-c).
Clone 19 cells differentiated on the Omni-LOEF resulted in much higher currents compared to
the ones observed on LOEF 1x7, demonstrating that the Omni-LOEF indeed drastically
increases the number of neurons stimulated by light. It is important to mention that the
optogenetic experiment with clone 19 on LOEF 1x7 was performed on day 8 of differentiation due
to COVID-19 lockdown. The normal differentiation time for these cells is 10 days. To investigate

50

the influence of cell density on the PLL coated Omni-LOEF, another experiment was conducted
where the cell seeding concentration was lowered from 200000 to 100000 cells mL-1. As
expected, lower currents were observed upon optogenetic stimulation using the lower cell
seeding density (Figure 4.2-9d-f). All these results demonstrate the applicability of laser
ablation for the reproducible fabrication of multifunctional LOEF for optical stimulation of
neural stem cell derived dopaminergic neurons on the entire surface of the LOEF and
subsequent electrochemical detection of dopamine exocytosis.

Figure 4.2-9: Results from optogenetic stimulation of Clone-19 cells differentiated on PLL coated Omni-LOEFs and
LOEF. (a-c) Amperometric dopamine detection shows higher value of measured current from Omni-LOEF than from
LOEF with 1 X 7 micro-optical windows. (d-f) Amperometric detection from two different Omni-LOEFs coated with
two different cell densities.

4.3 Chapter summary: Leaky opto-electrical fiber
This chapter presented two versions of the LOEFs. The first version was the LOEF with 20
micro-optical windows as used in Paper I. The second version was the Omni-LOEF containing
42 micro-optical windows patterned as 1 x 7 along six angles and is part of a manuscript nearing
submission (Paper II). The chapter demonstrated the suitability of laser ablation to create
micro-optical windows to leak light to stimulate neurons. The pyrolytic carbon derived from
pyrolysis of the polyimide layer of commercial optical fibers displayed excellent
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electrochemical properties. There were several challenges associated with optical and
electrical interfacing to the LOEFs and were solved in a systematic way. The LOEFs served as
substrate for differentiation of neural stem cells into dopaminergic neurons. Optical
stimulation of neurons from LOEF (2x20) and Omni-LOEF led to release of dopamine by the
neurons that were detected using amperometry.
The next chapter presents an alternate design of leaky opto-electrical neural probe fabricated
using silicon microfabrication techniques.

52

Chapter 5
LEAKY OPTRODE
The previous chapter introduced the reader to the concept of a leaky opto-electrical fiber based
on a commercial optical fiber for stem cell culture, optogenetic stimulation and dopamine
detection. Commercially available optical fibers do not allow customization of the device
geometry, electrode area and the space available for stem cell culture. This chapter presents
the next step towards fabricating such devices based on advances in silicon microfabrication
techniques. This chapter takes the reader from the initial design and development of a
microfabricated leaky optical neural probe (optrode) for combined optical stimulation and
electrochemical detection through to the final optrode design ready for in vivo trials in a mouse
model. The terminologies used for the initial and final design versions throughout this thesis
are Generation 1 and Generation 2 optrodes. The results from the fabrication and
characterization of Generation 1 optrodes are part of Paper III.

5.1 Concept and design of Gen 1 leaky optrodes
Both optical fibers and planar waveguides work based on the principle of total internal
reflection shown in Figure 4.1-2f. They both consist of a high refractive index core surrounded
by a low refractive index cladding. The primary difference is in their structure. As shown in
Figure 5.1-1a, optical fibers are generally circular in cross section with the cladding material
surrounding them. A planar waveguide on the other hand typically has a rectangular cross
section (Figure 5.1-1b). The carrier substrate acts as the bottom cladding and the top cladding
could be either air or any other dielectric material. This work uses the polymer SU-8 as the core
material for the waveguide fabrication. The leakage of light is achieved by introducing optical
windows in the planar waveguide geometry similar to what was obtained by ablating microoptical windows in the optical fiber described in the previous chapter.
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Figure 5.1-1: Comparison between structure of (a) an optical fiber and (b) a planar optical waveguide.

The work on the Generation 1 (Gen1) leaky optrodes was conducted in parallel to the
development of the LOEFs and Omni-LOEFs. Unlike a commercial optical fiber coated with a
polymer layer, the basis for Gen 1 probes is a microfabrication approach starting from a clean
silicon wafer. A schematic of the Gen 1 probe is shown in Figure 5.1-2. Light delivery is achieved
through a polymer waveguide butt-coupled to an input optical fiber connected to a laser diode
(Figure 5.1-2). A pyrolytic carbon electrode and two gold electrodes serve as WE, CE and RE for
electrochemical sensing, respectively. The leaky planar waveguide is placed in the center of the
probe shank to allow differentiation and stimulation of neurons on top of the carbon WE on
either side of the waveguide.

Figure 5.1-2: Schematic representation of first generation probe shows a central waveguide surrounded by pyrolytic
carbon and gold electrodes. Inset shows a close up of the probe shank containing the leaky waveguide, gold RE, CE
and pyrolytic carbon WE with micro-pillars. The fourth electrode contact pad is present to satisfy author’s obsession
for symmetry.
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5.1.1

Fabrication of Gen 1 optrodes

The fabrication begins with the growth of a 1 µm thick silicon oxide layer on a 100 mm diameter,
350 µm thick Silicon wafer (Figure 5.1-3). In addition to providing electrical insulation, the oxide
layer acts as the bottom cladding for the polymer waveguide. The next step shown in
Figure 5.1-3a involves the patterning of a 17 µm thick base SU-8 2035 layer with a maskless UV
aligner serving as a polymer precursor for pyrolysis. A second 5 µm thick layer of SU-8 was
patterned on top of the first one to define micro-pillars. Carbon micro-pillars increase the
electrode area and potentially improve interaction with cells23. Low soft and post-exposure
baking temperatures of 50 °C for 15 minutes (2 °Cmin-1 ramp) prevented thermal stress and
subsequent cracking of the SU-8 layers. Such defects would be detrimental for the integrity of
the carbon electrode because SU-8 does not reflow during the pyrolysis process to repair any
potential cracks.

Figure 5.1-3: Cross sectional schematic of neural probe fabrication and release. a) Patterning of SU-8 used as
precursor for pyrolysis. b) Pyrolytic carbon electrodes with micro-pillars obtained after SU-8 pyrolysis. c)
Deposition of gold for use as pseudo-reference and counter electrodes. d) Backside DRIE to define probe thickness.
e) Patterning of leaky SU-8 waveguide. f) Front side DRIE defines fiber groove and releases probes.

After developing in propylene glycol methyl ether acetate (PGMEA) for 15 minutes and rinsing
in 2-propanol, the wafers were pyrolysed in nitrogen atmosphere for one hour at 900 °C with
slow heating and cooling resulting in the formation of pyrolytic carbon. Paper III details the
process used for the fabrication of Gen 1 optrodes. After pyrolysis, the polymer shrinks to a 2
µm thick pyrolytic carbon layer (Figure 5.1-3b). A thicker layer of pyrolytic carbon would
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improve the electrode conductance, albeit obstructing the light leaking from the waveguide and
causing delamination of the carbon due to thermal stress. The next step was gold deposition
with a titanium seed layer to define the pseudo-reference- and counter electrodes, and the
external contact pads by lift-off (Figure 5.1-3c). A thick masking layer of negative photoresist
prevented metallization of the pyrolytic carbon during gold deposition. The wafer was etched
300 µm from the backside to define the final thickness of the probes (Figure 5.1-3d). After spin
coating of a 20 µm thick SU-8 layer on the front side, a 40 µm wide waveguide, containing optical
windows to leak light, was patterned using a maskless aligner (Figure 5.1-3e). The baking
processes were the same as mentioned above. The large waveguide cross-section allows for
better light coupling than a small cross section. As a last step, 50 µm deep grooves etched on
the front side enabled easy release of the probes (Figure 5.1-3f).

Figure 5.1-4: a) Final released Gen1 optrode containing a pyrolytic carbon as WE, a gold CE and a pseudo-RE and a
leaky SU-8 waveguide. b) SEM image showing probe attached to the wafer with micro hinges. c) Released probe
shank with tip shows the leaky part of the waveguide in the center surrounded by the carbon electrode. d-e) Close
up of probe shank shows leaky waveguide surrounded by pyrolytic carbon electrodes with nano-pillars. f) Zoom
SEM of pyrolytic carbon nano pillars. Figure reused from Paper III. © 2020 IEEE

The front side etch also etched the groove for an optical fiber to couple light into the waveguide.
The released probe shank was 7 mm long, 180 µm wide and 50 µm thick (Figure 5.1-4a). Microhinges prevented the probes from detaching from the wafer during etching and allowed their
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separation from the wafer by the application of a small force to break the hinge (Figure 5.1-4b).
Figure 5.1-4c-f shows the probe shank containing the leaky optical waveguide in the center,
pyrolytic carbon WE with micro-pillars around the waveguide and 12 µm wide gold CE & RE. The
micro-pillars are 1.4 µm in diameter and height (Figure 5.1-4e-f).

5.1.2

Optical simulation and characterization of Gen 1 optrodes

The leaky section of the waveguide was optimized in COMSOL Multiphysics using the ray optics
module (Figure 5.1-5a-b). As explained in section 4.1.2 in Chapter 4, the presence of optical
windows in the waveguide structure results in light leaking out due to local change in critical
angle and angle of incidence. After simulating different designs of optical windows in the
waveguide to determine the optimal design for uniform light leakage, we found that semicircular indentation in the waveguide structure was the best. A detailed description of the
simulation and optimization process is presented in the second part of this chapter on Gen 2
optrodes. A 50 µm core diameter optical fiber coupled to a 460 nm laser diode was placed in the
etched groove to couple light into the SU-8 waveguide and measure the intensity of leaking light
as shown in Figure 5.1-5c. The power of light leaking from the leaky waveguide was measured
using an optical power meter in the same way as mentioned in Chapter 4. Dividing the measured
power by the total semi-circular area of 10 optical windows where the light leaks (0.5 x πr2)
resulted in an intensity of 2 mWmm-2 on one side of the waveguide (2 ms pulse, 10 ms period).
This intensity is sufficient to activate ChR-2 (activation threshold 1 mWmm-2). To define the
region of pyrolytic carbon relevant for electrochemical detection of dopamine, it is important to
know the spatial distribution of light. This was investigated by immersing the waveguide in
gelatin containing a suspended fluorescent nano-beads. Light from the waveguide excites the
fluorescent nano-beads showing the distribution (Figure 5.1-5d). It can also be concluded that
the micro-pillars do not obstruct the leaking light. The distribution of light correlates with the
simulation results in Figure 5.1-5b.
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Figure 5.1-5: COMSOL ray tracing simulation shows light leaking from the waveguide with a) Air and b) Cerebrospinal
fluid (CSF) as cladding materials. c) Blue light at 460 nm from laser diode leaks from the SU-8 waveguide (air
cladding). d) Light leaking from the waveguide illuminates the fluorescent nano-beads revealing its spatial
distribution pattern. Figure reused from Paper III. © 2020 IEEE

5.1.3

Electrochemical characterization of Gen1 probes.

Pyrolytic carbon derived from SU-8 has already been characterized and widely used for
electrochemical measurements185,186. We performed basic characterization by acquiring cyclic
voltammograms (CV) in 10 mM hexacyanoferrate (IV/III) ([Fe(CN)6]4-/3-) in PBS. The devices
were not released for these initial experiments. Instead, the chips were diced out, as shown in
Figure 5.1-6a, to prevent accidental breakage of the probe shank during handling. The probes
were mounted in a custom designed holder as shown in Figure 5.1-6b and the on-chip carbon
and gold electrodes were used as WE, CE and RE, respectively. Figure 5.1-6c shows three scans
of CV on the same probe, the first two scans were acquired at 200 mVs-1 (black) and the third
scan at 50 mVs-1 (red). The CVs did not show any oxidation of reduction peaks and turned into
random noise after three scans, indicating problems with the electrochemical performance of
the carbon electrodes. The initial assumption of failed electrochemistry was the hydrophobic
nature of the carbon electrodes post fabrication. However, the CVs acquired post oxygen
plasma treatment, to render them hydrophilic, displayed the same behavior as in Figure 5.1-6c.
In an attempt to rule out possible fabrication errors related to either pyrolytic carbon or gold,
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CVs were acquired using an external platinum wire as CE and a Ag|AgCl (saturated KCl) as RE,
while leaving pyrolytic carbon on the probe as the WE. The result was similar to Figure 5.1-6c
with CVs displaying no oxidation or reduction peaks.

Figure 5.1-6: a) Diced out Gen 1 optrode chip used for electrochemical characterization. CVs acquired on Gen 1
optrodes: b) Optrodes mounted into the custom-made PMMA setup for electrochemical characterization. c)
Distorted CVs obtained with Gen 1 probes when using all three on-chip electrodes, pyrolytic carbon WE and gold CEand RE.

However, using one of the on-chip gold electrodes as the WE combined with an external CE and
RE resulted in well-defined CVs with clear oxidation and reduction peaks (Figure 5.1-7). This
pointed towards the possibility of fabrication errors in the pyrolytic carbon electrode. In order
to assess the ability of the gold electrode to function as CE, we used an external platinum wire
as WE and a Ag|AgCl (saturated KCl) as RE. When the on-chip gold electrode was connected as
the CE with an external WE (Pt wire), the first cycle CVs were perfectly fine but after about three
voltage scans, the peak currents drastically decreased and the CVs deteriorated (Figure
5.1-7e). The resulting CV had similar behavior as seen in Figure 5.1-6c. Investigation with optical
microscopy revealed that the gold electrodes had completely dissolved during the experiment.
It was assumed that a lithography error was the culprit for gold delamination and dissolution.
However, subsequently fabricated batches of Gen 1 optrodes displayed the same behavior with
gold dissolution. After a thorough characterization of each on-chip gold electrode with
different external electrodes, size, type and a combination thereof (Figure 5.1-7a-e), it was
found that the gold dissolution occurred only when the on chip gold electrodes were used as CE
with a platinum wire as the WE (Figure 5.1-7e).
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Figure 5.1-7: CVs acquired in 10 mM hexacyanoferrate (IV/III) at a scan rate of 100 mV/s using different electrode
combinations. External platinum wire and an Ag|AgCl (saturated KCl) were used together with the two on-chip gold
electrodes in different combinations. a) On-chip gold electrodes as WE and CE with external platinum wire as RE. b)
On-chip gold electrodes as WE and RE with external platinum wire as CE. c) On-chip gold electrodes as WE and CE
with external Ag|AgCl (saturated KCl) as RE. d) On-chip gold electrode as WE with external platinum wire as CE and
external Ag|AgCl (saturated KCl) as RE. e) On-chip gold as the CE on Gen 1 probes starting to dissolve when used with
external platinum WE and Ag|AgCl RE.

For further investigation of the observed behavior with this electrode configuration, we
fabricated a batch of optrodes with only the gold CE and RE without the pyrolytic carbon
electrodes. The area of an external platinum WE immersed in the electrolyte solution was
gradually decreased using a micromanipulator during acquisition of the CVs (Figure 5.1-8a-b).
When an extremely small area of the platinum wire was participating in the redox reactions,
there was no deterioration of CVs for several cycles and the on-chip gold layer remained intact
(Figure 5.1-8b-c). Upon immersion of a larger part of the platinum wire in the solution, the CVs
immediately deteriorated due to dissolution of the gold. Figure 5.1-8d shows that gold dissolves
only when connected as CE and not as RE. During this experiment, both electrodes in the top
device were used as CE separately which led to their complete dissolution. However, only one
gold electrode was connected as CE in the bottom device (Figure 5.1-8d).
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Figure 5.1-8: a) CVs acquired in 10 mM hexacyanoferrate (IV/III) during gradual expulsion of Pt WE shows
continuously decreasing currents. b) Schematic representation of Pt WE at minimum immersion from (a), to prevent
gold dissolution. c) Continuous acquisition of 40 CVs at min. immersion shows no deterioration of CVs. d) Fabricated
Gen 1 probes shows dissolved gold electrodes. Notice only gold connected as CE dissolves while gold connected as
RE does not.

Theoretically, the area of the CE should always be larger than the one of the WE in order to
handle currents generated at the WE189. The dissolution of the CE is generally not observed in
bulk electrode systems where dimensions are of the order of several millimeters. However, at
the micro/nano scale, the effects of dissolution become prominent190. It turned out that in the
first Gen 1 optrode design, the WE was larger than the CE, causing the rapid dissolution of the
gold. Hence, the electrode design was modified to have a CE area larger than the one of the WE
(28 µm wide WE, 42 µm wide CE). To verify the stability of this new electrode design, we
fabricated a batch of optrodes containing all gold electrodes (WE, CE and RE). The CVs acquired
with this modified Gen 1 electrode design were perfect for several cycles without any
deterioration, showing that all on-chip gold electrodes functioned as desired.
Since 2D and 3D pyrolytic carbon electrodes had previously shown to be beneficial for neural
differentiation, it was still the aim to design the probe with a pyrolytic carbon WE. Therefore, a
new batch of Gen 1 optrodes were fabricated, incorporating the modified electrode design from
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the gold dissolution study and using pyrolytic carbon as the WE electrode. The process flow
used for the fabrication of the modified electrodes is presented in Paper II. However,
surprisingly, CVs acquired using on chip electrodes again did not show any oxidation or
reduction peaks (Figure 5.1-9a). Other group members using the same processes for
fabrication of pyrolytic carbon electrodes had no such issues and acquired nice CVs on their
devices. A critical analysis revealed that the problem was in fact the dimension of the custommade measurement setup used for electrochemical characterization (Figure 5.1-9).

Figure 5.1-9: a) CVs acquired 10 mM hexacyanoferrate (IV/III) using modified electrode design using on chip carbon
WE and gold CE, RE showing absence of oxidation and reduction peaks. Comparison between (b) old setup and (c)
new setup. Arrows indicate the orifice at the bottom opening to the devices.

The custom-made PMMA based setup consists of a well-like structure that opens up to the
devices placed at the bottom thereby allowing both electrochemical measurements and cell
culture (Figure 5.1-6b). However, the orifice at the bottom of the well in contact with the device
surface was only 4 mm x 3 mm wide (Figure 5.1-9b). This small dimension resulted in the
formation of a convex liquid meniscus that probably did not allow the solution to wet the carbon
surface completely as shown in section AA of Figure 5.1-9b. This did not result in problems
when using all gold electrodes without pyrolytic carbon. A second custom-made setup with a 5
mm x 6 mm wide orifice as shown in Figure 5.1-9c prevented the formation of such a meniscus
and completely solved the problem. The acquired CVs using the new set up with the on chip
pyrolytic carbon WE and gold CE and RE were now consistently reproducible (Figure 5.1-10a).
Another idea was to evaluate the ability of the pyrolytic carbon to serve as CE. The motivation
behind this was to increase the exposure of the stem cells to pyrolytic carbon during
differentiation. A new batch of optrodes consisting of a pyrolytic carbon CE and WE and gold RE
displayed excellent CVs with very low capacitive behavior as seen in Figure 5.1-10b.
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Figure 5.1-10: Exemplary CVs acquired in 10 mM [Fe(CN)6] 4-/3- at 100 mVs-1 using different electrode material
combinations for CE and WE. a) Gold as CE, RE with pyrolytic carbon as WE. b) Gold as RE with pyrolytic carbon as CE
and WE. c) Pyrolytic carbon as CE, RE and WE.

As an extension to the above, devices containing pyrolytic carbon as CE, WE and RE also
displayed good electrochemical behavior (Figure 5.1-10c). The acquired CVs in all cases
remained stable for several cycles without any signs of deterioration. It was decided to go with
pyrolytic carbon as the electrode material for the WE and CE and gold for the RE for all the
devices here after.

Figure 5.1-11: Cyclic voltammogram of Gen 1 optrodes with pyrolytic carbon WE and the new measurement set-up
acquired in 10 mM [Fe(CN)6] 4-/3-at (a) 100 mVs-1 and (b) different scan rates. c) Anodic and cathodic peak current
versus square root of scan rate shows linearity up to 900 mVs-1. d) Comparison of CVs acquired at 100 mVs-1 in two
different concentrations of dopamine hydrochloride (50 µM and 250 µM). e) CVs of 250 µM dopamine at different scan
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rates. f) Anodic and cathodic peak currents for 250 µM dopamine also follow a linear relationship with the square
root of scan rate up to 900 mVs-1. Figure reused from Paper III. © 2020 IEEE

Paper III thoroughly describes the electrochemical characterization of the Gen1 optrodes. The
CVs acquired in 10 mM hexacyanoferrate (IV/III) displayed semi-sigmoidal behavior
characteristic of micro-band electrodes, with peak separation of 300 mV at a scan rate of 100
mVs-1 (Figure 5.1-11a-c) in the same range as previously reported for SU-8 derived pyrolytic
carbon electrodes185. Oxidation and reduction peak currents appear at higher scan rates with
widening of the peak separation (300 mV at 100 mVs-1 to 450 mV at 900 mVs-1) with increasing
scan rates due to the quasi-reversible reaction kinetics. Since the intended purpose is to detect
dopamine released by neurons, CVs were acquired at different concentrations of dopamine
hydrochloride solution in PBS and at different scan rates to investigate the response of
pyrolytic carbon to dopamine. As shown in Figure 5.1-11d-f, the CVs display higher anodic peak
currents compared to the cathodic peak currents as has previously been observed for pyrolytic
carbon electrodes24. This is due to the quasi-reversible nature of dopamine electrochemistry.
The peak separation for 50 µM dopamine at 100 mVs-1 was 90 mV with a slight widening of the
peaks with increasing scan rates. The anodic and cathodic peak currents maintain linear with
the square root of scan rates for as high as 900 mVs-1, due to diffusion-controlled
electrochemical reactions. This indicates that pyrolytic carbon electrodes are suitable for
dopamine detection.

5.1.4

Cell culture on Gen 1 optrodes

Cell culturing and differentiation on the completely functional Gen 1 optrode were evaluated
during a short research stay at the project partners at the University of Barcelona.
Optogenetically modified human induced pluripotent stem cells (hiPSCs) expressing ChR-2
were differentiated, following a 36-day protocol optimized at the University of Barcelona. This
hiPSC line was tested since it has the ability to differentiate into approx. 50% dopaminergic
neurons and 50 % GABAergic neurons. For these initial cell studies, the probes were not
released, but were diced in the same way as for electrochemical experiments (Figure 5.1-6a).
Differentiating these hiPSCs on the Gen 1 optrodes revealed some biology related challenges.
It turned out that very few of these cells were attached and differentiated on the dedicated
carbon electrode area surrounding the waveguide (Figure 5.1-12a).
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Figure 5.1-12: Human iPSCs differentiated for 36 days on an un-released Gen 1 probe shank highlighted in red. a)
Shows fewer differentiated neurons around the waveguide. b) A dense population of healthy neurons form neural
network on the silicon oxide surface far from the waveguide.

However, on the silicon oxide surface far from the probe shank, the cells differentiated well and
formed a healthy neural network (Figure 5.1-12a-b). The presence of a central waveguide
hindered the formation of a continuous neural network by the differentiating neurons on the
probe shank. A good neural network promotes the growth of healthy neurons. A lack of neurons
near the waveguide is undesired as it diminishes the number of dopaminergic neurons
available for therapeutic benefit. Additionally, due to the Gen 1 optrode design, there is a high
risk that cells would peel off during the implantation process. A redesign of the Gen 1 design was
thus initiated in order to overcome these issues related to cell-biology. This formed the
motivation for the development of the second generation (Gen 2) of leaky optrodes.

5.2 Design of generation 2 leaky optrodes
The primary difference between the designs of Gen 1 and Gen 2 is the placement of the leaky
waveguide. Unlike the centrally placed waveguide in Gen 1, the waveguide in Gen 2 starts as a
single waveguide and splits into two branches, occupying the edges of the probe shank.
Figure 5.2-1 illustrates the idea. The height of the waveguide is increased to 40 µm, which is
twice the one of the Gen 1 design. The idea of this new design is to turn the waveguide into a
protective rim with the region between the two branches providing a large uninterrupted area
for the stem cells to differentiate and form neural networks. The tall waveguide is meant to
absorb the shear stress from the tissue during implantation preventing excessive peeling-off
of cells. The cells are in this way encapsulated within the waveguide. The area between the
waveguides permits placing the three electrodes required for electrochemical sensing. Based
on a thorough discussion with biologists at the University of Barcelona and University of
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Madrid, the overall dimensions of the optrode and the region of light leakage were adapted for
a mouse brain as shown in Figure 5.2-1.

Figure 5.2-1: Schematic representation of Gen 2 optrode shows an encapsulation type of waveguide surrounding
pyrolytic carbon and gold electrodes.

5.2.1

Optical simulation of encapsulating waveguide

The optical simulation and process optimization for encapsulating waveguide was done in
collaboration with the master student, Marta Baracchini. The design of the encapsulating
waveguide had to accommodate two requirements. The first involved the optimization of a Ysection in the waveguide shape to achieve total internal reflection from the input to the output.
The second involved addition of the optical windows to obtain light leaking in the specific region
of interest. The Ray Optics module in COMSOL allows simulation of the light propagation
through a 2D waveguide model. The material for the waveguide structure was set to be SU-8
with a refractive index of 1.6. The refractive index of the region surrounding the waveguide was
set to 1.36, which is the average refractive index of brain tissue191. The wavelength of light was
set to 460 nm.
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Figure 5.2-2: COMSOL optimization of radii of curvature of the S-shaped bend. a) Parametric sweep over first radius
of curvature shows the optimum value at 600 µm. b) Setting radius to 400 µm shows light leaking before reaching
the end. c) Setting radius higher at 700 µm shows that light propagates without leaking. d) Parametric sweep over
second radius of curvature shows the optimum value at 800 µm. e) Setting radius to 400 µm shows light leaking
before reaching the end. f) Setting radius at 800 µm shows light propagates without leaking. The color palette shows
normalized output power with respect to input power. Since all the light propagates through the waveguide in figures
(c) and (f), there is no change in intensity leading to single color

As shown in Figure 5.2-1, the geometry of the waveguide consisted of an initial straight section
at the input leading to a Y-section dividing the waveguide into two parallel straight sections. The
initial straight section was 50 µm wide at the input followed by a taper down to 40 µm to improve
coupling of light into the waveguide from the 50 µm core optical fiber. The two parallel
waveguides are joined to follow the contour of the probe shank tip. The connected tips should
take up the initial impact during implantation without transferring it to the cells. The Y-section
consists of two S-shaped bends joined together. The radii of curvature to define the S-shaped
bend were optimized through a parametric sweep of the radius as a function of the transmitted
power. The goal of the optimization was to obtain a sufficiently large radius to avoid light loss
but also as small a radius as possible to allow integration of the Y-section on the waveguide.
The transmittance of the waveguide at the output was measured using a Wall node with the
Deposited Ray Power sub-node to compute the total incident power arriving at the other end.
Figure 5.2-2a and d show that the minimal radius of the first bend avoiding light loss at the Y-
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section is 600 µm while that of the second is 800 µm, respectively. Figure 5.2-2b and e show that
setting the radii to lower values leads to light leaking out before reaching the waveguide end.
With the optimized Y-section, the next step was to adjust the spacing between the two parallel
waveguides on the probe shank to 130 µm. This distance provides ample area for the stem cells
to differentiate.

Figure 5.2-3: Optimized design of Y-junction waveguide shows light propagation from the input to output in (a) nonleaky waveguide and (b) waveguide with added indentation at the end to allow light to leak out. The color palette
shows normalized output power to input power.

Moreover, this waveguide design ensures that the width of the probe shank does not lead to
excessive tissue damage during implantation. Hence, the values of the radii were increased to
obtain a spacing of 130 µm between the parallel waveguides. The final design values of the radii
were 750 µm and 1500 µm, respectively (Figure 5.2-3). As mentioned above (Figure 5.2-1), the
dimensions of the probe shank matches the requirements for a mouse model in order to enable
stimulation of cells close to the striatal region. This translates into a length of about 1 mm,
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corresponding to the depth of the striatum. Hence, the last 1 mm of the waveguide was made
leaky by introducing optical windows in the waveguide structure. Three different geometries of
optical windows were simulated, triangles, squares and semi-circles. The dimensions of these
geometries were optimized through parametric sweep to obtain maximum light leaking in the
region of interest. Simulation results of light leaking, using the optimized dimension of each of
these geometries compared with the fabricated waveguides, are shown in Figure 5.2-4.

Figure 5.2-4: Comparison between simulated results and fluorescence microscopy results of light leaking from
waveguide containing different indentation geometry. Left: Different leaky geometries. Middle: Ray tracing results
from simulation. Right: Light leakage activating fluorescent nanoparticles in gelatin.
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5.2.2

Optical characterization of Gen 2 leaky waveguide

Based on the dimensions optimized through the simulations, waveguides were fabricated
using the negative epoxy photoresist SU-8 2035. The process flow related to the waveguide
fabrication was re-optimized compared to Generation 1 optrodes due to the increased
thickness of the polymer layer. The wafers were baked longer at low temperature (6 hours at
50°C) during pre- and post-baking to prevent buildup of thermal stress and eventual cracking.
The wafers were exposed to a high light exposure dose of 300 mJcm-2 on a maskless aligner to
ensure complete exposure of the thick SU-8. Figure 5.2-5 shows the fabricated waveguide. For
the initial optical characterization, the devices did not contain any electrodes.

Figure 5.2-5: SEM of fabricated encapsulating waveguide for Gen 2 optrodes. a) The waveguide aligned to the etched
groove for input light coupling. b) Y-section. c) The part of the terminal waveguide with square optical windows
where light leaks.

The light leaking from the different types of waveguide was evaluated qualitatively by
immersing the waveguide in gelatin containing a dispersion of fluorescent nano-beads. In
Figure 5.2-4 it can be seen that the design with semi-circles correlated best with the simulated
results (Figure 5.2-4b-c). There were slight deviations from the simulated results for the other
two designs (Figure 5.2-4e-i), which could stem from fabrication challenges. In the case of
waveguides with square and triangular optical windows, it was difficult to correctly expose and
develop SU-8 due to the tight corners in these geometries. As a result, the undeveloped SU-8
led to altered waveguide structure as compared to the simulated design.
It was impossible to measure the intensity of light leaking between the waveguides. Thus, the
intensity was measured from devices containing a single waveguide in the same way as
mentioned in section 5.1.2. Table 5.2-1 shows the intensities from the tip as well as from the
leaky region for the different types of waveguides. All the values were measured when laser
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pulses were 2 ms long with a 10 ms period. The resulting intensities are all higher than the
threshold for the activation of ChR-2, which is 1 mWmm-2, indicating the applicability of all the
waveguide designs for optogenetic experiments. However, based on the results from
fabrication and correlation to simulation, the semi-circular optical windows were chosen as
the design to achieve light leakage from the waveguide.
Table 5.2-1: Intensity of light leaking from a single straight waveguide with different type of optical windows.

Intensity from the tip (mWmm-2)

Intensity from the side (mWmm-2)

Non leaky

12.5 ± 0.1

-

Leaky with 

8.4 ± 0.2

6.2 ± 0.2

Leaky with 

2.5 ± 0.1

1.9 ± 0.1

Leaky with 

2.5 ± 0.1

3.1 ± 0.1

5.2.3

Gen 2 Electrode design

Since pyrolytic carbon acts as substrate for stem cell differentiation, the electrodes for
electrochemical sensing were designed in a way to increase the area of pyrolytic carbon
exposed to the stem cells. Different designs of electrodes were evaluated for their
electrochemical response including also an interdigitated electrode (IDE) configuration. One
idea was to use carbon as the electrode material also for the CE. This would increase the
exposure of stem cells to pyrolytic carbon. Hence, carbon was tested both as the WE and the CE
while gold was used as a pseudo reference electrode in all the designs. The fabrication process
was optimized to reproducibly fabricate IDEs with 5 µm spacing between the fingers (Figure
5.2-6 (top)). At this stage of optimization, the electrodes did not contain micro-pillars. Figure
5.2-6a shows the cyclic voltammograms for the IDE in 10 mM hexacyanoferrate (IV/III)
-1

-1

([Fe(CN)6]4-/3-) in PBS acquired at scan rates from 25 mVs to 500 mVs . The obtained peak shape
is sigmoidal due to the dimensions of the electrode. The fingers of the WE are 16 µm wide while
they are 20 µm wide for the CE, which means that both electrodes are micro-band electrodes.
The CVs displayed very low capacitive currents while the curves intersected at lower scan
rates, which was due to the high concentration of the redox-couple. In order to resolve the
oxidation and reduction peaks better, the experiment was repeated with 100 µM of the redox
couple (Figure 5.2-6b). Here it can be seen that the CVs do not intersect at lower scan rates,
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while oxidation and reduction peaks start to appear at higher scan rates as expected from
microelectrodes192,193. This response is typical for an ultra-micro-electrode where radial

diffusion dominates the mass transport193. When the concentration of the probe is
decreased to 100 µM, radial diffusion dominates at lower scan rates while planar diffusion
dominates at higher scan rates and peaks start to appear.

Figure 5.2-6: Comparison between two different electrode designs. Images on top (IDE) and bottom (Non-IDE) show
the actual fabricated electrode without waveguides or micro-pillars. CVs acquired in hexacyanoferrate (IV/III)on IDE
[(a) 10 mM and (b) 100 µM] and non-IDE design [(c) 10 mM and (d) 100 µM] show the influence of electrolyte
concentration.
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Moreover, the small area of the electrodes makes them less sensitive to the higher solution
resistance associated with low redox-couple concentration. However, the smaller electrode
area compared to a continuous electrode also means that a smaller area of pyrolytic carbon is
exposed to the stem cells during differentiation.
Hence, an alternative design of large bands of carbon was created to have maximum exposure
of the cells to pyrolytic carbon (Figure 5.2-6 (bottom)). The resulting design was a 120 µm wide
and 1 mm long WE near the tip of the probe shank with thin 16 µm leads reinforced with gold for
contacting. The gold RE was placed midway between the long CE and the WE. The fabricated
design is shown along with the respective CVs in two different concentrations of the redox
probes in Figure 5.2-6c-d. Reducing the redox probe concentration lowers the peak potential
separation while showing clear oxidation and reduction peaks with increasing scan rates. At
lower scan rates, the behavior is still semi-sigmoidal due to the dimensions of the electrodes.
Figure 5.2-7 shows the waveguide integrated with the large band WE and carbon micro-pillars
on the WE to further increase the surface area (Figure 5.2-6 (bottom)). As a next step, we
differentiated neural stem cells to test the ability of the waveguide to encapsulate cells during
implantation.

Figure 5.2-7: a) SEM of waveguide fabricated around the pyrolytic carbon electrodes with micro-pillars. b) Close-up
of the micro-pillars on WE. c) Birds eye view of the device consisting of SU-8 waveguide and pyrolytic carbon
electrodes.

5.2.4

Cell culture on Gen 2 optrodes for implantation experiments

The new design of encapsulating type waveguide was patterned around the pyrolytic carbon
electrodes as shown in Figure 5.2-7. As this was an implantation experiment to evaluate the
waveguide, the neural probe consisted of the waveguides and pyrolytic carbon electrodes
without any gold electrodes. The cell line hVM1-ChR-2 was differentiated for 10 days with the
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same protocol used previously for the LOEF. Preliminary implantation test was performed in a
gelatin brain model. Different concentrations of gelatin hydrogels were characterized with a
rheometer to match the rheological properties of brain tissue194. The simulated brain samples
were created in house using 10%w-1 gelatin. The cells were differentiated on 400 µm wide
probes, containing waveguides and pyrolytic carbon electrodes, by placing them in a 12-well
cell culture plate. The implantation into gelatin brains was performed using a micromanipulator to control the motion during implantation. However, Figure 5.2-8 shows that most
of the cells were peeled off after implantation.

Figure 5.2-8: (a,d) Gen 2 optrodes before and after implanting into gelatin brains respectively. Fluorescence
microscopic images showing differentiated neurons stained with Calcein AM before (b,e) and after implantation (c,f).
Green indicates live neurons and red indicates dead neurons.

This was not aligned with the anticipation that the taller waveguide in the Gen 2 probe would
protect the cells from shear stress. However, through careful analysis, it was found that the
gelatin brains had a much higher stiffness than planned. This was because they were cooled
down to preserve their shape due to the low melting point of gelatin. Penetrating this stiff
material induced severe shear force. It can be seen in Figure 5.2-8c and f that living cells were
removed, while debris and dead cells remained on the probe surface. As the stem cells
differentiate into neurons, they form a highly intertwined 3D neural network. Thus, shearing the
top layer could lead to a cascade effect peeling off the rest of the network as seen in the
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Figure 5.2-8. Further experiments with more in vivo like brain models based on materials that
are not as stiff as gelatin and experiments with different cell seeding densities are needed to
evaluate the ability of the waveguide to protect the cells during implantation. Moreover, the use
of supplementary encapsulation could be another option to protect cells during implantation.
These could be assessed in the future in vivo trials.
Integrating gold deposition and etching processes during the fabrication of complete Gen 2
optrode revealed additional complications. Due to the shrinkage of the polymer during
pyrolysis, at the region where the designed width of the WE changes from 120 µm to 16 µm,
displayed locally more shrinkage than in the rest of the electrode.

Figure 5.2-9: Schematic representation of the final design of Gen 2 optrodes with encapsulating waveguide, pyrolytic
carbon WE, CE containing micro-pillars and gold RE. Insets: a) Y section of the waveguide and gold lines for contacts.
b) Design and position of gold RE, carbon CE, WE and leaky waveguide on the probe shank. c) Probe tip with carbon
WE, CE containing micro-pillars. The CE surrounds the WE.

This resulted in cracks and subsequent peeling-off of the narrow pyrolytic carbon layer during
subsequent processing. The IDE did not have this problem due to the uniform width of the
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carbon layer throughout the electrode design. Hence, the design in Figure 5.2-6 (bottom) was
discarded for further studies. For the final design, a uniform width of the electrodes was
ensured while at the same time in an innovative way maximizing the area of pyrolytic carbon
exposed to the cells. Figure 5.2-9 shows the schematic representation of the final design of Gen
2 optrodes. The innovative part consisted of a large band of WE surrounded by CE of uniform
width as shown in Figure 5.2-9b-c. The final design contains a planar SU-8 waveguide with
circular optical windows surrounding pyrolytic carbon electrodes with micro-pillars. The
micro-pillars increase the electrode area and act as potential anchor points for the stem cells
during differentiation, as was seen in our previous work, and subsequent implantation. The
micro-pillars are patterned only near the tip area, which is the region of interest for cell culture
and light activation. The actual device was fabricated and diced for subsequent cell
experiments as priority, but could not be characterized due to COVID-19 lockdown.

5.2.5

Optogenetics with Gen 2 probe

Differentiating optogenetic stem cells on the Gen 2 probes for dopamine detection required a
custom-made cell culture plates to allow electrical and optical interfacing at the same time.
Micro-milled PMMA plates together with a silicone O-ring have been used in the Bioanalytics
group for many years to create a liquid-tight sealing. However, it turned out that the use of a
silicone O-ring compressed the SU-8 waveguide. This led to a drastic reduction in the light
propagating through the waveguide as shown in Figure 5.2-10.

Figure 5.2-10: Influence of silicone O-ring on the SU-8 waveguide. a) Light propagates through the waveguide
without O-ring. b) Using an O-ring compresses the waveguide causing very little light to propagate.

After several iterations to create a leak-proof custom-made setup that allowed simultaneous
cell culture near the tip of the waveguide, electrical connection to gold contacts and light
coupling through an optical fiber, the modular setup shown in Figure 5.2-11a was designed. The
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front part of the optrodes with the probe shank was inserted at the bottom of the well through a
slit, which then was sealed to prevent liquid leak with biomedical grade adhesive used in
previous studies with LOEFs. The other part of the optrodes with the electrode contacts and the
fiber groove remained dry during cell culture and permitted electrical and optical interfacing.
For optogenetic experiments, the stem cells were seeded in the well on the front part of the
neural probe. After 10 days, the differentiation medium was replaced with baseline buffer and
light was coupled in through a 50 µm core optical fiber. Holding the optical fiber in the groove
proved difficult due to an inherent static charge on the silicon oxide surface of the optrodes,
which repulsed the fused silica fiber core. The optical fiber was thus held aligned to the
waveguide by hand and light pulses (500 ms pulse width, 1 s period) were applied. The day 10 of
stem cell differentiation was the same day of lockdown due to COVID-19 in 2020. Thus, this
experiment was performed in a rush. The resulting dopamine detection is shown in Figure
5.2-11b. The low current could be due to the smaller electrode area and lower number of cells
on the electrode surface participating in the experiment when compared to the previous results
from LOEF. The fluctuating signal was because the fiber was held in place manually by hand.
Any slight movements of the hand misaligned the optical coupling between the fiber and the
waveguide, which resulted in a loss of signal.

Figure 5.2-11: a) Modular setup for combined optogenetic stem cell differentiation, optical stimulation and
electrochemical readout from Gen 2 optrodes. b) Amperometric trace shows current peaks from dopamine
detection as a result of light stimulation. c) Initial 100 s of amperometry plot from (b) shows absence of peaks shown
in (b). The scales for current in (b) and (c) are the same.

Attempts to re-establish coupling resulted in different peak currents. However, similar peaks
were reproduced on two different optrodes. A thorough experiment with different controls
could not be performed due to the lack of time. However, Figure 5.2-11c shows the initial 100 s of
the amperometric current trace showing the variation of current with time. There are no peaks
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or fluctuations in the current as the ones seen in Figure 5.2-11b. While this is not a real control
experiment, it however indicates that the obtained peaks were a result of optical stimulation.
These preliminary results prove that optical stimulation of optogenetic dopaminergic neurons
differentiated on Gen 2 optrodes lead to subsequent release of dopamine, which could be
successfully measured using the integrated pyrolytic carbon electrodes.

5.3 Chapter summary leaky optrodes
The chapter presented the alternate design of leaky opto-electrical neural probes in the form
of microfabricated leaky optrodes consisting of a planar waveguide and pyrolytic carbon
electrodes. SU-8 served as the material for the pyrolytic carbon and the waveguide core with
silicon oxide as bottom cladding. The first generation of the leaky optrodes consisted of a
centrally place waveguide surrounded by pyrolytic carbon electrodes. Numerical simulation
was used to optimize the geometry of the optical windows on the waveguide to leak light. The
design of electrodes revealed the dissolution of CE when its area is smaller compared to the
WE. It was observed thorough differentiating iPSCs that the central waveguide prevented
formation of neural networks resulting in few neurons on the carbon electrode. A second
generation of leaky optrodes was developed to provide large area for the stem cells to
differentiate and use the waveguide to absorb the initial stress during implantation.
Preliminary implantation tests in stiff gelatin brain models underlined the importance of using
brain-like material to assess the ability of the waveguide to shield the cells. Optogenetically
modified human neural stem cells were differentiated on the second generation optrodes,
optically stimulated and the subsequent release of dopamine was detected in real time using
amperometry.
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Chapter 6
CONCLUSION
The chronic degeneration of dopaminergic neurons in Parkinson’s disease leads to a reduction
in the striatal dopamine levels, which causes motor dysfunction. The current drug therapies
and surgical interventions are symptomatic and try to improve the life of the patients. They do
not cure or stop the disease progression. Neuro-restorative approaches involving
transplantation of stem cell derived dopaminergic neurons have demonstrated positive
results. However, preventing the migration of transplanted cells is difficult. Their on demand
stimulation to provide for a more continuous delivery of dopamine to prevent dyskinesia has to
date not been demonstrated.
The project Training4CRM aims to develop novel therapies by delivering stem cell derived
dopaminergic neurons to the diseased region of the brain and stimulate them to provide
dopamine on demand. Through a combination of advances in stem cell biology, optogenetics
and microfabrication techniques, this work presents two multi-functional devices for
optogenetic stem cell differentiation, optical stimulation of the cells and electrochemical
monitoring of dopamine exocytosis. The focus of this thesis was to develop these devices,
characterize them using electrochemical and optical methods, differentiate optogenetic stem
cells and demonstrate the detection of dopamine release after stimulation with light.

6.1 Leaky opto-electrical fibers
Starting from a commercially available optical fiber, the leaky opto-electrical fiber (LOEF)
exploited pyrolysis to convert first the polymer buffer layer into a conformal coating of pyrolytic
carbon around the fiber. Pyrolytic carbon demonstrated excellent electrochemical behavior
and supported stem cells differentiation in our previous works. On the LOEF, the pyrolytic
carbon acts as the substrate for the differentiation of stem cells. The high temperature
pyrolysis process did not affect the optical properties of the fiber. Laser ablation of the pyrolytic
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carbon through to the fiber core resulted in the formation of micro-optical windows. These
micro-optical windows locally changed the condition for total internal reflection inside the fiber
core causing light to leak out. Comparison of acquired cyclic voltammograms in
hexaammineruthenium (II) before and after laser ablation demonstrated that the laser ablation
process did not deteriorate the electrochemical response of the LOEF. The LOEF displayed
excellent electrochemical response for both hexaammineruthenium (II) and dopamine. In
order to stimulate Channelrhodopsin-2, the blue light sensitive opsin used in this work, the
intensity of light leaking from the micro-optical windows needs to be greater than the
stimulation threshold of 1 mWmm-2. Experiments involving a combination varying the laser
power during ablation and measurements of leaking optical power provided the condition
(pattern of 20 micro-optical windows over two rows, 10 in each row) that satisfied the
stimulation threshold. Analysis of neural stem cells (both naïve and optogenetic) differentiated
on the LOEFs demonstrated the suitability of LOEFs as cell culture substrate. Optical
stimulation of the dopaminergic neurons on the LOEF resulted in dopamine exocytosis under
different light stimulation patterns. Using the LOEF as working electrode together with external
counter and reference electrode allowed the detection of dopamine release in real time using
amperometry.
As extension of the above concept, presence of micro-optical windows on the entire surface of
the optical fiber (Omni-LOEF) would allow optical stimulation of a larger population of neurons
compared to LOEF with two rows of ablated windows. Attempts at optimizing the laser ablation
process to ablate closely positioned points revealed the importance of selecting the laser focal
plane. Changing the laser focus for ablation from the top of the optical fiber to the bottom led to
a decrease in the width of the ablated windows by as much as 9 μm. The combination of a 3D
printed holder to rotate the fibers and smart positioning of the windows to prevent overlap
enabled ablation of optical windows along six different angles around the fiber. Differentiating
cloned optogenetic stem cells on this Omni-LOEF and using it as working electrode permitted
the detection of dopamine release due to optical stimulation. Additionally, amperometric
currents obtained from Omni-LOEFs were as much as 10 times higher than LOEFs with one row
of micro-optical windows, confirming the hypothesis that Omni-LOEFs can stimulate a larger
population of neurons compared to LOEFs.
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6.2 Leaky optrodes
Microfabricated leaky optical neural probes (optrodes) were the second type of device
developed during this work. Microfabrication offers customization of the device design and
dimensions. The epoxy based polymer SU-8 served as the precursor material for pyrolysis and
as waveguide core. The first design (generation 1 optrodes) consisted of a centrally placed
waveguide surrounded by pyrolytic carbon and gold electrodes. Lithographically patterned
optical windows in the waveguide, similar to laser ablated optical windows in LOEF, allowed
light to leak out. A combination of ray optics simulation and optical characterization of
fabricated waveguides with different designs of optical windows allowed their comparison and
selection of the circular windows for the final design. Electrochemical characterization of the
first generation optrodes using a custom-made setup for electrical interfacing revealed two
important factors influencing electrochemical behavior. The first was the complete dissolution
of metal of the counter electrode when the area of the working electrode is larger relative to
that of the counter electrode, which was initially the case in the first generation optrodes. The
second was tricky and concerned the dimension of the custom-made setup for optogenetic cell
experiments. A small orifice (3 mm x 4 mm) built into the custom-made setup, to provide liquid
interface to the on chip electrodes, prevented complete wetting of the pyrolytic carbon
electrodes due to the formation of a convex meniscus. Widening the orifice (5 mm X 6 mm)
prevented the meniscus leading to fully functioning cyclic voltammogram. Differentiating
human induced pluripotent stem cells on the first generation optrodes unfolded yet another
unknown. Stem cells differentiating into neurons preferred wide areas to form neural
networks as opposed to narrow space on the probe due to the centrally placed waveguide
leading to very few neurons present around the waveguide. Presence of neurons on an open
surface posed the risk of peeling off during implantation. Ideas developed to address these
challenges led to the development of the generation 2 optrodes.
The design and dimensions of the waveguide differentiates the generation 1 from generation 2
optrode. The waveguide in generation 2 was twice as high compared to before and split into two
branches occupying the edges of the probe shank serving two functions. First, the region
between the waveguides provided ample area for the neurons during differentiation. Second,
the waveguide would shield the neurons from initial shear stress during implantation.
Numerical simulations using COMSOL along with minor modification to the previously

81

optimized fabrication process accelerated the design of this waveguide. A second important
aspect of this new optrode design was patterning the pyrolytic carbon working and counter
electrodes. A large electrode area exposes cells to carbon surface during differentiation and
enhances the detection of dopamine. Careful investigation of different electrode designs led to
the development of the final design with a centrally placed working electrode surrounded by
counter electrode. Preliminary implantation tests in gelatin brain model pointed to the need for
tests in materials softer than gelatin and with different cell seeding densities to assess truly
the ability of the waveguide to shield the cells. Differentiation of optogenetic human neural stem
cells on the generation 2 optrodes resulted in dopamine exocytosis upon light stimulation. The
on chip gold reference and pyrolytic carbon working and counter electrodes allowed detection
of this dopamine release through amperometry. The unforeseen COVID-19 induced lockdown
from March 2020 prevented the completion of additional experiments.
For the first time, this thesis successfully combines the latest advances in material science and
novel fabrication techniques to develop two multi-functional leaky opto-electrical neural
implants. Together with genetically engineered light sensitive stem cells, both implants have
demonstrated their ability to electrochemically detect the on demand optical-stimulationinduced dopamine release from dopaminergic neurons generated on the implant. The results
produced here are a proof of concept and provide a step in the direction of creating novel
therapies to restore the dopamine levels for Parkinson’s disease through the combination of
molecular biology and engineering.
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Chapter 7
OUTLOOK
This thesis presented proof of concept for two designs of multi-functional implants that could
make transplantation and modulation of stem cells possible for Parkinson’s disease. These
devices are still in their early stage and require further development for therapeutic benefit.
This chapter presents an outlook for both leaky opto-electrical fibers and leaky optrodes.

7.1 Leaky opto-electrical fibers
The leaky opto-electrical fibers (LOEFs) presented in this work contain laser ablated microoptical windows. The custom-made setup allows patterning of optical windows along ten
different angular orientations, which would allow for optical stimulation of much larger
population of neurons on the optical fiber than the one shown for the LOEF. Laser ablation of
closely positioned points requires the use of different optics with the laser to reduce the ablated
spot size or work with different lasers with smaller spot size. Further development of a
technique to rotate the fiber precisely at smaller angle would allow patterning of optical
windows along several angles. However, it is important to optimize the spacing between them
to prevent compromising the mechanical integrity of the fiber.
The pyrolytic carbon layer acts as one electrode (working electrode) for electrochemical
recording and external electrodes serve as the reference and counter electrodes. However,
when using the device for therapy, implanting three electrodes makes the process more
invasive, elicits large tissue response and potentially leads to other complications. Therefore,
it is important to develop a method to integrate additional electrodes on the optical fiber. The
brittle nature of pyrolytic carbon prevented patterning using laser. One way of circumventing
this would be to dip coat (SU-8) and pyrolyse multiple layers of polymers stacked with
insulating layers between them. Dip coating process combined with photolithography allows
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patterning windows in the carbon layer. Wet chemical etching could then serve as a
replacement for laser ablation to pattern optical windows in the fiber.
When implanting the LOEF containing differentiated neurons, there is a high risk that the shear
stress during implantation would peel off the cells. Use of an encapsulating membrane that
allows diffusion of neurotransmitter and nutrients could solve this problem. Alternatively,
embedding the LOEF in hydrogel could relieve some of the shear stress and prevent cells from
peeling off.

7.2 Leaky optrodes
The unforeseen circumstances with COVID-19 limited the thorough characterization of
generation 2 optrodes. The second generation of leaky optrodes developed in this work
contains a waveguide designed to shield the cells during implantation to prevent peeling off.
Preliminary tests indicated the need for a softer material than gelatin for implantation tests,
since gelatin turned stiff when cooled. In the future, tests in animal brain models could indicate
the actual ability of the waveguide to shield cells. In addition to stiffness, the density of cells
seeded on the neural probe played an important role in their peeling off. There is a need to
optimize the cell density seeded on these devices to prevent formation of a thick layer of
neurons as seen in this work. As mentioned for LOEFs, a supplement encapsulation with a
semi-permeable membrane for drug transport could retain the cells during implantation.
Some factors to consider for such encapsulation are its biocompatibility, invasiveness and
assembly with the existing design of optrodes.
The first optogenetic experiment with the new setup demonstrated the proof that the
generation 2 optrodes can support stem cell differentiation, optical stimulation and
electrochemical detection of dopamine. Holding the optical fiber for input coupling was a
challenge due to electrostatic charge. A slight modification of the existing custom-made setup
by incorporating grooves could hold the fiber in position. This would allow application of
different light stimulation patterns without losing optical coupling.
The current design of generation 2 optrodes works with a single wavelength of light. However,
it is possible to use two waveguides to deliver two different wavelengths of light, for instance
blue for depolarizing neurons and orange for hyperpolarizing them. Such a device would be
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beneficial when handling mixed neuronal population consisting of dopaminergic and GABAergic neurons as in the case of optogenetic human induced pluripotent stem cells developed in
the partner labs at the University of Barcelona.
Currently, an optical fiber couples light from a laser diode to the waveguide. However, advances
in photonic systems and material technology could lead to availability of bare laser die for
visible wavelength. Flip chip bonding of such laser die to couple light directly into the waveguide
could eliminate the need for additional fiber grooves, while making the device smaller in
dimensions. An alternative technique is to use grating couplers at the input to couple light into
the waveguide with an input fiber. A combination of numerical simulations and electron beam
lithography would allow realization of the grating. This technique offers versatility during light
coupling when combining the optrodes with miniaturized electronic head stage for in vivo
experiments.
In addition to optical design, there is scope for alternate electrode designs. Through a
combination of wafer thinning and backside processing, it is possible to pattern counter
electrodes on the backside of the silicon wafer. This would increase the area of pyrolytic carbon
electrodes exposed to the neurons.
An alternative to rigid silicon substrates is the use of polymers for fabricating flexible implants.
Polymers reduce the mechanical mismatch between the brain and the implant due to their low
stiffness. While polymer substrates are incompatible with pyrolysis process, different
electrode materials such as graphene could replace pyrolytic carbon. Optical transparency of
graphene could allow for cell culturing on both sides of the implant thereby doubling the
number of transplanted neurons.
Apart from technological development on the devices, there is need for development and
further characterization of optogenetic stem cells. Development of robust protocols for
reproducible stem cell differentiation to enhance the type and number of dopaminergic
neurons would be beneficial for therapeutic effects. In the end, the use of neurons with
characteristics similar to the mature A9 dopaminergic neurons (such as those derived from
induced neurons) could lead to a more efficient therapy than the use of immortalized cell lines.
The widespread use of optogenetic toolbox comes in part from its ease of use and from the
availability of optogenetic molecules from the neuroscience community. For over 10 years, this

85

technique gave us the possibility to activate or silence neuronal sub-populations selectively to
understand their role in behavior and diseases. The gaining popularity of this technique has led
to new avenues including its use for neurodegenerative diseases. However, in the larger
perspective, several questions remain open. How would optogenetics find use in clinical
application? What are the risks of such genetic modifications for humans? Is it ethical? How do
we regulate such therapies? Further experiments to help dissect the brain and understand the
neural networks would play a key role in answering these questions.
Based on the emerging results using this toolbox, it is clear that optogenetics is continuously
inspiring new technology platforms to understand and help repair the most complex object in
the known universe, the human brain.
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In Parkinson’s disease, the degeneration of dopaminergic neurons in substantia
nigra leads to a decrease in the physiological levels of dopamine in striatum. The
existing dopaminergic therapies effectively alleviate the symptoms, albeit they do
not revert the disease progression and result in significant adverse effects. Transplanting dopaminergic neurons derived from stem cells could restore dopamine
levels without additional motor complications. However, the transplanted cells
disperse in vivo and it is not possible to stimulate them on demand to modulate
dopamine release to prevent dyskinesia. In order to address these issues, this
paper presents a multifunctional leaky optoelectrical fiber for potential neuromodulation and as a cell substrate for application in combined optogenetic stem
cell therapy. Pyrolytic carbon coated optical fibers are laser ablated to pattern
micro-optical windows to permit light leakage over a large area. The pyrolytic
carbon acts as an excellent electrode for the electrochemical detection of dopamine. Human neural stem cells are genetically modified to express the light
sensitive opsin channelrhodopsin-2 and are differentiated into dopaminergic
neurons on the leaky optoelectrical fiber. Finally, light leaking from the microoptical windows is used to stimulate the dopaminergic neurons resulting in the
release of dopamine that is detected in real-time using chronoamperometry.
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1. Introduction
Parkinson’s disease (PD) is a progressive
neurodegenerative disorder characterized by the degeneration of dopaminergic
neurons in the substantia nigra pars
compacta (SNpc). This leads to a reduction in the physiological levels of the
neurotransmitter dopamine in the target
region (caudate-putamen in the striatum)
resulting in the signaling disruption of the
nigrostriatal motor pathway, causing both
movement impairments and a range of
nonmotor symptoms.[1–3] Current medical
therapies are aimed at increasing the striatal dopamine levels.[4] Oral administration of levodopa, a dopamine precursor,
has been used for more than four decades
and remains the most effective treatment
despite its association with an array of
complications such as early dose wearing
off and dyskinesia.[5] When medication
cannot control motor symptoms, deep
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brain stimulation (DBS) using electrodes surgically implanted
at the targeted region offers therapeutic alternative.[4] However,
the mechanisms through which DBS modulates the underlying
brain networks and the effects of local stimulation on brain
functioning are still poorly understood.[6–9] While these therapies are effective, they are focused on alleviating the symptoms
and increasing the quality of life, but do not halt or revert disease progression.[10]
A more neurorestorative approach is cell replacement therapy
(CRT), which involves restoration of lost function through the
transplantation of dopaminergic neurons in the striatum, to
replace dead neurons with healthy ones and to replenish the
dopamine levels.[11,12] Stem cells with their proliferative capacity
and ease of in vitro manipulation are believed to be the potential future candidates for CRT.[12,13] However, CRT alone neither
facilitates selective control of the transplanted cells to release
dopamine on demand to avoid possible dyskinesia nor allows to
monitor their in vivo efficacy.[14]
Optogenetics, a molecular and functional strategy that allows
reversible and on-demand neuronal manipulation by light
through the expression of light sensitive ion channels, permits
stimulation of genetically isolated neuronal subpopulations. It
has been utilized to demonstrate the functional recovery and
integration of dopaminergic neurons with the host network in
animal models.[15–17] Moreover, optogenetics has been shown
to modulate dopamine release in vitro and in brain slices of
transplanted animals.[17–19] Due to the electroactive nature of
dopamine, it is possible to detect dynamic dopamine release
from the neurons using electrochemical techniques.[20] Electrochemistry has been used to detect fluctuations in dopamine
concentrations in vivo and in vitro with high spatial and temporal resolution.[21] However, the combination of optogenetics
and electrochemistry has not yet been used for the detection
of in vitro light triggered dopamine release from optogenetic
dopaminergic neurons derived from human neural stem cells.
Light delivery in vivo is achieved through an implanted optical
fiber.[22,23] However, standard optical fibers suffer from a small
activation volume close to the fiber tip due to the strong attenuation of visible light in the brain tissue.[22] Clinical recovery in
humans would require modulation of a large number of transplanted dopaminergic neurons.[24] Increasing the input optical
power would expand the number of activated neurons, but would
also lead to tissue damage due to heat.[25] Multipoint-emitting
optical fibers have been developed for stimulation of spatially separated neuronal populations.[26] However, this approach requires
a complex coupling strategy at the fiber input. Microfabrication
techniques allow monolithic integration of optical and electronic
elements but necessitate complex fabrication processes.[27] Moreover, these devices are used for neural potential recordings and
not for the specific detection of released neurotransmitters.
Here, we pursue the vision of a brain bioimplant for autonomous control of dopaminergic neurons derived from optogenetic human neural stem cells for on-demand light-induced
release of dopamine to restore the striatal dopamine levels
(Figure 1 (left)). For this purpose, a multifunctional leaky optoelectrical fiber (LOEF) has been developed to simultaneously
realize three functions: i) a substrate for the delivery of optogenetic stem cell–derived dopaminergic neurons, ii) an actuator
for the optical stimulation of these dopaminergic neurons to
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release dopamine, and iii) an electrochemical sensor for realtime detection of the light-induced dopamine release (Figure 1
(right). We describe the fabrication of a LOEF, a pyrolytic carbon
coated optical fiber with an array of light-emitting micro-optical
windows. The spatial distribution and the intensity of light
leaking from the LOEF were characterized and optimized for
large volume optogenetic stimulation. The electrochemical
properties of the LOEF were characterized using the hexaammineruthenium redox couple and dopamine. The suitability
of the pyrolytic carbon coating on the LOEF as a substrate for
cell culture was verified by differentiating optogenetic human
neural stem cells. Finally, the ability of the LOEF to simultaneously stimulate a large population of optogenetic dopaminergic
neurons on its surface by light and subsequently detect the
dopamine release was confirmed by chronoamperometry.

2. Results and Discussions
2.1. Fabrication of Leaky Optoelectrical Fiber
A commercially available fused silica-based optical fiber was
pyrolyzed at 900 °C in an inert nitrogen atmosphere. The temperature was ramped slowly at 2 °C min−1 to avoid stress build
up in the carbon layer. During pyrolysis, the 15 µm thick polyimide buffer layer on the optical fiber decomposes resulting
in an ≈8 µm thick pyrolytic carbon layer surrounding the cladding (Figure 2a). The resulting electrically conductive pyrolytic
carbon coating has previously been shown to be an excellent
electrode material for electrochemical detection of dopamine.[28]
To assess the influence of the pyrolysis process on the optical
functionality of the fiber, the optical power transmission of the
fiber before and after pyrolysis was analyzed using the cutback
method. Light from a blue laser diode (460 nm), the wavelength
to be used to optically stimulate optogenetic dopaminergic neurons (excitation peak of channelrhodopsin-2 (ChR-2) is 473 nm),
was coupled into fiber segments of different lengths (n = 3 for
each length). There was no change in the transmitted power after
pyrolysis. Visual inspection of light coupled into the pyrolyzed
fiber indicated no light leakage through the carbon cladding,
confirming the absence of any discontinuities in the carbon layer
(Figure S1a, Supporting Information). Thus, an optical fiber with
both optical and electrical properties is obtained, i.e., an OEF.
In order to convert the OEF into an LOEF, a high-power picosecond laser was used to ablate micro-optical windows through
the pyrolytic carbon coating, the cladding and into the fiber
core. This leads to a local decrease of both incidence and critical
angle for the fiber, resulting in light leaking out of the fiber core
(Figure 2b). The depth of these micro-optical windows was optimized by varying the power and frequency of laser pulses during
ablation to allow sufficient light to leak out while maintaining
the mechanical integrity of the optical fiber. It should be noted
that performing the laser ablation before pyrolysis leads to excess
thermal stress in the polyimide layer. This stress results in the
formation of cracks in the pyrolytic carbon layer post pyrolysis
(Figure S1b, Supporting Information). Similar cracks can be
observed if the fiber is improperly handled before pyrolysis, e.g.,
excessive bending of the fiber during cutting. Pyrolyzing the
optical fiber before laser ablation eliminates this problem since
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Figure 1. Left: A vision for remote controlled brain bioimplant for personalized and autonomous neurointervention using a multipurpose LOEF. Right:
Pyrolytic carbon coated optical fiber (black), serving as a substrate for neural stem cell (orange) differentiation. Micro-optical windows on the fiber leak
blue light that activates a) light-sensitive ionic channels on the neurons and b) triggers dopamine exocytosis (green). c) The outer conductive pyrolytic
carbon allows the use of the LOEF as an electrode for real-time electrochemical detection of dopamine.

the heat generated during the laser ablation is dissipated by the
carbon layer. Figure 2c shows the scanning electron microscopy
(SEM) of the LOEF with an array of 20 micro-optical windows
(two rows of 10 holes each) and Figure 2d shows a close up of
the micro-optical windows. Figure 2e shows the increase in light
leak intensity from different patterns of micro-optical windows
(a single, a pattern of 10 and 20 micro-optical windows). The
LOEF was immersed in a dispersion of fluorescent nanobeads
and gelatin with blue light (460 nm) coupled into the LOEF. Light
leaking from the micro-optical windows excites the fluorescent
nanobeads revealing the spatial distribution of light (Figure 2f).
The intensity of light leaking through the 20 micro-optical

windows was measured to be 5.5 mW mm−2 when the laser was
pulsed at 2 ms (period = 10 ms). This light intensity is sufficient
for the optogenetic stimulation as the reported threshold for the
activation of ChR-2 is 1 mW mm−2.[22,29]

2.2. Electrochemical Characterization of the LOEFs
2.2.1. Response to Hexaammineruthenium(II) and Dopamine
The OEFs and LOEFs were first characterized as working electrodes in a three-electrode setup using the outer sphere redox

Figure 2. a) SEM showing the cross section of an optical fiber after pyrolysis (8 µm thick pyrolytic carbon layer (dark gray) surrounding the cladding
and core (light gray) of the fiber). b) Schematic view of the functional principle of a leaky optoelectrical fiber (LOEF). c) SEM of an LOEF with a 2 × 10
array of laser ablated micro-optical windows. d) Close-up of LOEF showing the side-walls of micro-optical windows. e) Photo showing different light
leak intensity from a pattern of a single, 1 × 10 and 2 × 10 micro-optical windows (from right to left). f) Image of fluorescent nanobeads in gelatin
surrounding the LOEF showing the spatial distribution of light leak. The arrow indicates the direction of light coupling.
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Figure 3. a) Characteristic cyclic voltammograms of 1 × 10−3 m [Ru(NH3)6]2+ acquired at different scan rates before (OEF) and after (LOEF) laser
ablation. b) iP,a and iP,c versus the square root of scan rate for the same OEF and LOEF. c) Characteristic cyclic voltammograms of 250 × 10−6 m
dopamine hydrochloride acquired on an LOEF, showing the influence of O2 plasma treatment and Geltrex coating on the electrochemical response
(scan rate 50 mV s−1). d) iP,a (red) and iP,c (black) versus the square root of scan rate for the same LOEF before and after O2 plasma, and after
Geltrex coating.

system hexaammineruthenium(II) ([Ru(NH3)6]2+).[30] A platinum wire was used as the counter electrode and Ag|AgCl (saturated KCl) as the reference electrode. Cyclic voltammograms
(CVs) were acquired on the OEFs and LOEFs at different scan
rates to assess the influence of the micro-optical windows on
the carbon surface on its electrochemical behavior (Figure 3a;
Figure S2a,b, Supporting Information). An increase in the
anodic (iP,a from 5.5 ± 1.8 to 11.5 ± 1.3 µA) and cathodic (iP,c
from 11.8 ± 1 to 13.3 ± 1 µA) peak current could be observed
for the LOEFs after laser ablation (scan rate ν = 50 mV s−1,
n = 3). A plausible explanation for that could be the marginal
increase in the surface area of the carbon due to the exposed
vertical sidewalls after laser ablation (Figure 2d) (for a single
micro-optical window, the surface area decrease by laser ablation: 710 ± 38 µm2 vs surface area increase due to side walls:
754 ± 20 µm2). This increase in currents was accompanied
by a marginal decrease in the peak potential separation ΔEp
(−86.7 ± 3 mV before vs −81.3 ± 3 mV after laser ablation).
Previously reported ΔEp for photoresist-derived carbon films
under similar pyrolysis conditions as used here was larger than
100 mV.[31] Both OEFs and LOEFs show a linear relationship
with the square root of the scan rate up to 900 mV s−1 indicating that the conductivity of the pyrolytic carbon does not
limit electrochemical processes at higher scan rates (Figure 3b).
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Moreover, oxygen plasma treatment has been reported to
increase the electron transport resistance of pyrolytic carbon,[32]
however on the LOEFs, we did not observe any significant widening of ΔEp with oxygen plasma treatment (before plasma:
81.3 ± 3 vs 80.3 ± 3 mV after plasma at 50 mV s−1). The LOEFs
demonstrate quasi-reversible reaction kinetics indicated by the
widening of ΔEp with scan rate from 80 mV at 25 mV s−1 to
117 mV at 900 mV s−1 (Figure S2c,d, Supporting Information).
Furthermore, these initial results demonstrate excellent electrochemical properties of the LOEF and that laser ablation of the
OEF does not deteriorate its electrochemical behavior.
The ability of the LOEFs to oxidize dopamine was investigated by acquiring CVs in dopamine hydrochloride solution.
As shown in our previous work, oxygen plasma treatment
of carbon surfaces increases the density of oxygen functionalities, which improves the coating of a cell adhesion factor,
e.g., Geltrex, required for effective cell adhesion and increases
sensitivity toward dopamine oxidation due to the increased
density of oxygen functionalities.[28,32] We characterized the
dopamine electrochemistry of the LOEFs before and after
oxygen plasma treatment. Acquired CVs on LOEFs before
and after O2 plasma treatment (Figure 3c; Figure S3a,b, Supporting Information) indicate an increase in iP,a from 4.4 ± 0.2
to 4.9 ± 0.3 µA (250 × 10−6 m dopamine; ν = 50 mV s−1,
© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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n = 3). The ΔEp was slight widened after oxygen plasma (ΔEp =
49.6 ± 1.2 mV before vs ΔEp = 57.6 ± 3.1 mV after O2 plasma).
The electrochemical characterization presented above indicates that neither laser ablation of the OEFs nor O2 plasma
treatment of LOEFs deteriorates the electrochemical performance and that the pyrolytic carbon on the LOEFs is suitable
for dopamine detection.
To conduct cell-based experiments, the LOEFs need to
be coated with cell adhesion factors, such as the basement
membrane extract Geltrex, to promote cell adhesion. Upon
coating oxygen plasma treated LOEFs with Geltrex (Figure 3c;
Figure S3c,d, Supporting Information), the electrochemical sensitivity clearly decreased (3.0 ± 0.2 µA, accompanied by a widening of ΔEp to 153 ± 9.7 mV). Previous work has shown that
extracellular matrix proteins may either increase or decrease
sensitivity to dopamine detection. While laminin increased
sensitivity to dopamine detection,[33] collagen decreased the
sensitivity in a similar way as we observed for Geltrex.[34] The
decrease in sensitivity may partly be due to the mass transfer
barrier formed by a protein coating. Moreover, the free surface
charge generated by a protein coating may further explain the
observed differences in the electrochemical behavior, showing

enhancement of electrochemical sensitivity with laminin.
Overall, despite the decrease in sensitivity to dopamine detection caused by the Geltrex coating, the results show that
Geltrex coated LOEFs provide sufficient sensitivity for dopamine
detection.

2.2.2. Detection of Dopamine Exocytosis upon Potassium-Induced
Depolarization
We have previously used photoresist-derived pyrolytic carbon
as an efficient substrate for the differentiation of human
neural stem cells.[28] Hence, the ability of the LOEFs to function as a substrate for stem cell differentiation into dopaminergic neurons and an electrode for the detection of dopamine
exocytosis was investigated by differentiating human neural
stem cells of ventral mesencephalic origin (hNSCs) on the
LOEFs, as previously described.[28] As seen in Figure 4, the
LOEF is uniformly covered with a dense neuronal network,
as indicated by a high number of β-III tubulin positive cells
(green). More than half (52 ± 7% (n = 3)) of the neurons
also express tyrosine hydroxylase (TH, red), the rate limiting

Figure 4. Differentiation of hNSCs into dopaminergic neurons on an LOEF: a) Fluorescence maximum intensity projection of 17 optical sections spanning 100 µm of LOEF. Immunocytochemistry shows an even coverage of the LOEF by the differentiated neurons: ß-III tubulin (green); TH (red); nuclei
(blue); merge (green, red, blue). White circles mark micro-optical windows. b) 3D reconstruction of the fluorescence images showing cell coverage of
the curved surface of LOEF. c) SEM images indicating cell growth on and into the micro-optical windows of the fiber.
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Figure 5. a) Chronoamperometry of dopamine oxidation upon elevation of the final K+ concentration to 150 × 10−3 m recorded for nondifferentiated
(black) and differentiated (red) hNSCs on OEFs. b) Total charge related to dopamine oxidation based on integration of current peaks recorded for
differentiating hNSCs during 10 day differentiation period.

enzyme involved in dopamine synthesis, indicating efficient
differentiation into dopaminergic neurons on the entire
surface with a density of 540 ± 73 cells mm−2. The neurons
grow both on the surface of the LOEFs and into the microoptical windows as seen in the SEM images (Figure 4c). The
cell culture medium was replaced with a baseline buffer solution containing 5 × 10−3 m KCl, followed by the injection of
a stimulation buffer to elevate the final KCl concentration
to 150 × 10−3 m. Figure 5a shows the amperometric current
response upon K+-induced depolarization of a population of
differentiated hNSCs on the LOEFs. It has previously been
shown that the hNSCs used in this study do not differentiate
into neurons that produce any other electroactive neurotransmitters besides dopamine.[12,35] The oxidation of the released
dopamine at the surface of the pyrolytic carbon thus results
in an increase in the Faradaic current that manifests itself
as a peak in amperometry. The current decays to the baseline when dopamine is depleted at the electrode. No current
response was obtained when the same experiment was performed using undifferentiated hNSCs due to the absence of
dopaminergic neurons. In addition, we monitored the progress of hNSC differentiation and their ability to release dopamine over time by performing chronoamperometry during
the differentiation process. Figure 5b shows the determined
charges for the first and second exocytosis event within an
interval of 15 min (black and red columns, respectively).
There was no signal from undifferentiated cells 24 h after
seeding (differentiation day 0). However, traces of dopamine
could be detected already on day 1 of differentiation, indicating dopamine exocytosis from hNSCs at an early stage of
differentiation. As the differentiation progressed over time up
to day 10, a continuous increase in signal was observed that
can be attributed to the increasing number of dopaminergic
neurons. The ratio between the measured charge for the first
and the second exocytosis events increased as the differentiation progressed indicating maturation of the differentiated
hNSCs. The performed amperometric detection of dopamine exocytosis proves the suitability of the pyrolytic carbon
coating as a substrate for stem cell differentiation and as an
electrode for electrochemical detection of dopamine exocytosis by potassium-induced depolarization.
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2.3. Detection of Dopamine Exocytosis upon Light-Induced
Depolarization
Finally, in order to validate the ability of the LOEFs to optically
stimulate the dopaminergic neurons and detect dopamine
release, the hNSCs were genetically modified to express the
light sensitive opsin ChR-2 using the human synapsin 1
promoter rendering the transfected hNSC-derived neurons sensitive to blue light. These hNSC-ChR-2 cells were then seeded
on the surface of the LOEF and differentiated as described in
the previous section.
We modified a 6-well cell culture plate to allow simultaneous
culturing of cells on the LOEF, optical coupling of a laser for
optical stimulation and electrical connections to the LOEF for
electrochemical recording (Figure S4, Supporting Information).
For the light stimulation and electrochemical detection of dopamine, the cell culture medium was replaced with a baseline
buffer solution containing 5 × 10−3 m KCl. Blue light (460 nm)
from a laser diode was coupled into the LOEF carrying differentiated hNSC-ChR-2 cells as shown in Figure S4 in the Supporting Information. The stimulation pattern consisted of three
single light pulses at an interval of 50 s between pulses followed by three five-pulse trains with an interval of 50 s between
each pulse train. Each pulse had a width of 500 ms and a period
of 1 s. Light leaking from the LOEF (white box, Figure S4 inset,
Supporting Information) interacts with ChR-2 eventually triggering the release of dopamine directly at the carbon surface
which is immediately detected using amperometry (Figure 6a).
Every light stimulation leads to a transient current peak that
decays back to the baseline, indicating that light-induced
depolarization triggers dopamine exocytosis. Moreover, the
five-pulse trains of light show the possibility to continuously
stimulate the cells within small time intervals and detect the
dopamine release from every stimulation event (Figure 6b).
This is beneficial for Parkinson’s therapy as continuous delivery
of dopamine has been shown to reduce levodopa-induced
dyskinesia.[14] The amplitude of the current decreases with
multiple stimulations possibly due to depletion of dopamine in
the neurons or ChR-2 desensitization. This is also visible from
the charge measured for every single dopamine oxidation peak
(Figure 6c). Simultaneously, nonoptogenetic hNSCs were used
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Figure 6. Chronoamperometry of dopamine oxidation from hNSC-ChR-2-derived dopaminergic neurons after 10 days of differentiation: a) Lightinduced depolarization recorded for differentiated hNSC-ChR-2 cells (black) and hNSCs (red) on LOEF. From left, three single pulses and two five-pulse
trains (details of pulse width in the text). b) Zoom-in of a five-pulse train shown in (a). c) Charge for dopamine oxidation integrated from every peak in
(a). d) The effect of light pulses on hNSC-ChR-2 cells on an OEF (pulse time indicated by blue arrows) and current peak upon K+-induced depolarization of the same cells.

as a control. Since these cells are not light sensitive, no change
in the baseline current was observed when illuminated by light.
In our setup, the hNSC-ChR-2 cells are present both on and
around the LOEFs. Hence, it is possible that the dopaminergic
neurons close to the tip of the LOEFs could also be stimulated
by light leading to dopamine exocytosis (red box, Figure S4
inset, Supporting Information). We have however observed in
the past that dopamine is oxidized only when it is released in
very close proximity to the electrode surface. It has been shown
that a release event as far as 300 nm from the electrode surface
does not elicit any changes in the recorded current.[36] In order
to investigate the influence of light leaking from the tip of the
LOEFs on the obtained current signal (Figure S4, Supporting
Information), we differentiated hNSC-ChR-2 cells on OEFs,
pyrolyzed optical fibers without laser ablated micro-optical windows. Light was coupled into the OEFs the same way as in the
case of LOEFs and three single optical stimulations, each 50 s
apart, were performed. While the light from the tip of the OEF
could have stimulated dopaminergic neurons close to the tip,
there was no change in the baseline current (Figure 6d). To rule
out cell death as the reason for the absence of current peaks, we
concluded the experiment by potassium-induced depolarization
of the differentiated hNSC-ChR-2 cells.[28] A current peak was
observed that decayed to the baseline, indicating the presence
of dopaminergic neurons able to release dopamine. This and
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the internal controls prove that the signal detected upon lightinduced depolarization was generated by oxidation of the dopamine released from differentiated hNSC-ChR-2 cells adhering
on the LOEF.
These results provide the first proof of concept for a multi
functional LOEF as a substrate for stem cell differentiation, an
actuator for optical stimulation, and a sensor for real-time electrochemical detection of dopamine exocytosis.

3. Conclusion
We have developed and characterized an LOEF for potential use
as a brain bioimplant in cell replacement therapy. A commercial optical fiber with a conformal polymer buffer layer was used
as the basis to fabricate a pyrolytic carbon coated optical fiber
by pyrolysis of the polymer buffer layer. Micro-optical windows
were reproducibly patterned on the surface of the pyrolyzed
fiber using laser ablation. Light propagating in the fiber leaks
out of these micro-optical windows due to local change of the
critical angle creating a leaky optical fiber. The intensity of light
leaking from an array of micro-optical windows is more than
the required threshold intensity for the stimulation of channelrhodopsin-2. Moreover, the laser ablation does not deteriorate
the electrochemical properties of the pyrolyzed fiber thereby
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turning the pyrolyzed fiber into a leaky optoelectrical fiber. The
pyrolytic carbon derived from polyimide consistently displayed
excellent electrochemical properties compared to photoresistfilm-derived pyrolytic carbon demonstrating their reproducibility for use as electrodes. Differentiation of hNSCs on these
LOEFs indicates a uniform and dense coverage of the entire
surface with differentiated neurons. By chemically depolarizing
the neurons using a high concentration of KCl, we were able
to detect dopamine exocytosis in real-time using LOEF as the
electrode. This proves the suitability of the LOEFs for stem cell
differentiation and an electrode to detect dopamine exocytosis.
Furthermore, we genetically modified hNSCs to make them
sensitive to blue light to enable selective stimulation of dopaminergic neurons. These optogenetic hNSCs were differentiated on the LOEFs. Optical stimulation of neurons as a result of
light leaking from the micro-optical windows leads to dopamine
exocytosis that was detected in real-time using chronoamperometry. The LOEFs described here thus provide the first proof
of concept of a multifunctional device for the differentiation of
dopaminergic neurons derived from optogenetic human neural
stem cells for on-demand light-induced release of dopamine to
restore the striatal dopamine levels in Parkinson’s disease.

4. Experimental Section
Pyrolysis, Laser Ablation, and Optical Characterization of Pyrolyzed
Optical Fibers: Optical fibers with a 200 µm diameter fused silica core,
10 µm thick cladding, and 15 µm polyimide buffer were purchased from
Edmund Optics Ltd. (#57-062). The polymer buffer layer protected the
cladding against abrasion. The fiber was pyrolyzed at 900 °C in a furnace
(ATV Technologie GmbH, Germany) in an inert nitrogen atmosphere as
described previously.[37]
A laser micromachining tool (microSTRUCT vario from 3D-Micromac
AG, 355 nm with a spot size of 15 µm) was used for the microablation
of the carbon and the fiber core. The power of the laser was 2 W and the
frequency of the pulses was kept at 200 kHz to increase heat dissipation
between pulses and to avoid excessive melting of the core material.
Optical power measurements were performed using a PM130D power
meter (Thorlabs Inc.).
Electrochemical Characterization of Pyrolyzed Optical Fibers: All
reagents were purchased from Sigma-Aldrich/ThermoFischer. The
electrochemical measurements were performed using a CHI 1010
potentiostat (CH Instruments, Austin TX) with a three-electrode
setup. The OEF/ LOEF were employed as the working electrode, a
500 µm diameter platinum electrode (Advent Research materials Ltd.,
Oxford, England) as a counter electrode, and a DRIREF-L Ag|AgCL
(saturated KCl) (WPI, Sarasoata, FL) as the reference electrode. The
OEFs and LOEFs were characterized by acquiring CVs at varying scan
rates in 1 × 10−3 m hexaammineruthenium(II) chloride and dopamine
hydrochloride (concentrations ranging from 5 × 10−6 to 500 × 10−6 m)
solutions prepared in phosphate buffer saline (PBS, pH 7.4) degassed
by purging with nitrogen gas. The solutions were used immediately after
preparation to prevent uncontrolled oxidation.
OEF and LOEF as Substrate for Stem Cell Culturing and Differentiation:
The hNSCs used in this study were human ventral mesencephalic cells
(hVM1). Both naïve and optogenetic hNSCs were cultured identically
as described before.[12,38] The hNSCs were cultured for at least two
passages after thawing before being seeded on Geltrex (ThermoFisher
Scientific) coated OEF/LOEF. Cells were seeded in the same medium
that was used before for maintenance, named as growth medium.
Growth medium contained DMEM/F12 (ThermoFisher Scientific)
with GlutaMAX (ThermoFisher Scientific) as basis. Additionally, the
medium contained 6 g L−1 glucose (Sigma-Aldrich), 5 × 10−3 m HEPES
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(ThermoFisher Scientific), 0.5% m m−1 AlbuMAX (ThermoFisher
Scientific), 40 × 10−6 m each of l-alanine (MerckMillipore), l-asparagine
monohydrate (MerckMillipore), l-aspartic acid (MerckMillipore),
l-glutamin acid (MerckMillipore), and l-proline (MerckMillipore),
100× diluted N-2 supplement (ThermoFisher Scientifica), penicillin/
streptomycin mix, and 20 ng L−1 each of EGF and FGF (R&D systems).
24 h after seeding, growth medium was replaced with differentiation
medium. Differentiation medium was prepared using the same
components as growth media, although EGF and FGF were substituted
by 1 × 10−3 m dibutyryladenosine 3′, 5′-cylic monophosphate sodium
salt (Sigma-Aldrich) and 2 ng L−1 GDNF (PeproTech). After 48 h, the
differentiation medium was completely replaced with fresh differentiation
medium. Then, 2/3 differentiation medium was replaced with fresh
differentiation medium every other day. The differentiation was concluded
at 10 days in vitro after seeding and it was the time point for the analysis.
Detection of Dopamine Exocytosis: To detect dopamine exocytosis
using chronoamperometry, the cell culture medium was replaced with
a baseline buffer (pH 7.4), containing 10 × 10−3 m HEPES, 5 × 10−3 m
glucose, 1.2 × 10−3 m magnesium chloride, 2 × 10−3 m calcium chloride,
150 × 10−3 m sodium chloride, and 5 × 10−3 m potassium chloride (pH
7.4). For the optical depolarization, a custom-made optical stimulation
setup was created in house using a blue laser diode (PL450B rated
80 mW, Osram Opto Semiconductors Inc.) as the light source. The laser
diode was powered by the Rigol DP711 (Batronix GmbH & Co. KG). Light
from the laser diode was coupled into the OEF/LOEF using an FC/PC to
ferrule patch cable (M81L01, Thorlabs Inc.). Chemical depolarization of
the neurons was done by adding a stimulation buffer into the baseline
buffer to elevate the final K+ concentration to 150 × 10−3 m.
Viral Transfection of hNSCs: High-titer of third generation lentiviral
particles containing hSyn1-ChR-2(H134R)-mCherry-WPRE was generated as
previously described with a titer of 1.75 × 108 U mL−1.[39] hNSCs were seeded
at 80% confluence in a T75 flask for its posterior infection. One day after
seeding, cells were infected O/N with 5 µL of the lentivirus in a final volume
of 10 mL of proliferation medium. After this first infection, the medium was
removed and cells were reinfected again O/N using the same conditions.
The next day, medium was discarded and cells, referred to as hNSC-ChR-2
line, were allowed to recover for 24 h and were expanded routinely.
Immunocytochemistry and Confocal Microscopy: At the experimental
endpoint (differentiation day 10), cells were fixed with 4%
paraformaldehyde for 15 min. Following thorough rinsing with PBS,
cells were incubated with 5% goat serum, 5% horse serum, and 0.25%
Triton X-100 in PBS in order to permeabilize cell membranes and
prevent unspecific binding of antibodies. Cells were then incubated with
antityrosine hydroxylase (rabbit, PelFreez Biologicals P40101, 1:1000) and
anti-β-tubulin (mouse, Sigma-Aldrich T8660, 1:1000) primary antibodies
overnight at 4 °C. Following rinsing in PBS, cells were incubated with Alexa
546 goat antimouse (ThermoFisher A-11030, 1:500) and Alexa 647 goat
antirabbit (ThermoFisher A-21245, 1:500) secondary antibodies for 2 h at
room temperature. The cell nuclei were counterstained with 2 µg mL−1
Hoechst 33342 (ThermoFisher H1399) for 15 min followed by thorough
rinsing with PBS. Confocal laser scanning microscopy was performed on
an LSM 710 (Carl Zeiss, Jena, Germany) inverted microscope equipped
with a 10× objective. Z-stacks were acquired from the top to the middle
of the fiber in order to visualize the cells growing at different focal planes.
Images were processed using ImageJ (NIH) software.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1: (a) Image showing uniform coverage of pyrolytic carbon on an OEF. (b) Cracking
in the pyrolytic carbon layer when laser ablation is performed before pyrolysis.

3

Figure S2. Characteristic cyclic voltammograms of 1mᴍ [Ru(NH3)6]2+ at multiple scan rates.
(a) OEF and (b) LOEF before O2 plasma treatment. (c) LOEF after O2 plasma treatment. (d)
ip vs. square root of scan rate for LOEF before and after O2 plasma treatment.
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Figure S3. Characteristic cyclic voltammograms of dopamine on a LOEF. (a) Multiple scan
rates and (b) ip vs. square root of scan rate with 250 µM dopamine before and after O2 plasma
treatment. (c) Different dopamine concentrations and (d) iP,a vs. concentration acquired at 50
mVs-1.
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Figure S4. Setup for optogenetic experiments. (Inset) Shows leaky region (white box) and
light from the tip (red box) of the LOEF under test.
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Abstract
Parkinson’s disease is characterized by the degeneration of dopaminergic neurons in the ventral
midbrain resulting in depletion of striatal dopamine levels. Current therapies alleviate the
symptoms without stopping the disease progression. Transplanting stem cell-derived
dopaminergic neurons could restore dopamine levels. However, their selective modulation to
deliver dopamine on demand is difficult. This work presents an implantable omnidirectional
emitting leaky opto-electrical fiber (Omni-LOEF) for optogenetic control of human
dopaminergic neurons generated on the fiber. A commercial optical fiber was pyrolysed to
obtain a uniform coating of pyrolytic carbon layer. Micro-optical windows that let light leak
were patterned through laser ablation. The ablation parameters such as laser power, laser focus
and repetition were optimized to allow close positioning of optical windows while ensuring
sufficient intensity of light to leak for optogenetic activation. Optical fibers were rotated along
six different angles through a custom-made setup to pattern windows around the whole fiber.
The multiple laser ablation steps do not deteriorate the electrochemical properties of the
pyrolytic carbon. Optogenetic human neural stem cells were differentiated on the surface of
Omni-LOEF. Detection of light induced dopamine release demonstrated that Omni-LOEF
could stimulate larger neuronal population than LOEF with single row of optical windows.

2

1.

INTRODUCTION

Parkinson‘s disease (PD) is characterized by the chronic degeneration of midbrain
dopaminergic neurons. This leads to depletion of physiological dopamine levels resulting in a
range of motor and non-motor dysfunctions1–4. Since its discovery, the drug levodopa, a
precursor of dopamine metabolized in the neurons, has been the most effective therapy5.
However, due to the progressive nature of the neuronal degeneration, the drug loses its
efficacy6. Levodopa is also associated with additional side effects such as dyskinesia7. In the
more advanced stages of the disease, surgical intervention such as electrical stimulation using
deep brain stimulation (DBS) is used to alleviate the symptoms8. However, DBS suffers from
poor selectivity and induces neurological side effects such as cognitive impairment, difficulty
with speech and memory deficits9,10. Current treatments for PD focus on improving the quality
of life of patients through alleviating symptoms, but they do not stop the disease progression11.
An alternate approach is cell replacement therapy (CRT) that involves transplantation of
dopaminergic neurons from fetal tissue to replace the degenerating neurons and help restore
dopamine levels12,13. Despite promising initial results, issues such as graft rejection, the
required amount of graft tissue and ethical aspects of obtaining fetal tissue have directed focus
towards stem cell-based therapies. Stem cells have the ability for indefinite renewal and
differentiation into specialized cells. Advances in stem cell research have enabled reproducible
generation of homogeneous population of A9 dopaminergic neurons from embryonic stem
cells, neural stem cells and induced pluripotent stem cells14–16. However, monitoring the in
vivo efficacy of the transplanted neurons is challenging. While it is possible to modulate
dopamine levels either by electrical or drug stimulation of dopaminergic neurons, electrical
stimulation stimulates multiple types of neurons in the heterogeneous brain tissue, and
pharmacological stimulation does not allow temporal control of dopaminergic neurons in
vivo17.
One strategy to stimulate dopaminergic neurons selectively is optogenetics. It is a technique
that utilizes light to modulate a neuronal subpopulation of interest that is genetically engineered
to express light sensitive ion channels18. Over the last decade, optogenetic toolbox for precise
spatiotemporal control of neuronal activity has been leveraged to condition animal behavior,
3

investigate functional recovery of transplanted dopaminergic neurons within the host tissue
and modulate dopamine release upon light stimulation in vivo19,20.
Several multi-point emitting implants, ranging from optical fibers to microfabricated neural
probes, are available for in vivo light delivery21–23. These implants have the ability to stimulate
limited population of spatially separated neurons. However, for therapeutic benefit, a large
population of dopamine producing neurons needs to be stimulated24. Moreover, the current
focus is on recording neural activity because of optical stimulation without monitoring and
modulating the neurotransmitter levels in the brain, which is important in the case of
pathological conditions like PD. Hence, in approaches involving CRT, it is important to
modulate the transplanted neurons and in turn the level of neurotransmitter dopamine in the
striatal region. The optical implants must fulfil several requirements, such as biocompatibility,
uniform illumination of large brain volumes, minimal tissue damage23,25,26.
We previously reported a leaky opto-electrical fiber (LOEF) consisting of an array of 2 x 10
laser ablated micro-optical windows for optical stimulation of dopaminergic neurons cultured
on the LOEF and subsequent detection of dopamine release through electrochemical
techniques27. However, the presence of optical windows only along two rows limited the ability
of the LOEF to stimulate the neurons on its entire surface. While patterning two rows of optical
windows was a simple process, patterning such micro-optical windows around the
circumference requires additional consideration. Careful optimization of the parameters for
laser ablation process is important to minimize the width of the optical windows to increase
their density and close positioning. Despite small width, the intensity of light leakage from the
optical windows must be sufficient for optogenetic stimulation. Performing multiple laser
ablation must not compromise the integrity of the carbon layer for subsequent processes.
Finally, a setup rotate the optical fiber in precise angular steps without drastically modifying
the laser instrument is required. Hence, in order to utilize the complete potential of the optical
fiber, we present a novel approach to pattern micro-optical windows using a simple setup to
rotate the fiber and generate light sensitive dopaminergic neurons on the entire surface of the
pyrolysed optical fiber. The resulting omnidirectional emitting leaky opto-electrical fiber
(Omni-LOEF) is capable of emitting light along six different directions. This increases the
4

volume of optogenetic activation without compromising the electrochemical properties and
biocompatibility of the device.

2.

EXPERIMENTAL SECTION

2.1

Pyrolysis of Optical Fibers

Optical fibers were purchased from Edmund Optics Ltd. (#57‐062) (200 µm diameter, fused
silica core, 10 µm cladding and 15 µm polyimide buffer). The fiber was pyrolysed at 1100 °C
in a furnace (ATV Technologie GmbH, Germany) in an inert nitrogen atmosphere (20 sccm)
for five hours and temperature was ramped at 10 °Cmin-1 during heating and cooling. High
temperature pyrolysis increases the conductivity of the pyrolytic carbon layer28.
2.2

Laser ablation and optical characterization of pyrolysed optical fibers

The laser micromachining tool (microSTRUCT vario from 3D‐Micromac AG), was used for
ablating the pyrolytic carbon and the fiber core. The wavelength of laser was 355 nm (spot size
20 µm) and the frequency was set to 200 kHz. The low frequency allows for heat dissipation
between the pulses to minimize excessive melting of the material. The laser power and the
focal plane of the laser spot were varied to optimize the shape and depth of the micro-optical
windows.
Optical power measurements were performed using the blue laser diode (PL450B rated 80
mW, Osram Opto Semiconductors Inc.) mounted in a custom-made housing. The optical power
was measured using optical power meter (PM130D, Thorlabs Inc.).
2.3

Electrochemical Characterization of Pyrolysed Optical Fibers

The reagents used in this work were purchased from Sigma‐Aldrich/ThermoFischer. The
electrochemical characterizations were performed with a potentiostat (CHI 1010, CH
Instruments, Austin TX) using a three‐electrode setup. Pyrolysed optical fibers, LOEFs and
Omni-LOEFs were connected as the working electrode (WE), a 500 µm diameter platinum
electrode (Advent Research materials Ltd., Oxford, England) as a counter electrode (CE), and
a DRIREF‐L Ag|AgCl (saturated KCl) (WPI, Sarasoata, FL) as the reference electrode (RE).
The LOEFs and Omni-LOEFs were characterized by acquiring cyclic voltammogram (CV) at
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different scan rates using 10 mM potassium hexacyanoferrate (IV/III) ([Fe(CN)6]4-/3-) as the
redox couple prepared in phosphate buffered saline (PBS, pH 7.4).
2.4

Omni-LOEF as Substrate for Stem Cell Culturing and Differentiation

The hNSCs used in this study were cloned optogenetic human ventral mesencephalic cell line
(hVM1). Starting from the polyclonal cell line hVM1-High BclXL29, and after infection with
the lentivirus coding for the fusion protein ChR2-mCherry, the cells were seeded at limiting
dilution in a 96 well plate. The plate was checked after one month to identify wells with a
single clone. 23 clones were successfully isolated and after PCR analysis it was verified that 7
had integrated the vector. After verification of the expression of mCherry by ICC, the clone 19
was selected for further studies. The differentiation protocol for human neural stem cells is
described in our previous work27. The last day of differentiation was day 10 after cell seeding
and the measurements for detection of dopamine exocytosis were performed on day 10.
2.5

Detection of Dopamine Exocytosis

For the detection of dopamine exocytosis, the cell culture medium was replaced with a baseline
buffer (pH 7.4). The buffer contains 10 mM HEPES, 5 mM glucose, 1.2 mM magnesium
chloride, 2 mM calcium chloride, 150 mM sodium chloride, and 5 mM potassium chloride. For
the optical stimulation, light from the same laser diode used for optical characterization was
coupled into the OEF/LOEF via a FC/PC to ferrule patch cable (M81L01, Thorlabs Inc.)
2.6

X-ray micro-tomography

For investigating the internal structure of the Omni-LOEF and its micro-optical windows Xray micro-tomography was applied using a Zeiss Xradia 410 versa system. The system is
equipped with a X-ray micro focusing source operating in the range of 40 kV to 150 kV voltage.
In order to obtain the best possible X-ray imaging for tomography a voltage of 40 kV and a
power of 10 watts was selected, along with the optical objective with a magnification of 10
times. Combining the optical magnification with the geometric magnification of the system
results in an efficient pixel size of 1.35 µm. The system is equipped with a 2048 by 2048 pixel
detector using a binning of 2 by 2 giving X-ray images of 1024 by 1024 pixels. The Ommi-
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LOEF fiber is rotated 360 degrees in 3201 steps. The applied reconstruction is based on a FDK
implementation of a filter back projection algorithm30.

3.

RESULTS AND DISCUSSIONS

3.1

Laser ablation: Optimization of parameters

Optical fiber is generally used to deliver light to brain tissue for optical stimulation of neurons.
Implanting optical fibers together with electrode arrays to record neural activity make it an
invasive process. Hence, integration of a monolithic conductive layer on the optical fiber could
eliminate the need for additional electrodes. Here, we use the process of pyrolysis to pyrolyse
the native polymer buffer layer on a commercial optical fiber into uniform coating of pyrolytic
carbon.
Figure 1 illustrates the overall concept of obtaining Omni-LOEF from optical fiber.
a

b

Optical fiber

c

Opto-electrical fiber

Leaky Opto-electrical fiber

Pyrolytic carbon
Polymer Buffer

Cladding
Before pyrolysis

Core

Micro-optical windows
leak light

After pyrolysis

Figure 1: a) Schematic of an optical fiber before pyrolysis shows the core, cladding and polymer buffer layer. b) After
pyrolysis, the polymer shrinks into pyrolytic carbon and the optical fiber becomes opto-electrical fiber (OEF). c) Patterning
micro-optical windows on the OEF leads to light leaking out turning OEF into leaky opto-electrical fiber (LOEF). This light
will stimulate the cells cultured on the LOEF.

Light couples out of an optical fiber when the condition for total internal reflection is no longer
fulfilled. One way to achieve this is by tapering the optical fiber as shown by others31. Such a
method allows culturing cells on the tapered region of fiber and optically stimulates them.
However, monolithic integration of conductive electrode material blocks most of the leaking
light. An alternative is to introduce micro-optical windows through the electrode material and
the fiber core to change locally the condition for total internal reflection as shown before27,32.
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Laser ablation is the removal of material from a solid by repeatedly irradiating the surface with
a high intensity laser beam. We used a picosecond laser to ablate micro-optical windows
through the pyrolytic carbon, fiber cladding and the fused silica core. Laser ablation of nonpyrolysed optical fibers results in excessive thermal stress build up in the polyimide layer
(Figure S1a). This leads to cracking of the pyrolytic carbon post pyrolysis. Cracked carbon
causes open electrical circuits and is undesirable. Using pyrolysed optical fibers for laser
ablation benefits from the heat dissipating ability of the pyrolytic carbon minimizing thermal
stress from laser ablation.
The intensity of light leaking from the micro-optical windows is proportional to the depth of
ablation and number of ablated windows. In our previous work, we showed an increase in the
light leakage intensity with two rows of ablated windows compared to one row. Intuitively,
patterning three rows of ablation would further increase the light leakage for optical stimulation
over larger area than two rows. By simply turning the optical fiber by 180°, it would be possible
to pattern 6 rows of micro-optical windows to let light leak from two sides of the optical fiber.
However, due to the fiber’s circular cross section, three rows lead to severe structural damage
of the fiber (Figure 2a-b). In addition to the pattern, the depth of the ablation determines the
intensity of light leakage. Optical windows that are shallower than 140 µm do not leak light
sufficient for optogenetic activation. This depth is larger than the radius of the fiber (core
diameter 200 µm). As the laser moves away from the center, the thickness of the fiber available
for ablation decreases and the laser ablates through the entire core making the pyrolysed fiber
extremely brittle and in some cases, breaks it. Hence, it is important to rotate the optical fiber
at different angles to ensure ablation is performed along the diameter of the fiber.
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Figure 2: a) Schematic representation of laser ablation on 3 rows showing laser penetrating entire material due to
reduced thickness of fiber available for ablation. b) Longitudinal cross section of pyrolysed fiber after laser
ablation of 3 rows showing severe damage to carbon layer and the fiber. SEM images of laser ablated at (c) 30 %
power and (d) 40 % power showing similar shape and dimension of optical windows. Cross sectional views at (e)
30% power and (f) 40 % power showing different depth of ablated windows for varying laser power.

When ablating around the fiber, the width and depth of the optical windows determine their
positioning along different angles. The parameters that influence the width and depth of the
micro-optical windows are the laser power, repetition rate and the laser focal plane. Large
widths of the optical windows prevent their close positioning and turn the fiber very brittle.
The laser used for ablating the optical fibers has a spot size of 20 µm, which limits the smallest
width of the optical window to 20 µm. Considering the size of stem cell-derived neurons
(approximately 10 µm) and previous results on light leakage from micro optical windows,
optimizing the laser parameters to reduce the width of optical windows down to 20 µm from
previous 30 µm would be desirable in order to pattern the windows as close as possible all
around the pyrolysed fiber and maximize the number of neurons exposed to light of sufficient
intensity.
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Table 1: Measured values of optical power at different laser power settings

Power (%)

30

35

40

50

60

Power (W)

1.5 ± 0.04

2 ± 0.05

2.7 ± 0.04

4.3 ± 0.03

5.9 ± 0.02

Table 1 shows the absolute laser optical power measured under different power settings. For
simplicity, we will address the laser power in terms of percentage power instead of absolute
values. The laser power was varied while focusing the laser at the top of the fiber. As seen
from Figure 2c-d, using laser powers of 30% and 40% does not affect the width of the ablated
windows. The main difference is in the depth of optical windows. Higher laser power leads to
deeper optical windows than lower power. Powers of 50% and higher result in severe damage
to the pyrolytic carbon layer because the laser ablates through the entire fiber. There is large
heat affected zone indicating excess thermal stress in the material resulting in cracking and
eventual peeling of the carbon layer (Figures S1b-c). Thus, laser power values of 50% and
higher were excluded from further investigation. In addition to the power, ablating the same
spot repeatedly influences the depth of the optical window. It can be seen from Figure 2e-f that
higher number of repetitions are required at 30% laser power than at 40% to obtain similar
depths of the optical windows.
Table 2: Measured optical intensities at different laser powers and repetitions.

Measured light intensity from optical

Power (%)

Repetition

30

500

0.39 ± 0.01

30

600

0.49 ± 0.01

30

700

0.6 ± 0.02

30

800

0.65 ± 0.01

40

500

5 ± 0.1

40

600

5.5 ± 0.1

windows (mWmm-2)
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The intensity of light leaking from the optical fibers determines their applicability for
optogenetic experiments. Table 2 shows measured intensity of light from optical fibers ablated
at powers of 30% and 40%. The optical intensity of light leaking from the micro-optical
windows was measured using a power meter. A threshold intensity of 1 mWmm-2 is required
for optogenetic stimulation33,34. The pyrolysed fibers ablated at 30% power and with different
number of repetitions do not leak enough light required for optogenetic activation. Hence, 40%
laser power with 600 repetitions was used for further experiments.
In our previous work with LOEF, the laser was focused on the top of the pyrolysed fiber during
ablation. However, the laser instrument permits manual definition of the focus with micrometer
precision. We investigated the influence of changing the laser focus on the width of optical
windows. Five different planes along the depth of the fiber were selected as shown in Figure
3a. As seen from Table 3 and Figure 3b-f, changing the focus from the top of the fiber to the
bottom decreases the width of the ablated windows by 9 µm while their depth remained nearly
the same (145 ± 3,5 µm, n = 3) except on the top focused fiber (128 ± 2 µm). As mentioned
earlier, smaller width of the ablated windows would allow their close positioning when ablating
all around the fiber. The slight increase in the depth of the ablated windows with changing the
focus increased the light leakage intensity.
Table 3: Influence of changing laser focus on the dimensions of ablated micro-optical windows at 40% laser
power and 600 repetitions.

Focal Plane

Width (µm)

Top

30.2 ± 0.5

Top-Mid

26.6 ± 0.5

Mid

24.6 ± 0.5

Bottom-Mid

22.4 ± 0.4

Bottom

21.1 ± 0.4

11

Figure 3: Influence of laser focus depth on the ablated micro-optical windows. a) Schematic representation of different planes
along the depth of the fiber used to investigate the influence of laser focus. b-f) SEM cross section of ablated optical windows
showing the variation in the width of the windows.

As a next step, the influence of three different laser powers (35%, 40% and 45%) on the
dimensions of the micro-optical windows was evaluated while keeping the laser focused at the
bottom of the pyrolysed fiber. In the case of 45% power, the depth of the ablated windows
exceeded 180 µm (Figure 4a) making the fibers extremely brittle (diameter of fiber core is 200
µm). For a power of 35%, the intensity of light leak was not sufficient for optogenetic
activation of neurons. An attempt to increase the number of repetitions from 600 to 800 led to
a widening of the ablated optical windows from 24 ± 0.4 µm to 26 ± 0.4 µm (n=5), while
increasing the depth by about 50 µm (Figure 4b-c).
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Figure 4: An OEF ablated with a laser at (a) 45% power, and 35% at (b) 600 times and (c) 800 times with bottom focus,
showing the influence of increase in number of repetitions on the width and the depth of the ablated optical window.

The increase in the depth led to a slight increase in the intensity of light, albeit it was still
insufficient for optogenetic stimulation. The optimal results in terms of smallest width of
optical windows, required intensity of light from the ablated windows and mechanical integrity
were obtained at a laser power of 40% with bottom focus (Table 3). Hence, the combination of
40% laser power, 600 repetitions and focus at the bottom of the fiber was used to create the
Omni-LOEF.
3.2

Design of ablation setup

Before ablating the pyrolysed fiber around its circumference, there were two important steps
to consider. The first was the positioning of adjacent rows of the ablated windows and the
second was a method to rotate the fiber at precise angles. We decided to ablate the pyrolysed
fiber along six different angles to cover the entire fiber surface. Since the depth of ablation is
larger than the radius of the fiber, it was important to calculate the spacing between ablation
points and offset them between different angles to prevent ablating through and breaking the
fiber. However, a large offset would reduce the chances of neurons encountering the optical
window. Exploiting the ability of the laser to translate with micrometer precision, we designed
a pattern of seven ablation points in a row. Each ablation point was spaced 180 µm apart and
with an offset of 30 µm with respect to the subsequent row as shown in Figure 5a. This design
permitted patterning all around the pyrolysed fiber without any overlapping optical windows.
The sample stage of the laser micromachining tool is limited to translation in X and Y
directions. Hence, a 3D printed custom-made fiber rotating setup was created to rotate the fiber.
Fast prototyping ability of 3D printing approach allowed for rapid and economical optimization
13

of the design of the setup. Furthermore, use of 3D printing technology provides a way to adapt
the laser ablation platform we developed to different substrates other than the 200 µm optical
fiber used in our work. The setup consisted of a main support structure (Figure 5b) and a fiber
holder (Figure 5d). The main support structure (10 cm X 4 cm X 0.1 cm) consists of four pillars
(1 cm X 1 cm X 2.1 cm each) with holes (2.3 mm diameter) defined at 0°, 30° and 45° to permit
fixation of the fiber holder at different angles with respect to the base (Figure 5c). The pillars
were placed as close as possible to each other to minimize their height and prevent interference
with the movement of focusing camera and laser stage. The fiber holder (7.55 cm X 2.9 cm X
0.3 cm) is held in position between the pillars by fixation bolts, consists of a central groove to
place a pyrolysed fiber and a 600 µm wide opening (ablation window) to allow laser ablation
from the top and bottom. Figure 5e-f show the custom setup oriented at two different angles,
135° and 30° respectively. Wafer bonding tapes hold the fiber in place during ablation. Holes
created in the fiber holder match the ones on the main structure to allow rotation of the fiber
along different angles. Finally, two additional support structures incorporated in the fiber
holder allow setting the laser focus to bottom of the fiber during each ablation process (Figure
5d (inset)). Figure 5g shows the six different angles used for laser ablation to create the OmniLOEF.
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Figure 5: a) Design of laser ablation points to obtain optical windows around the fiber with no overlap. b) CAD model shows
main support structure that houses four pillars to mount the fiber holder. c) Cross section schematic of pillars shows possibility
for five different orientation on one side of the fiber. d) CAD model shows fiber holder with the central groove for placing the
fiber. The holes on the fiber holder match those on the pillars for setting the fiber holder at various orientations. Inset shows
central groove and support structures to ensure bottom focus during multiple ablation steps. (e, f) Shows the actual setup for
fiber rotation aligned at two different orientations. The fixation bolts hold the fiber holder in position. g) Six angles used for
the ablation of fiber to create the Omni- LOEF.

3.3

Fabrication of Omni-LOEF

Once the laser ablation parameters were optimized, pattern of the micro-optical windows
determined, and the setup for precise rotation of the fiber developed, we ablated the pyrolysed
fiber to produce the Omni-LOEF. Figure 6a shows the SEM of the ablated micro-optical
windows on the Omni-LOEF along three angular directions. The final Omni-LOEF design had
42 micro-optical windows (1x7 along six different angles). The dimensions and shape of the
ablated windows are consistent along different angles. Rotation of the fiber along its axis inside
the SEM to view the entire surface is difficult. SEM does not allow sectioning of intact fiber
to check for overlap between optical windows without first breaking the fiber. Hence, we
utilized X-ray micro-tomography to non-destructively acquire cross-sectional images of the
15

fiber and perform volumetric investigation (Figure 6b-c). This allowed slicing the LOEF along
its longitudinal axis (Error! Reference source not found. 6d) and visualization of cross
sections along its length as seen in Figure 6e-f (video in SI).
a

c

b

100 µm

100 µm

e

d

100 µm

f

1

3

2

4

5

100 µm

50 µm

50 µm
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Figure 6: Omni- LOEF with laser ablation on fiber along six different angles: a) SEM of ablated windows along three angles.
(b-f) Images from X-ray micro-tomography show laser ablated micro-optical windows on the entire surface of the pyrolysed
fiber. d) A longitudinal section of the fiber shows locations of optical windows along two different angles. Circles mark the
ablation along second angle. e) Axial section view of one ablated window shows its entire length and no overlap with adjacent
windows. f) Four different axial sections along the length of the fiber show the six different angles of ablation. Notice no
optical window in (f) is visible in its entire length due to no overlap between them.

As seen from Figure Error! Reference source not found.6d, there is no overlap between the
laser-ablated points. The variation in the depth of the ablated windows from left to right is due
to the slight misalignment (tilt) of the fiber with respect to the vertical axis of the x-ray
instrument. Figure 6f shows four different cross sections moving from bottom to the top of the
Omni-LOEF to visualize the six different angles used for ablation. The cross sectional shape
and depth of the ablated windows match the cross-section SEM images shown earlier. Due to
minimum overlap between the optical-windows, the Omni-LOEF maintained its mechanical
integrity for subsequent experiments. The protruding flat surface at one end of Omni- LOEF
seen in Figure 6b was because the fiber was manually broken to fit the workspace of the X-ray
imaging instrument.
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3.4

Electrochemical characterization of Omni-LOEF

The previous work on LOEF thoroughly characterized its electrochemical properties27. Hence,
to evaluate the influence of multiple ablation steps, we acquired CVs of the Omni-LOEFs using
the redox couple potassium hexacyanoferrate (IV/III) ([Fe(CN)6]4-/3-). As seen from Figure 7a,
there is a (minor) increase in the peak currents going from OEF to a LOEF with one row of
seven micro-optical windows (LOEF 1x7). There could be two factors influencing this
behavior. First could be the sidewall of ablated windows contributing to electrode area. The
highly localized heating during multiple laser ablation could be the second factor influencing
the properties of the pyrolytic carbon. Table 4 presents the maximum potential peak separation,
and the anodic and cathodic currents for the different configurations. The Omni-LOEF
displayed a sharp decrease in the currents with significant increase of the peak potential
separation. A plausible reason for this could be the use of an entirely new setup for laser
ablation compared to the previous work. The new setup partially blocks the airknife on the
laser micromachining tool designed to clear debris off the sample during the ablation process.
The presence of debris could lead to reduced electrochemical interactions at the surface. These
fibers were not oxygen plasma treated. Oxygen plasma treatment has been used in our previous
work to render the LOEFs hydrophilic to ensure uniform coating of cell adhesion proteins.
In addition to changing the surface energy, the plasma also cleans the surface of any organic
matter and debris. CVs obtained on the oxygen plasma treated Omni-LOEFs show a significant
improvement in the oxidation and reduction peaks and the potential separation between them.
The values of the peak currents measured for the Omni-LOEFs are comparable to the ones of
LOEF 1x7 and OEF, which means that the laser ablation did not deteriorate the electrochemical
properties of the pyrolytic carbon as electrode. However, the peak potential separation
remained large even after plasma treatment, the reason for which remains unclear and needs
further investigation. In all cases, the maximum currents maintain a linear relationship with the
square root of the scan rates over a large range (Figure 7b), indicating the suitability of the
Omni-LOEF for dopamine detection. It is important to note that for the calculation of current
vs square root of scan rate, the absolute maximum current was used instead of actual peak
current.
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Table 4: Maximum oxidation and reduction current for OEF, LOEF and Omni- LOEF acquired at 50mVs-1.

OEF

LOEF 1 X 7

Omni- LOEF

Omni- LOEF – O2

iP,a

9.5 ± 2.4 µA

10.2 ± 1.3 µA

6.1 ± 0.1 µA

9.8 ± 0.5 µA

iP,c

9.7 ± 2.5 µA

10.8 ± 1.5 µA

5.7 ± 0.9 µA

10.9 ± 0.8 µA

246.5 ± 25 mV

226 ± 8 mV

105.3 ± 3 mV 149 ± 8 mV
10

Current (µA)

5

OEF
LOEF 1 x 7
3D LOEF
3D LOEF-O 2

Current (µA)

ΔEp

0
-5

25

i max,c-3D LOEF

20
15

i max,a-3D LOEF

10
5
0

-10

-5
-10

-15

-15

-600

-300

0

300
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-20

900
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10
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Square root of scan rate (mVs -1)1/2

Potential (mV)

Figure 7: a) Exemplary cyclic voltammogram acquired at 50 mVs-1 with multiple laser ablations. b) Maximum anodic and
cathodic current varies linearly with the square root of scan rate.

3.5

Generation of dopaminergic neurons on the surface of Omni-LOEF

Cell culturing setup for Omni-LOEF requires maintenance of cells on the fiber while allowing
access for optogenetic stimulation and electrochemical detection. Therefore, part of OmniLOEF containing micro-optical windows needs to be submerged in cell culture media while
the rest of the fiber needs to be exposed to dry environment allowing electrical connection and
light coupling. Additionally, the setup should allow cell seeding around the whole
circumference of the fiber. However, while ablation of micro-optical windows on Omni-LOEF
was achieved by precise rotation and translation of the fiber on a custom-made holder, the same
approach could not be applied to cell seeding for several reasons. Firstly, the shape and size of
the rotational setup would not be compatible with conventional cell culture platforms. Then,
the addition of rotational elements could cause leakage that would in turn affect cell viability
and interfere with electrochemical measurements. Finally, introduction of complex setup with
custom made moving elements could seriously compromise sterility of the system.
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Figure 8: a) Schematic representation of cell seeding and migration on the Omni-LOEF shows uniform coverage of the fiber
surface with differentiated neurons. Fluorescence maximum intensity projection from immunocytochemistry shows the (b)
the cross section of a fiber with neurons on the entire circumference, (c) top view of Omni-LOEF with differentiated neurons.
DNA (blue), TH (red), ß‐III tubulin (green) and merge (green, red, blue).

Instead of rotating the fiber to achieve uniform cell coverage on the surface of Omni-LOEF,
we leveraged the migratory ability of hNSCs. The tip of the fiber containing micro-optical
windows was inserted in a commercial tissue culture well plate through a hole drilled on the
side of the well. The hole was then sealed with glue fixing the position of the fiber parallel with
the bottom of the well and displaced from it by 1 mm. The cells were then seeded in high
concentration unidirectional on the upper surface of the fiber (Figure 8a). The cell-adhesion
promoting coating applied to the carbon surface of Omni-LOEF facilitates cell redistribution
from the initial arrangement. As a result, part of hNSCs migrates to the bottom part of the fiber.
Then, the seeded cells are differentiated for 10 days in order to generate a population of neurons
that extends to the whole circumference of the fiber as can be seen in the confocal fluorescence
image presented in Figure 8b. Immunocytochemistry confirmed successful differentiation of
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hNSCs into neurons identified by branched morphology and expression of neuronal marker ßIII tubulin (Figure 8c). hNSCs used in this study are of ventral mesencephalon origin, the area
of the brain containing dopaminergic neurons that degenerate in PD. Figure 8c confirms that
these cells when differentiated generate a subpopulation of neurons that expresses tyrosine
hydroxylase (TH), a rate limiting enzyme in the production of dopamine. These dopaminergic
neurons will be utilized in the next section for light-activated dopamine release.
3.6

Optogenetic stimulation with Omni-LOEF

Figure 9a-c shows amperometric curve from optical stimulation of neurons on Omni- LOEF.
Every single optical stimulation led to dopamine release from the neurons. Even under
continuous stimulation of 10s, the neurons were able to release dopamine and the current peaks
decreased over time due to dopamine depletion from the neurons. This behavior was similar to
the one in the previous experiments with LOEF27.

Figure 9: Results from optogenetic stimulation of dopaminergic neurons from Omni-LOEFs shows amperometric peaks from
a) single peaks b) 5-pulse trains c) Sustained 10s stimulation. (d-f) Amperometric dopamine detection shows higher value of
measured current from Omni-LOEF than from LOEF with 1 X 7 micro-optical windows.

To evaluate the ability of Omni-LOEF to stimulate larger neuronal population than LOEF with
1x7 micro-optical windows, hNSCs were differentiated on both Omni-LOEFs with six rows
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of seven optical windows and LOEF containing one row of seven optical windows for
comparison (Figure 9d-f). Optical stimulation from Omni-LOEF resulted in much higher
currents compared to the ones observed on LOEF 1x7, demonstrating that the Omni-LOEF can
stimulate large population of neurons. On the contrary, control experiments using non-laser
ablated pyrolysed optical fiber did not result in any current recording. All these results
demonstrate the applicability of laser ablation for reproducible fabrication of multifunctional
Omni-LOEF for optical stimulation of neural stem cell derived dopaminergic neurons on the
entire surface of the Omni-LOEF and subsequent electrochemical detection of dopamine
exocytosis.

4.

Conclusion

We have developed and characterized an Omni-LOEF for potential use as a brain bio-implant
in cell replacement therapy. Micro-optical windows were patterned on a pyrolysed optical fiber
using laser ablation. Through optimization of the laser power and changing the laser focal plane
to the bottom of the fiber, it was possible to minimize the width of the micro-optical windows.
This permitted a spacing of 30 µm between multiple rows of micro-optical windows. A custom
designed setup allowed patterning of these optical windows all around the pyrolysed optical
fiber. SEM and X-ray micro-tomography revealed consistency in the shape and depth of the
ablated optical windows along different angles. Moreover, there is no overlap between the
optical windows from different planes. Light propagating in the fiber leaks out of these micro‐
optical windows due to local change of the critical angle and the intensity of light leaking from
an array of micro‐optical windows is more than the required threshold intensity for the
stimulation of optogenetically modified neurons. While multiple laser ablation initially
decreased the electrochemical sensitivity of the Omni-LOEF, oxygen plasma treatment of the
Omni-LOEF restored the sensitivity. This could primarily be due to clearing of the debris
accumulated during laser ablation. Differentiation of optogenetic hNSCs on these OmniLOEFs indicated that the cells migrate and differentiate into dopaminergic phenotype all
around the fiber, without the need for additional rotation of the fiber during the differentiation
process. Optical stimulation of neurons by light leaking from all the micro‐optical windows
led to dopamine exocytosis detected in real‐time using chronoamperometry. The amperometric
21

current on Omni-LOEFs were at least 10 times higher than on LOEFs with one row of laser
ablated micro-optical windows. This proves ability of the Omni-LOEF to stimulate a large
neuronal population on the device. The Omni-LOEFs described here thus provide the first
demonstration of a multifunctional device capable of being the substrate for optogenetic human
neural stem cell generation and on‐demand stimulation of a large population of neurons
adherent all around the device. Such a device could play an important role in the light‐induced
release of dopamine to restore the striatal dopamine levels in PD.
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and (c) 60% laser power and 600 repetitions showing increasing heat affected zone, widening of ablated windows
and damage to the carbon layer.
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3D array of sharpened waveguides allows for stimulation
at two different depths [6]. Tapered optical fibers with
multiple optical windows realized by focused ion beam
milling have been developed for optical stimulation at
specific sites along the taper by modifying the input light
coupling angle [7]. However, multipoint emitting devices
need a higher injection power to achieve effective
optogenetic control of neural activity of large cell
populations and the efficiency depends on the distance
between the active window and the waveguide tip. It is
possible to enlarge the volume of activation by increasing
input light intensity. However, this intensity must be below
the tissue damage threshold.

ABSTRACT
This paper reports on the fabrication and
characterization of leaky opto-electrical neural probes for
optical stimulation and real time electrochemical detection
of dopamine exocytosis from optogenetically modified
neural stem cells. Indentations were introduced in a SU-8
waveguide structure, patterned directly on the probe shank,
to allow light to leak over a large area. Pyrolytic carbon
electrodes fabricated on both sides of the leaky waveguide
allow for real time detection of dopamine. The
electrochemical characterization of the pyrolytic carbon
demonstrates excellent conductivity and suitability for
dopamine detection.

Input optical fiber

KEYWORDS
Optical neural probe, leaky waveguide, optogenetics,
electrochemistry, dopamine detection

Gold contacts
Probe base

Carbon counter electrode

INTRODUCTION
The ability of stem cells to differentiate into any cell
type in the body makes them an excellent candidate for
neurodegenerative disease therapy. Neurons with specific
phenotypes, such as those releasing dopamine have been
generated from various types of stem cells [1].
Transplantation of stem cell derived neurons can replace
degenerated ones and enhance the production of
neurotransmitter. The possibility of regulating
neurotransmitter release is particularly relevant for
diseases such as Parkinson’s disease (PD). For instance, it
is possible to provide a nearly continuous release of
dopamine from dopaminergic neurons, which has been
shown to minimize motor complications in PD [2].
In the last decade, optogenetics has allowed selective
modulation of neural activity by illuminating neurons with
a specific wavelength of light. This is achieved by
genetically modifying neurons to express specific light
sensitive proteins called opsins. Channelrhodopsin-2
(ChR-2) is one such non-specific cation channel used to
depolarize the neuron [3]. Optical stimulation of neurons
offers high temporal and spatial resolution when compared
to electrical stimulation. Moreover, it is possible to
modulate neurotransmitter release from optogeneticallymodified neurons [4]. However, optogenetic modulation of
neurotransmitter release directly in the brain necessitates
uniform illumination of a large neuronal population to
achieve a therapeutic effect.
A large variety of implantable neural probes using
waveguides to deliver light to various regions of the brain
has been developed. A multipoint side-emission device
using multiple silicon oxy-nitride waveguides ending with
corner mirrors has been reported to direct light laterally
with respect to the implant direction [5]. Alternatively, a
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Leaky waveguide

Carbon working electrode

Gold reference electrode

Figure 1: Schematic of the proposed opto-electrical neural
probe containing a centered leaky SU-8 waveguide. Two
pyrolytic carbon electrodes surround the waveguide acting
as working and counter electrodes. A gold electrode serves
as pseudo-reference electrode for electrochemical
detection. The fourth gold contact pad is present due to the
author’s obsession for symmetry.
Here we report on the fabrication and characterization
of an opto-electrical neural probe containing a leaky optical
waveguide and pyrolytic carbon electrodes capable of
optical stimulation and real-time electrochemical detection
of dopamine exocytosis from a population of
optogenetically modified dopaminergic neurons (Figure 1).
For the definition of counter electrode (CE) and working
electrode (WE) on the probe shank, the negative epoxy
photoresist SU-8 was patterned using UV photolithography
and subsequently pyrolysed at high temperature in an inert
atmosphere. Pyrolytic carbon has earlier been shown to
have excellent electrochemical properties for dopamine
electrochemistry [8]. A SU-8 leaky optical waveguide was
designed to distribute light over a broad volume with the
aim to illuminate uniformly a large population of neural
stem cells surrounding the waveguide. The probes were
fabricated using microfabrication techniques. The intensity
of light emitted from the leaky optical waveguide was
found to be sufficient for optogenetic stimulation. Finally,
the suitability of pyrolytic carbon for dopamine detection
was analyzed using cyclic voltammetry.

388

IEEE MEMS 2020, Vancouver, CANADA,
January 18 - 22, 2020

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on May 06,2020 at 11:17:15 UTC from IEEE Xplore. Restrictions apply.

dopamine. The second step was deposition of gold by ebeam evaporation to define the pseudo-reference electrode
(RE) and contact pads. In order to prevent metallization of
the pyrolytic carbon, a 4 µm thick layer of negative
photoresist (AZ nLOF 2020) was used as a mask layer
completely covering the carbon during gold deposition.
Using e-beam evaporation, 200 nm of gold with 20 nm
titanium adhesion layer were deposited (Figure 2c). Metal
lines were defined by lift-off of the photoresist in a bath
containing Remover 1165 (maintained at 40 °C with ultrasonication for 3 hours). Contact pads were patterned with
gold to ensure excellent electrical connection.

FABRICATION
The overall process flow for the fabrication of the
opto-electrical probes is shown in Figure 2. A 1 µm thick
SiO2 layer was thermally grown on a 350 µm thick p-doped
Si wafer. The thick oxide cladding layer ensures decay of
evanescent waves and provides electrical insulation for the
electrodes.

Figure 2: Cross sectional schematic of neural probe
fabrication and release. a) Patterning of SU-8 by maskless
UV photolithography. b) Pyrolytic carbon electrodes after
pyrolysis. c) Deposition of gold pseudo-reference
electrode. d) Backside DRIE to define probe thickness. e)
Patterning of leaky SU-8 waveguide. f) Front side DRIE to
pattern fiber groove and for probe release.

A

B

C

D

Figure 3: A: Final released optical neural probe
containing pyrolytic carbon working and counter
electrodes, gold pseudo-reference electrode and leaky SU8 waveguide. B: SEM image showing neural probe
attached to the wafer with micro hinges. C: Released probe
shank and tip showing the leaky part of the waveguide and
electrodes. D: Close up of leaky waveguide surrounded by
pyrolytic carbon electrodes with nano-pillars.

The first step involves the fabrication of pyrolytic
carbon electrodes through the pyrolysis of SU-8. A 17 µm
thick SU-8 layer (SU-8 2035, 120 s at 5000 rpm) was
patterned with UV maskless aligner (250 mJcm-2 using
Heidelberg MLA100) to define the base layer. High
temperature baking of SU-8 during lithography resulted in
thermal stress and subsequent cracking of the SU-8 layer.
We observed that the SU-8 does not reflow during
pyrolysis process to repair the cracks. The presence of
cracks in the carbon severely decreases the conductivity of
the layer leading to poor electrochemical response. Hence,
low soft and post-exposure baking temperatures (15 min at
50 °C) were used. On top of the first SU-8 layer, an
additional 5 µm thick layer of SU-8 2005 was spin coated
at 5000 rpm for 60 s and pillars were patterned in the same
way as the base layer (Figure 2a). Following the
development in PGMEA for 15 minutes and rinsing in 2propanol, the wafer was pyrolysed in N2 atmosphere for
one hour at 900 °C (PEO-604, ATV Technologie) resulting
in the formation of pyrolytic carbon. The temperature
during heating and cooling was ramped at 2 °Cmin-1.
During pyrolysis, the polymer shrinks to a 2 µm thick
pyrolytic carbon layer (Figure 2b). A thicker layer of
pyrolytic carbon would decrease the resistance of the
electrodes. However, too thick a carbon layer may obstruct
light leaking from the waveguide and result in
delamination of the carbon due to thermal stress. The
presence of carbon nano-pillars increases the electrode
surface area, improves interaction with cells and
potentially leads to enhanced detection efficiency of

The wafer was subsequently etched 300 µm from the
backside with DRIE using fluorine chemistry (STS MESC
Multiplex ICP). The backside etch depth determines the
final thickness of the probe shank. Next, the leaky optical
waveguide was patterned on the front side of the wafer.
Following spin coating of a 20 µm thick SU-8 layer (SU-8
2035, 120 s at 3600 rpm), UV lithography using a maskless
aligner (dose of 250 mJcm-2) was used to pattern the 40 µm
wide waveguide (Figure 2d). The baking processes were
the same as described above. A large cross-section of the
waveguide allows for better coupling of light, while at the
same time increasing the width of the probe shank.
Indentations in the waveguide structure were also patterned
during lithography to obtain a leaky section. Finally, 50 µm
deep grooves were etched (DRIE) from the front side for
releasing the probes (Figure 2f). The wafer was mounted
on a carrier wafer during the front side etching. The front
side etch was also used to etch the groove for placement of
an optical fiber to couple light into the waveguide. The
probe shank was 7 mm long, 180 µm wide and 50 µm thick.
Figure 3A shows released neural probes. Micro-hinges
hold the neural probes in place and prevent them from
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important to define the region of pyrolytic carbon for
electrochemical detection of dopamine release. The
waveguide was immersed in gelatin containing suspended
green fluorescent nano-beads. Blue light leaking from the
waveguide excites the fluorescent nano-beads thus
revealing the distribution of light (Figure 4D). The
presence of nano-pillars does not obstruct the path of the
leaking light. Light leaks from both sides of the waveguide
and the observed distribution correlates well with the
simulation results.

detaching from the wafer during etching (Figure 3B). This
allows the separation of neural probes from the wafer by
the application of a small force breaking the hinge. A wider
shank would accommodate more space for waveguide and
electrodes but increases the tissue damage during initial
implantation.
Figures 3C shows the released probe shank containing
the leaky optical waveguide in the center surrounded by
carbon with nano-pillars (28 µm wide WE and 42 µm wide
CE) and 14 µm wide gold RE. Figure 3D shows the SEM
of leaky optical waveguide surrounded by carbon nanopillars. The nano-pillars are around 300 nm tall and do not
prevent the light from reaching cells.
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CHARACTERIZATION
Optical characterization
Light propagation in a waveguide follows the principle
of total internal reflection. The refractive indices of the core
and the cladding define the critical angle (θ) for the
propagation of light. The refractive index of SU-8 was
measured to be 1.6. When implanted, cerebral spinal fluid
(CSF) (refractive index 1.34 [9]) surrounds the waveguide.
Since light has to leak uniformly over a large volume to
stimulate the dopaminergic neurons in proximity of the
waveguide, the waveguide design was simulated using the
ray optics module of COMSOL. The 2D model simulates
the propagation of rays in a waveguide. In a pristine
waveguide, light propagates from one end to the other
without excessively leaking from the sides. Introduction of
some indentations in the waveguide structure changes the
incidence angle locally. Rays with incidence angle smaller
than the critical angle refract out of the core. Different
designs of indentations in the waveguide were simulated to
determine the optimal design for uniform light leakage.
The final design consisted of a repeated semi-circular
indentation in the waveguide structure (Figure 3D). The
circular shape of the indentation allows light to leak out on
both sides of the waveguide to illuminate neurons in the
surrounding media. The type of cladding influences the
distribution of light leakage. Air as the cladding (θ ≈ 39°)
results in a wider spread of the leaking light transverse to
the propagation direction (Figure 4A). The CSF cladding
(θ ≈ 59°) guides the leaked light outwards in the
propagation direction (Figure 4B). The leaked light carries
most of the input power. This is desired to uniformly
stimulate a large population of neurons surrounding the
waveguide along its length.
The intensity of light leaking from the waveguide was
measured using a power meter. Blue light at a wavelength
of 460 nm, which is the wavelength typically used for
optogenetic stimulation of cells, from a laser diode
(PL450B, Osram Opto Semiconductors Inc.) was coupled
into a 50 µm core diameter optical fiber (FG050UGA,
Thorlabs Inc.). The other end of the cleaved optical fiber
was placed in the groove on the topside of the neural probe
coupling light into the SU-8 waveguide. The power of light
leaking from the leaky waveguide was 7 µW when the
power at the end of the input optical fiber was 85 µW (2 ms
pulse, 10 ms period). This translates to an intensity of about
2 mWmm-2 on one side of the waveguide, which is
sufficient to activate ChR-2 having an activation threshold
of 1 mWmm-2 [10]. The spatial distribution of light is
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Figure 4. COMSOL ray tracing simulation showing
distribution of light leaking from the waveguide. A: Air
cladding. B: CSF cladding. C: Blue light at 460 nm coupled
into leaky SU-8 waveguide (air cladding) showing light
propagation and leakage. Most of the light is emitted in the
leaky region resulting in very little light reaching the tip of
the leaky waveguide. D: Fabricated leaky waveguide
coated with fluorescent nano-beads revealing a pattern of
light leakage similar to the simulation results.
Electrochemical characterization
Pyrolytic carbon derived from SU-8 has been widely
used for electrochemical monitoring of cells [9,10]. We
characterized the electrochemical behavior of the pyrolytic
carbon electrodes by acquiring cyclic voltammograms
(CV) in 10 mM hexacyanoferrate (II/III) ([Fe(CN)6]2+/3+)
containing PBS. The electrodes patterned on the probe
shank were used for acquiring the CVs shown in Figure 5.
Oxygen plasma treatment renders the carbon layer
hydrophilic and incorporates oxygen functional groups,
which improves the wetting of the carbon surface.
Moreover, the oxygen groups enhance the oxidation of
dopamine at the electrode surface [8]. The CVs display
semi-sigmoidal behavior, which is characteristic of microband electrodes, with peak separation (ΔEp) of 300 mV at
a scan rate of 100 mVs-1. This is in the same range as
previously reported for SU-8 derived pyrolytic carbon [13].
Oxidation and reduction peak currents start to appear at
higher scan rates. We also observed widening of the ΔEp
(300 mV at 100 mVs-1 to 450 mV at 900 mVs-1) with
increasing scan rates due to the quasi-reversible reaction
kinetics.
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was measured to be 2 mWmm-2 for 2 ms laser pulses, which
is sufficient to stimulate the ChR-2 expressing cells.
Finally, the electrochemical properties of the pyrolytic
carbon are suitable for dopamine measurements and in
agreement with the literature. This study shows the
potential of this device for in-situ optical stimulation of
neurons and electrochemical detection of neurotransmitter
release.
In the future, we will culture and differentiate
optogenetically modified human neural stem cells on the
neural probes for real-time electrochemical detection of
dopamine released upon optical stimulation.
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Figure 5: A) Cyclic voltammogram of neural probes
acquired in 10 mM [Fe(CN)6] 2+/3+at 100 mVs-1. B) Plot of
anodic and cathodic peak current versus square root of
scan rate showing linearity up to 900 mVs-1. C)
Comparison of CVs acquired at 100 mVs-1 in dopamine
solution at two different concentrations (50 µM and 250
µM). D) Anodic and cathodic peak currents follow a linear
relationship with the square root of scan rate.
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