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Summary
Stem cells are unspecialized cells that play a fundamental role in the maintenance and
regeneration of cells and tissues located in a microenvironment, defined as a niche. A
discrete array of cellular niche factors contributes to the overall stem cell functions such
as self-renewal, quiescence, morphology, migration, proliferation, differentiation, pheno-
type preservation, or apoptosis. To augment the efficiency of cell-based regenerative
therapies particularly for transplanting cells into patients, it is essential to understand
the significance of cellular microenvironment that potentially regulates stem cell behav-
ior and fate. Advancements in new technologies have offered insights into an interaction
of human neural stem cells with extracellular matrix and nanotopographies. However,
much research is required to sufficiently characterize and fine-tune the functions of micro
and nano topographies (MNTs) in different materials for stem cell research.

This research aims to explore the potential impact of nanoengineered pyrolytic
carbon-based MNTs for human neural stem cell differentiation (hNSCs), mainly into
dopaminergic neurons (DAn). Firstly, the fabrication of random carbon nanograss
(CNG) MNTs has been reported to demonstrate their ability to be applied as cell-
substrate enhancing hNSCs adhesion, survival, and differentiation into DAn. These
MNTs are expected to play an essential role in stem cell-based cell replacement ther-
apy (CRT) and neural implants for Parkinson’s disease (PD). The unique combination
of random CNG MNTs and biocompatible pyrolytic carbon material enhanced hNSCs
neurogenesis up to 2.3 folds and dopaminergic differentiation up to 3.5 folds both in
presence and absence of poly-lysine (PLL) biocoating. Moreover, the influence of dif-
ferent ECMs and pyrolytic CNGs has been studied for hNSCs differentiation into DAn
compared to flat surfaces in both conditions of ECMs coated and uncoated substrates.
The results show that PLL is a most favorable biocoating among other ECMs for en-
hancing DAn generation when used with CNG substrates. The uncoated CNGs were
found to equally outperform for boosting dopaminergic differentiation suggesting the
favorable elimination of biocoatings for future in vitro and in vivo neuronal stem cell
studies. Secondly, the multifunctional pyrolytic CNG MNTs have been optimized and
fabricated as CNG electrode chips to exploit their use in electrochemical detection of
dopamine (DA) compared to planar 2D electrodes.

Thirdly, the periodic and spatially organized pyrolytic carbon nanopillar (CNP)
MNTs have been fabricated using maskless lithography, followed by the development
of CNP electrode chips for electrochemical detection of DA. Lastly, a Au-based ultra-
microelectrode array (UMEA) containing 54 individually addressable microelectrodes
were developed and tested for real-time detection of dopamine exocytosis from single
cells in a population of PC-12 cells.
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In the future, the periodic pyrolytic CNP MNTs can be used as cell-platform to char-
acterize hNSCs adhesion, morphology, proliferation, and dopaminergic differentiation,
and can be compared with random pyrolytic CNG MNTs for both cellular and molecular
research aspects.



Resumé
Stamceller er ikke-specialiserede celler, der spiller en fundamentale rolle i vedligehold-
else og regenerering af celler og væv placeret i et mikromiljø, defineret som en niche. En
diskret række af cellulære nichefaktorer bidrager til de overordnede stamcellefunktioner
såsom selvfornyelse, hvile, morfologi, migration, spredning, differentiering, præserver-
ing af fænotype eller apoptose. For at øge effektiviteten af cellebaserede regenerative
terapier, særligt til transplantation af celler til patienter, er det vigtigt at forstå betyd-
ningen af det cellulære mikromiljø, der potentielt regulerer stamcelleopførsel og skæbne.
Fremskridt inden for nye teknologier har givet indsigt i en interaktion mellem humane
neurale stamceller med ekstracellulær matrix og nanotopografier. Der kræves dog meget
forskning for at tilstrækkeligt karakterisere og finjustere funktionerne i mikro- og nano-
topografier (MNT’er) i forskellige materialer til stamcelleforskning.

Formålet med denne forskning er at undersøge den potentielle virkning af nanoengi-
neereret pyrolytisk carbon-baserede MNT’er for human neurale stamcelle-differentiering
(hNSC’er), hovedsageligt i dopaminerge neuroner (DAn). For det første er fremstilling af
tilfældige carbon nanograss (CNG) MNT’er rapporteret for at demonstrere deres evne til
at blive anvendt som cellesubstrat, der forbedrer hNSCs adhæsion, overlevelse og differ-
entiering til DAn. Disse MNT’er forventes at spille en væsentlig rolle i stamcellebaseret
celleerstatningsterapi (CRT) og neurale implantater for Parkinsons sygdom (PD). Den
unikke kombination af tilfældigt CNG MNT og biokompatibelt pyrolytisk carbonmate-
riale forbedrede hNSCs neurogenese op til 2,3 fold og dopaminerg differentiering op til
3,5 fold både i tilstedeværelse og i fravær af poly-lysin (PLL) biocoating. Derudover er
påvirkningen af forskellige ECM’er og pyrolytiske CNG’er undersøgt for hNSC’er differ-
entiering til DAn sammenlignet med flade overflader under begge betingelser for ECM’er
coatede og ikke coatede substrater. Resultaterne viser, at PLL er en mest fordelagtig
biocoating blandt andre ECM’er til forbedring af DAn-generation, når de anvendes sam-
men med CNG-substrat. Det viste sig, at de ikke-coatede CNG’er var ligeledes bedst
til at øge dopaminerge differentiering, hvilket antydede den gunstige eliminering af bio-
coatings til fremtidige in vitro og in vivo neuronale stamcellestudier. For det andet er
de multifunktionelle pyrolytiske CNG MNT’er blevet optimeret og fremstillet som CNG-
elektrode chips for at udnytte deres anvendelse i elektrokemisk detektion af dopamin
(DA) sammenlignet med plane 2D elektroder.

For det tredje er den periodiske og rumligt organiserede pyrolytiske carbon nanopil-
lar (CNP) MNT’er fremstillet ved hjælp af maskefri litografi, efterfulgt af udviklingen
af CNP-elektrode chips til elektrokemisk detektion af DA. Endelig blev de Au-baserede
ultra-mikroelektrodearrays (UMEA’er) indeholdende 54 individuelt målbare mikroelek-
troder udviklet og testet til realtidsdetektion af dopamin-exocytose fra enkelte celler i
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en population af PC-12-celler.
I fremtiden kan de periodiske pyrolytiske CNP MNT’er bruges som celleplatform til

at karakterisere hNSCs adhæsion, morfologi, proliferering og dopaminerg differentier-
ing og kan sammenlignes med tilfældige pyrolytiske CNG MNT’er til både cellulær og
molekylære forskningsaspekter.
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CHAPTER 1
Introduction

1.1 Motivation
Stem cells (SCs) are cells that possess the properties of self-renewal and ability to dif-
ferentiate into specialized cells in response to certain environmental cues and signals.
SCs are an important fundamental research source in cell replacement therapy (CRT)
and regenerative medicines. In some cases, as a result of the pathological manifesta-
tion of a disease, cells gradually start dying, leading to defective functional activities.
CRT is an advanced treatment strategy that restores the deficiencies of the impaired
functions by replacing old dying cells with mature and fully functional cells using the
transplantation process. SCs are first designed to differentiate into specialized phenotype
to acquire the required function before transplantation. Despite immense possibilities,
these treatments face major challenges including insufficient knowledge of controlled SC
differentiation procedure to restore damaged function. SC-based treatments are already
in progress for e.g., bone regeneration [1], diabetes [2], and tissue repair [3].

In vitro cell culture processes are routinely performed on commercial tissue culture
polystyrene (TCP) substrates. However, it is now well-established that SCs sense their
environmental surroundings and respond to the stimuli provided to them, mainly related
to material, chemical, and the mechano-physical properties of the substrate, including
surface biochemistry, topological features, and rigidity [4]. To understand some of the
mechanisms that regulate cell proliferation and especially differentiation of SCs, mi-
cro and nanotopographies (MNTs) in different materials and structural features can be
exploited, which provide a three-dimensional (3D) environment for the cells. The emer-
gence of these smart 3D culture platforms has enabled us to study cellular mechanobiol-
ogy, i.e., investigating the influence of the mechanical environment on cellular survival,
adhesion, proliferation, morphogenesis, gene expression, and differentiation [5]. Spe-
cialized 3D micro and nanostructures combined with biocompatible materials play an
essential role in tissue and organ engineering for SC-based implants [6]. Besides the bene-
fits of well-defined and periodic geometrical structures, research studies have shown that
the development of random MNTs has given rise to new types of culture conditions that
better mimic the natural cellular environment for neural cell viability and adherence [7].
The commonly used microfabrication techniques to produce MNTs substrates include,
conventional photolithography, nanoimprint lithography, roll to roll imprinting, injec-
tion molding, 3D microprinting, stereolithography, and bioprinting [8]. These methods
together are capable of developing precise, large-scaled, reproducible, and cost-effective
scaffolds in many different materials.

Conductive cell substrates and scaffolds are increasingly popular to inspect inherent
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neural electroactivities due to their leverage of providing a conductive micro-environment
for electrical stimulation, electrochemical read-out response, and cellular monitoring of
guided proliferation and differentiation processes [9, 10]. Due to the biocompatibility
and conductive nature of carbon, carbon nanomaterials such as pyrolytic carbon, carbon
nanotubes (CNT), and graphene have shown to direct and facilitate neural stem cells
growth, differentiation, and electrical stimulation [10, 11]. Carbon Microelectromechan-
ical systems (CMEMS) technology offers the possibility to develop carbon-based micro
and nanostructures and electrodes using a simple, scalable, and highly reproducible pro-
cess called pyrolysis. This process takes advantage of the high temperature (i.e., 900 °C
and above), to convert a polymer template into its corresponding carbon-scaffold in an
inert nitrogen atmosphere.

The motivation behind this doctoral thesis has been driven by recent advancements
in microfabrication of MNTs, material science, MEMS technology, and SC research to
establish smart pyrolytic carbon-based multifunctional scaffolds for guiding SC differ-
entiation into acquiring a specific neural phenotype. Special focus has been given to
the differentiation into dopaminergic neurons (DAn), relevant in Parkinson´s disease
(PD), which has been the disease at focus in the Marie-Skłodowska-Curie ITN project
called Training4CRM that has funded my Ph.D. By working on the edge of this multi-
disciplinary field, the idea was to investigate the influence of nanoengineered pyrolytic
carbon structures on SC differentiation, from the perspective of the carbon material itself
and the nanotopographic environments, and to understand their role in SC developmen-
tal decisions for differentiation. Pyrolytic carbon MNTs were fabricated, optimized, and
implemented in two different configurations: (1) A substrate for human neural stem cells
(hNSCs) culture, differentiation, and characterization, and (2) Electrode chips having
the same carbon MNTs as in (1) on the working electrode (WE) to be used as elec-
trochemical sensor for dopamine detection. The future aim is for the electrode chip to
be employed it as a combined 3D carbon cell scaffold and electrode for real-time elec-
trochemical measurements of cellular exocytosis. In a 3rd and special configuration, an
Au ultra-microelectrode array (UMEA) with 54 individually addressable ultra microelec-
trodes (UME) were investigated for real-time dopamine exocytosis from single cells in
a population of PC-12 cells. The idea here is to culture and differentiate hNSCs into
neural networks on UMEAs, where single cells can be stimulated using optogenetics and
electrical stimulation to study neurotransmitters release.

1.2 Objectives
Three main objectives were emphasized in this research work:

• Carbon MNTs for stem cell differentiation: This objective focuses on the
development of pyrolytic carbon MNTs to provide a micro and nanoenvironment
for hNSCs to attach, proliferate, and differentiate. For this purpose, different
micro and nanoarchitectures were fabricated both in polymer and carbon material
using a microfabrication process. The goal here was to investigate hNSCs growth,
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differentiation, and developmental fate choices when cultured on different carbon
MNTs.

• Carbon electrodes for electrochemical detection of dopamine: This objec-
tive aims to utilize the above fabricated carbon MNTs as custom-made 3D carbon
electrodes as scaffolds and electrochemical sensors for combined cell growth and
differentiation and future real-time dopamine exocytosis measurements. The car-
bon electrodes were characterized using different electrochemical techniques such
as cyclic voltammetry and electrochemical impedance spectroscopy to explore the
properties of the MNTs and carbon material.

• UMEA for detection of dopamine exocytosis events for single cells in
a population: This objective involves the development of a cell culture and de-
tection platform that enables us to study the intercommunication of individual
neurons in a population of neurons. The idea is to culture and differentiate SCs
into neural networks on top of the electrode array in the platform. A single cell in
the neural population can then be targeted by either electrical stimulation or opto-
genetics (when optogenetically modified SCs are available), to study how the signal
from a stimulated neuron propagates throughout the population by measuring the
release of neurotransmitters, in this case dopamine exocytosis by electrochemical
detection at the different UMEs. For this purpose, an UMEA with 54 individually
addressable circular electrodes, of either 5 or 10 µm in diameter, were fabricated.
This first UMEA was fabricated in Au, but a future goal is to do the same in
carbon with MNTs, as described in the above objectives. Due to the Covid-19
lock down and significant delays in experimental work, as a proof of concept, the
platform was tested using PC-12 cells.

1.3 Thesis Outline
This thesis is divided into seven chapters as outlined below:

Chapter 2 provides the background information for the recent advancements in
microfabricated topographies in different materials and their implementation in SC re-
search. It explains the in-depth state-of-the-art developments in MNTs substrates, SCs
biology, and details on Parkinson’s disease.

Chapter 3 describes the methodological details from the respective disciplines bridged
together to conduct this research work, including various microfabrication techniques
along with their pros and cons, stem cell biology with protocols for cell culture, differ-
entiation, PCR, western blotting, and immunocytochemistry for identifying genes and
proteins, respectively, relevant for SC-derived DAergic phenotype, and finally electro-
chemical and microscopic characterization techniques.



4 1 Introduction

Chapter 4 describes the work behind Paper I and Paper II (attached in the Ap-
pendix), and explains the fabrication of different carbon nanograss (CNG) MNTs, fol-
lowed by the hNSCs culture and differentiation on these CNGs to study cellular at-
tachment, growth, differentiation, gene expression, and protein analysis. Secondly, it
describes how different extracellular matrix (ECM) coating influences the differentia-
tion pattern. Finally, fabrication of CNG electrode chips and structural optimization of
CNGs for electrochemical detection of dopamine is described.

Chapter 5 describes the fabrication and characterization of pyrolytic carbon nanopil-
lar (CNP) MNTs, following the fabrication of CNP electrode chips and the structural
optimization of CNPs for electrochemistry and electrochemical detection of dopamine.

Chapter 6 describes the fabrication and application of Au-based UMEAs with a
total of 54 individually addressable UMEs for monitoring real-time exocytosis of single
cells in a population using amperometry.

Chapter 7 concludes the overall outcomes and achievements of the research work
and presents the future research directions related to the scope of the technological
advancements presented in this thesis.



CHAPTER 2
Micro-Nano Topographies &

Material Cues for Stem Cells
This chapter describes the current state-of-the-art of micro and nanotopgraphy (MNTs)
advancements relevant for SC research. First, the significance of MNTs for SC attach-
ment, survival, and differentiation is introduced. Secondly, the pathology of Parkinson’s
disease (PD) and its potential treatments are described. Lastly, SC therapy for PD is
explained with in vitro generation of dopaminergic neurons (DAn), followed by the de-
scription of the human midbrain neural stem cells used in this research.

2.1 Significance of Topographies and Materials for
Stem Cells

The surface topography is known as surface texture and usually refers to local deviations
compared to an entirely flat surface. The surface details of 3D structures, shapes, and
forms that range from nanometer to micrometer sizes are thus referred to as micro and
nanotopograhies (MNTs).

Micro and nanotechnology has allowed the realization of micro and nanostructured
biomaterials, scaffolds, and biocompatible interfaces for biomedical applications of neu-
rology, tissue engineering, cardiology, orthopedics, and stem cell therapies [12, 13].
MNTs are of great interest particularly in cell and molecular biology, as they provide
new avenues to study the effects of topology and material cues on cellular response.
MNTs can be primarily of two types, periodic and random, as shown in Figure 2.1 [14,
15]. SC maturation is a complex phenomenon, associated with the crosstalk of cellular
receptors, biological signals, molecules, and factors in their surrounding environment
[16]. Thus, a range of physical, mechanical, chemical, and material cues are involved in
guiding stem cell response, fate, and developmental decisions [17, 18].

The field of mechanobiology studies the effects of mechanical forces that are involved
in regulating SC signaling and functions under particular physiological situations. This
can be provided by the SC niche such as cell matrix, substrate, and microengineered
scaffolds [8]. Advanced 3D cell culture platforms, consisting of topographies within the
dimensional range of the cellular microenvironments, are now available for investigating
their influence on stem cell functions, such as, adhesion, morphology, migration, division,
polarization, gene expression, and differentiation [5, 6, 19, 20].
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Figure 2.1: Micro and Nanotopographies. Scanning Electron Micrographs (SEM)
of: (a) Periodic topography; focused ion beam (FIB) milled nanopillars in
InGaN/GaN material. (b) Random topography; niche-type random micro
patterns engineered on a titanium surface. Figure remodeled and adapted
from [14, 15].

2.1.1 Influence on Cell Adhesion
Cell adhesion is a fundamental necessity for survival, growth, and proliferation of cells
that possess anchoring points to form complex networks. Adhesion is considered the
basic indicator of interaction of these cells with their surrounding environment prior to
other main functions such as migration, proliferation and differentiation. Poor attach-
ment often leads to cellular quiescence and apoptosis [21, 22]. The in vivo, extracellular
matrix (ECM) is an essential component of defined structure naturally present in the
complex microenvironment that surrounds the cells [23]. The ECM is a natural 3D
network of macromolecules that provides physical cues, mechanical stability, and bio-
chemical support to the cells. It consists of primarily natural MNTs features and is
present in a relatively stable composition in nerves, cartilage, bone, and blood vessels
[24, 25]. In addition to the biochemical compositions of the ECM, the influence of
physico-mechanical cues provided by engineered MNTs is increasingly recognized partic-
ularly for neural growth and development. Cellular mechano-transduction is the process
of converting mechanical forces into biochemical cues and can significantly influence cell
adhesion. It relies on the microtopography, such as the size of topography [26–28], the
height of the substrate [29], pitch of structures [30], diameter of nanoparticles [31], and
critical spacing [32].

Besides well-defined periodicity and shape of the features, random nanoscale rough-
ness also has a bearing on cell adhesion. Nano-roughened substrates are purely disor-
dered, isotropic random nanotopographies that can affect the cell attachment, regard-
less of the substrate material and cellular type, due to one single characteristic, i.e., the
roughness degree [35–41]. It was observed that a nanoroughness ranging from 20-50 nm
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Figure 2.2: Effects of MNTs on Cellular Attachment. SEM of mouse embryonic
fibroblast cells (a & b) cultured on periodic micropillars forming tight
adhesion, and primary hippocampal cells (c & d) cultured on random
nanopatterned topographies that show healthy neurons with smooth cell-
soma surface (asterisk), and thick network of neurites adhered tightly on
substrate (arrows). Figure remodeled and adapted from [12, 33, 34].

provided an optimal viability and cell adhesion, particularly for neurons from the sub-
stantia nigra region by promoting cell attachment and longevity [7, 42–44]. Figure 2.2
represents the cellular attachment with periodic and random topographies [12, 33, 34].

2.1.2 Influence on Cell Survival and Proliferation
Cell viability generally refers to the proportion of the live and healthy cells from an entire
cell population. It is determined by cell viability assays that measure cell metabolic
activity (ATP content), and cell toxicity assays that measure the cell death. However,
cell viability can also be measured via cell proliferation using markers of DNA replication
such as DAPI, since healthy cells actively participate in cell division (cytokinesis). After
cell attachment, cell proliferation is the critical process that modulates the development
of cells and organs.

New strategies using engineered MNTs have demonstrated the effects of environmen-
tal factors such as spatially controlled growth of various types of human cells, including



8 2 Micro-Nano Topographies & Material Cues for Stem Cells

Figure 2.3: MNTs for Guided Proliferation. Scanning electron micrographs of
ultra-long guided neural network of NSCs stretching their neurites on CNT
micropillars, assembled in spiral pattern of a few centimeters in total length.
Figure remodeled and adapted from [45].

the development of neural cells. MNTs in different materials have been explored for
better cell survival and proliferation, such as carbon for neural stem cells [10, 45], ti-
tanium for human osteoblast-like cells [46], polymer for HEK cells and human corneal
epithelial cells [47, 48], and silicon for neural stem cells [49]. These MNT substrates have
provided opportunities to establish advanced culture platforms for guiding and tuning
proliferation, see Figure 2.3 [45, 50].

2.1.3 Influence on Cell Differentiation
Cellular differentiation is a process during which dividing cells change their gene expres-
sion and become cells of various specialized phenotypes. This is the process in multi-
cellular organisms, where cell differentiation leads to the development of the organs to
perform different functions. Mechanical cues provided by MNTs affect cells through
the mechano-transduction process (as discussed in 2.1.1), and have shown to modulate
cellular survival, migration, morphogenesis, proliferation, and differentiation [51]. More-
over, structural support of MNTs can induce and guide stem cell differentiation in the
absence of biochemical cues [52]. In vitro studies have shown that polymeric substrates
are suitable for the neural stem cells, particularly for helping in developing the natural
in vivo like morphology of cells [53]. Advanced fabrication techniques have provided
opportunities to develop well-defined custom-made nano and micrometer sized patterns
for cellular studies using different materials such as polymers, metals, semiconducting
materials, and biomaterials.
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Figure 2.4: Influence of MNTs in Directing Differentiation. SEM of NSCs on 3D
micro-pillar arrays of: (a) carbon nanotubes (CNTs) and (b) silicon. (c &
d) show the magnified versions of highlighted regions of a & b, respectively.
Figure remodeled and adapted from [45].

A wide range of topographies have been engineered to mimic the structural prop-
erties of the in vivo like microenvironment for inducing and guiding stem cell differ-
entiation. Some of the examples include: 1) Randomly porous roughness and grids
for promoting osteogenic differentiation [54], 2) Well-aligned structures for inducing SC
into tenocytes/tendon cells [55], 3) Microporous geometries for cartilage differentiation
due to resemblance with cartilage lacuna [56–58], and 4) 500 nm diameter pillars with
4 m height helped guiding the differentiation of SC in myocytes [59]. In addition to
the above mentioned cellular types, recent in vitro research has confirmed that MNTs
can: 1) Trigger neural stem cells (NSCs) to form 3D neural networks [60], 2) enhance
differentiation of embryonic stem cells (ESCs) towards specific endoderm [61], 3) induce
spontaneous differentiation of hNSCs into DAn [10], 4) facilitate neuronal differentiation
of adult rat hippocampal progenitor cells (AHPCs), and 5) trigger guided growth and
neurite protrusion of human neural precursor cells (hNPCs) [45]. The guided growth
and neurite extension of complex hNPCs neural network induced by carbon nanotube
micropillars topography is shown in Figure 2.4 [45].

2.2 Parkinson’s Disease (PD)
Parkinson’s disease (PD) is a gradual long-term neurodegenerative disease caused by
the loss of dopamine-producing neurons in SNpc of the ventral mesencephalon. PD
is the second most common nervous system disorder that affects approx. 3 % of the
population over 65 years of age, which corresponds to 10 million people worldwide and
more than 1.2 million people only in Europe [62, 63]. The World Health Organization
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(WHO) has estimated PD to become the second most common cause of death with the
overall financial burden of 14 billion euros on the world economy [64, 65].

Although the exact underlying cause of PD is still unknown, the etiology of PD
is considered to be 15 % hereditary (inherent) and 85 % sporadic with environmental
risk factors. The primary effort in case of hereditary PD was to explore the genetic
mutations in such patients, which led to the discovery of the first gene SNCA encoded
for the protein “α-synuclein” associated with PD, and was found to duplicate in some
families with PD [66, 67]. Other genetic mutations identified in PD involve Parkin,
PINK1, DJ-1, and LRRK2 [68]. The sporadic form of PD affected the rest of the
population and is considered to be caused by an immense exposure to neurotoxins like
environmental toxins and insecticides, H5N1 avian influenza virus, and HIV [69, 70].
However, the sporadic PD can also be caused by endogenous factors such as oxidative
stress, caused by dopamine itself and its interaction with “α-synuclein”, which leads to
that DAn are more vulnerable to neurodegeneration [71].

PD is generally a late-onset nervous system disorder that primarily affects motor-
functions leading to movement disorders, such as bradykinesia (slow movement) [72,
73], shaking, rigidity, and impaired posture [74]. However, as the disease progresses,
non-motor disorders, including cognitive decline, dementia, depression, constipation, in-
somnia, and emotional problems become more common [75, 76].

2.2.1 Pathology
The primary neuropathological basis of PD was found many years after that James
Parkinson described PD in 1817 [77], and is related to the degeneration of DAn in Sub-
stantia Nigra pars compacta (SNpc) [78, 79] and depletion of dopaminergic innervation
in striatum [80]. The depigmentation of SNpc results from the degeneration of neurome-
lanin present in the SNpc DAn, and is shown in Figure 2.5 [81, 82]. In PD patients,
the depletion of DAn is accompanied by the formation of Lewy bodies (Figure 2.5),
which are insoluble intraneuronal fibrillary aggregates of misfolded proteins, composed
of proteins like α-synuclein, neurofilaments, parkin, and ubiquitin, and are also a cause
of dementia [83].

2.2.2 Treatment
As of today, there is no cure for PD that can either prevent the neurodegeneration or
alter the course of the disease. The treatments focus on mollifying symptoms including
modifications in lifestyle. The pharmacological treatments involve medications such as
Levodopa, a dopamine precursor that can cross the blood-brain barrier (BBB) where
it is converted into dopamine. Levodopa is considered to be the most effective ther-
apy in the early stages of PD when the loss of DAn is relatively small. Even though
carbidopa administration prevents the conversion of Levodopa in the periphery before
passing the BBB, the disease progression makes Levodopa treatment ineffective due to
the insufficient drug passage to the brain [84]. Moreover, it induces side effects and com-
plications such as dyskinesia and fluctuated motor functions for long term usage [85].
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Figure 2.5: Degeneration of Dopaminergic Innervations in PD. The graphical
illustration of the nigrostriatal pathway: (A) healthy SNpc with visible
neuromelanin pigmentation (red arrows) and projections of healthy DAn
(thick red lines) that connects to striatum (putamen and caudate), (B)
PD diseased patients with neuromelanin depigmentation (red arrows) and
degenerated dopaminergic projections (thinner & dashed red lines). C)
Representative immunohistochemistry of Lewy body protein aggregates.
Figure remodeled and adapted from [82].

In severe cases, a surgical treatment called deep brain stimulation (DBS) offers help to
control the symptoms [86, 87]. This treatment involves implantation of electrodes in the
brain of the patient, which helps modulating neural communication and activity of the
brain by transmitting electrical pulses [86]. While DBS mainly covers the side effects
of the medications mentioned above [88], it is an invasive approach that needs multiple
surgeries and is still unable to restore dopamine levels in the brain [89]. Due to this,
there is a dire need of the other future therapeutic strategies, e.g., CRT using SCs to
replenish dopamine loss in the brain. This topic is therefore discussed in section 2.3 of
this chapter.
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2.3 Stem Cell Therapy for Parkinson’s Disease
The discovery of embryonic stem cells (ESCs) and the knowledge about their ability of
both self-renewal and differentiation into particular phenotypes, has fueled the motiva-
tion of researchers, clinicians, and patients to look at SC-derived CRT as a potential
cure for neurodegenerative diseases. The subsequent development of human-induced
pluripotent stem cells (hiPSCs) has further boosted this quest, considering the possibil-
ity to entirely avoid immunosuppressant drugs by using the patient’s own stem cells for
transplantation [90].

Stem cell therapy for PD focuses on the reconstruction of the nigrostriatal pathway,
which degenerates in PD (Figure 2.5). The regeneration process involves the replace-
ment of the dying DAn in the SNpc region with endogenous neural stem/precursor cells
(NS/PCs) or mature DAn. The transplantation of SC-derived DAn serves to stimulate
the synapse generation accompanied by the dopamine and cytokines released from the
grafted SCs [91]. The initial clinical trials of CRT were performed using ESCs and they
successfully showed the potential of the CRT as an alternative future strategy for PD
treatment [92, 93]. However, SC-based CRT for PD currently faces some challenges: 1)
Deriving the homogeneous A9 subgroup of midbrain DAn (mDAn), 2) legitimate choice
of donor source for SCs, 3) eliminating tumorigenesis, 4) proper choice of progenitor SCs
or mature DAn for transplantation, 5) most appropriate location of transplantation, and
lastly 6) the correct number of cells to be grafted [94, 95]. Despite all these issues, sev-
eral clinical efforts are in progress to bring CRT for PD into the market mainly due to
its possibilities to cure the core pathological characteristics.

2.3.1 Developing Human Dopaminergic Neurons in vitro
The in vitro development of human DAn has enabled new opportunities for CRT, neu-
rodegenerative disease modeling, regenerative medicines, and drug inventions. The ESCs
derived from human fetal midbrain were used to provide the proof of concept for CRT
in PD, and are considered as a standard cell source [92, 96–99]. However, the ethical
issues involved with the use of ESCs and risk for tumorigenesis have lessened their usage
and have motivated the researchers to pursue more amendable cell sources.

Midbrain dopaminergic neurons (mDAn) have been successfully generated in vitro
from multiple SC source candidates, including neural stem cells (NSCs) [100], mesenchy-
mal stem cells (MSCs) [101], induced pluripotent stem cells (iPSCs) [102], and induced
neurons (iNs) derived from lineage reprogrammed somatic cells (e.g., fibroblasts) [103–
105]. iPSCs derived mDAn seem to match the functional capability of the fetal tis-
sue when tested in vivo studies [106]. Due to their precise in vitro differentiation into
functional mDAn, iPSCs hold great potential to be a suitable candidate source [107].
However, they face major obstacles such as reproducibility in the production of similar
cell types and large-scale production. The schematic representation for generating DAn
from several donor cell-sources is shown in Figure 2.6 [96].
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Figure 2.6: Generating SNpc Midbrain Dopaminergic Neurons (mDAn) in
vitro. Schematic representation of developmental process steps involved in
generating SNpc mDAn in vitro from several cell sources. Figure remodeled
and adapted from [96].

2.3.2 Human Midbrain Neural Stem Cells
To address the issue of generating A9 SNpc-like mDAn, ESCs were modified with the
Bcl-XL protein (i.e., basal cell lymphoma extra-large anti-apoptotic protein), generating
in vitro and in vivo long-term functional human A9 DAn [108–110]. However, the
degree of maturation and functionality of these SNpc mDAn to be able to reinnervate
the dorsal striatum and selective regeneration of the nigrostriatal pathway remains a
primary challenge.

In my thesis work, the human midbrain neural stem cell line “hVM1 Bcl-XL” has
been used to study the impact of carbon MNTs on the differentiation process. This
hNSC line originates from the ventral mesencephalic region of a 10 weeks old human
fetus and was immortalized using v-myc. It was then modified by introducing the Bcl-XL

for increasing the survival rates by protecting against cytotoxins and the enhancement of
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TH (Tyrosine Hydroxylase; the rate-limiting enzyme of neurotransmitters biosynthesis
and an identifier of DAn) gene expressions.

The hVM1 Bcl-XL cell line has primarily shown to generate mDAn of the SNpc
A9-subgroup. Upon differentiation, these DAn exhibit all the properties of SNpc A9
dopaminergic neurons, including long-term functionality, transcription factors, and mul-
tiple related protein markers of dopaminergic phenotype. Additionally, these DAn have
shown electrochemical release of dopamine upon potassium depolarization and electro-
physiological properties of SNpc neurons, both in vitro and in vivo [108]. Moreover, this
cell line does not generate adrenergic (An) and non-adrenergic (NAn) neurons, and thus
presents a legitimate in vitro model for the development of SNpc A9 DAn [109, 111–115].



CHAPTER 3
Materials and Methods

This chapter provides first a brief background to Carbon as a material to create MNTs
and electrochemical sensing electrodes, followed by the micro and nanofabrication tech-
niques used in this thesis to create them. Secondly, it introduces the electrochemical
characterization methods used to characterize carbon as an electrode material and the
role of the MNTs. Finally, the cellular biological methods used to culture, differentiate
and characterize the cells as well as the imaging techniques to visualize topographies,
cells, and the interaction of cells with the nanostructures are described.

3.1 Carbon Materials
Carbon possesses a rich chemistry and that is the basis of all organic life. Its chem-
ical structure leads to intriguing properties like conductivity and biocompatibility. It
has been a material of interest for electrochemical applications due to its chemical sta-
bility, broader potential window, and electrochemical surface activity [116]. Carbon
has large number of allotropes which are characterized by their material properties re-
lated to valence orbital hybridization (sp, sp2, sp3) and structural properties related
to dimensions (0D, 1D, 2D, and 3D) [117]. Some of the most common carbon al-
lotropes include diamond, graphite, graphene, fullerenes, amorphous carbon, nanotubes,
nanofibers, nanofoam, glassy, and pyrolytic carbon, which are used in variety of appli-
cations [118].

Graphite is a crystalline allotrope of carbon, made ideally of infinite graphene sheets
stacked together in parallel bonds via Van der Waals forces [119], as shown in Fig-
ure 3.1. It is a good conducting material to be used for carbon electrodes due to its
sp2 hybridization of carbon atoms with a bond length of 1.42 Å. Conversely, diamond
possesses tetrahedral sp3 hybridization resulting in an insulator with low conductivity
(i.e., 10−18 S/m).

Glassy carbon is not a natural allotrope of carbon, but is produced by carbonization
of thermosetting resins and polymers. It is similar to the graphite allotrope with some
differences in its covalent bonds between graphene sheets. These differences are exhib-
ited in its microstructure composition as sp2 hybridization in graphitic regions and sp3

hybridization in non-graphitic regions. Such structural imperfections in glassy carbon
usually occur due to its production process. The crystalline growth includes parallel
graphite regions, while non-graphitic carbon (or glassy carbon) contains random orien-
tation of these graphite regions [120], see Figure 3.1. The material of interest for this
research work is pyrolytic carbon, also known as a sub-class of glassy carbon, which is
produced using pyrolysis process; a method in which a polymer is gradually carbonized
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Figure 3.1: Carbon Materials. (a) Graphene is the mother of all graphitic forms and
is considered to be the fundamental building block of all other dimensional-
ities of carbon materials; wrapping up into 0D fullerene (left), folded into
1D carbon-nanotubes (middle), and stacked up to form 3D graphite (right).
Representative schematic of the microstructures of graphitizing carbon (b),
and non-graphitizing carbon (c). Figure remodeled and adapted from [119,
120].

on high temperatures (i.e., 900° or above) in a controlled and inert atmosphere of fur-
nace.

3.2 Micro and Nano Fabrication
Micro and nanofabrication involves techniques and processes that enables the creation
and study of a wide range of aspects related to different materials at micro and nanometer
scaled dimensions. Different materials might behave differently when they are confined in
such small dimensions. Micro and nanofabrication involves a large number of processes,
and some of them that are used in this research are described in subsequent sections.

3.2.1 UV Lithography
Ultra violet (UV) lithography, also called photolithography, is an essential technique to
create nano and microelectromechanical systems (NEMS & MEMS) in different materials
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Figure 3.2: Photolithography. Representative schematic of photolithography tech-
nique with its basic process steps.

[121–123]. It is a process where pre-defined patterns are transferred from a chrome-mask
to a light-sensitive polymer using special wavelength of light [124]. In CMEMS fabrica-
tion, UV-lithography is commonly used to pattern a polymer, which is then pyrolyzed
to obtain a pyrolytic carbon template from its respective polymer precursor [125]. Micro
and nanostructures fabricated by UV lithography can be applied for numerous applica-
tions, including topographical substrates for cell culture applications.

A simple photolithography process includes three main steps as shown in Figure 3.2.
The first step involves the application of a light-sensitive polymer called photoresist onto
a standard silicon substrate using spin-coating process followed by the soft-bake (SB) to
assist in photoresist solvent evaporation. In the second step, the spin-coated photoresist
substrate is exposed to UV-light using a patterned mask, followed by an optimal post
exposure bake (PEB) assisting in cross-linking the photoresist. Lastly, the excess of
photoresist is removed by developing the exposed substrate in an appropriate solvent to
achieve the required polymer patterns. This last step is often followed by a hard-bake
step to harden the polymer and to assure the complete curing of the polymer.

In this thesis, photolithography is used to fabricate pyrolytic carbon nanograss
(CNG) topographies and CNG electrodes. The results are presented in chapter 4.
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3.2.2 Deep UV Lithography
Deep UV lithography (DUV) is an optical projection lithography method, in which the
patterns of the mask (reticle) are transferred to the substrate using advanced optical
systems containing 4x or 5x demagnification factors. It typically uses 248 nm and 193
nm wavelength of light to project the shadow of the reticle which is almost 5 times larger
than the exposed design. DUV is a powerful tool to develop high-throughput and large-
scale nanostructures. However, not every photoresist can be used for DUV. Figure 3.3a,
shows the results of nanopatterns in a resolution range of 250-260 nm achieved in 360
nm thick JSR − M230Y DUV-resist, spin coated on top of 65 nm thick BARC (i.e.,
bottom layer anti reflective coating) with an exposure dose of 210 mJcm−2. Figure 3.3b
shows the nanopatterns in a resolution range of 300-400 nm with the same parameters
as described before.

In this thesis, the initial attempts of achieving nanostructures in SU-8 photoresist
(i.e., a negative tone-based epoxy) were conducted to potentially utilize them as electro-
chemical sensors after pyrolysis. The SU-8 photoresist is compatible with DUV, but it is

Figure 3.3: Deep UV Lithography. Representative optical micrographs of nanopil-
lar structures (marked in red) achieved with DUV in: (a & b) 360 nm
thick DUV-resist, but with different resolutions, (c) in 1 µm thick SU-8
film, and (d) in 1 µm thick SU-8 film deposited on top of 15 µm thick film
of SU-8.
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not the optimal photoresist to be used for DUV primarily due to its high transparency
and large absorption of the photo-initiator at 248 nm wavelength. However, by optimiz-
ing the DUV parameters (i.e., 60 s SB at 130°C, UV exposure of 500 mJcm−2, 60 s PEB
at 130°C, and 60 s development), nanostructures down to the 400 nm were achieved in
a 1 µm thick layer of SU-8 photoresist on a silicon wafer, see Figure 3.3c. To develop
the nanostructures based electrode chips, a base layer of a 15 µm thick SU-8 (i.e., con-
verted into carbon layer with pyrolysis) is needed between nanostructures and SiO2 for
electrical connectivity of nanostructures. However, fabrication of SU-8 nanostructures
on top of a thick SU-8 layer is much more difficult due to the change in the depth of
focus caused by the transparency of the base thick SU-8 layer. For this purpose, the
exposure dose was tested between 200-1200 mJcm−2 followed by the hard-bake process
of 15 hours. All other parameters were kept the same as mentioned above. Even though
the results show that some negative patterns in the 1 µm SU-8 layer were obtained down
to 400 nm at exposure dose of 1000 mJcm−2. The achieved patterns were not repro-
ducible, and in some cases started washing away on top of the 15 µm SU-8 base layer,
see Figure 3.3d.

Although, this was a fundamental study that was not pursued further, it provided a
significant knowledge regarding important parameters related to the SU-8 DUV process.
The crucial parameters that were determined and needed to be studied further are: 1)
A interaction of diluted SU-8 with a thick SU-8 layer underneath, and 2) lowering the
thickness of the top SU-8 layer to around 300 nm for a better DUV depth of focus. The
exploration of these parameters might lead to achieving the desired nanotopographies on
top of a base SU-8 layer for good conductivity when used in an electrochemical sensor.

3.2.3 Maskless Lithography
Maskless lithography is a recent advancement in the conventional lithography field that
allows the direct exposure of a spin-coated polymer onto the substrate with UV light by
serving as a fundamental virtual programmable mask. It is also known as direct-write
lithography (DWL), which provides the primary advantage of eliminating the need of
a physical chrome-mask which is the central part of conventional lithography. Hence,
besides sparing users from the huge cost and requirement of a physical mask, it allows
continuous modification in the mask-design at anytime prior to the exposure using CAD
tools. The maskless aligner (MLA) is a fast, versatile, and highly precise method for
high-volume manufacturing production and prototyping with the feature size down to
one micron.

The MLA process includes the laser modulator with a wavelength of 365, 375, and
405 nm for writing features on to the substrate [126]. The MLA contains a spatial
light modulator (SLM), that projects the patterns directly from a virtual mask to the
substrate, and thus also called as dynamic mask. Other than the SLM and optical
system that contains the laser, the MLA system is comprised of a focusing lens and a
mirror as shown in Figure 3.4. The spatial light is modulated by a digital micrometer
device containing micro light switches for individually controlling the micromirrors in
accordance with the pixels in an image to be exposed. The overall process includes the



20 3 Materials and Methods

Figure 3.4: Maskless Lithography. Schematic representation of (a) the process
steps for the direct writing of patterns using UV-LED, and (b) a fun-
damental principle behind the MLA-150 machine. Figure remodeled and
adapted from [126].

laser light projection from the laser optical system that travels to the SLM and then
guided to the substrate through mirror and focusing lens. Although, the theoretical
resolution of the MLA-150 is over a micron, we have achieved the practical resolution of
MLA-150 down to 600 nm by adjusting the depth of focus of an optical focus mode to
a few hundreds of nanometer.

In this research, MLA technique was used to fabricate pyrolytic carbon nanopillar
(CNP) topographies instead of DUV method, and the results of these nanotopographies
are discussed in chapter 5.

3.3 Electrochemical Characterization Techniques
Electrochemistry is a sub-discipline of physical chemistry that studies the interactions
and movements of electrons and ions due to chemical reactions occurring at an interface
between an electrode and electrolyte solution. A wide range of phenomena (electroly-
sis, corrosion, galvanism, and electrophoresis) and technological applications (batteries,
supercapacitors, fuel cells, and electrochemical sensors) are commonly based on electro-
chemical reactions [127]. Electrochemical reactions occur in an electrochemical cell that
consists of two half-cells (anode and cathode) separated by an electrolyte solution. The
oxidation reaction occurs at the anode and reduction occurs at the cathode. There are
two main types of electrochemical cells; electrolytic and galvanic cell. The former in-
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volves the chemical reactions caused by an applied potential that results in generation of
an electric current, while the latter includes the current generation due to spontaneous
electrochemical reaction.

Electrochemical techniques are routinely used as analytical detection methods to
characterize and study the properties of electrode surfaces. Electrochemical characteri-
zation of several kinds of carbon electrodes have been extensively studied to evaluate the
performance of pyrolytic carbon material and 3D topography [128–131]. My research
has involved electrochemical characterization of electrodes with carbon MNTs using
three main electrochemical techniques: Cyclic voltammetry (CV), chronoamperometry
(CA), and electrochemical impedance spectroscopy (EIS). Their theoretical background
is briefly described below.

3.3.1 Cyclic Voltammetry
Cyclic voltammetry (CV) is an effective electrochemical method that has been used
broadly for interrogating physico-chemical changes between the interface of an electrolyte
and an electrode. CV was first presented and described theoretically by Randles [132].
This technique measures the current response of a redox reaction while the potential is
linearly ramped with respect to time from an initial potential (V1) to a final switching
potential (V2) and back to the initial potential using a triangular waveform, as shown
in Figure 3.5a. The slope of the potential ramp is called the scan rate. During CV
measurements, the current response is recorded as a function of the applied potential
resulting in a cyclic voltammogram as schematically, shown in Figure 3.5b. The current
vs. potential traces are often repeated several times to achieve stability during the redox
reaction.

Figure 3.5: Cyclic Voltammetry. Representative schematics for: (a) a triangular
potential waveform, and (b) a typical current vs. potential cyclic voltam-
mogram in cyclic voltammetry of a redox couple.
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During CV measurements, two current peaks are formed, known as the anodic peak
current ipa at the anodic peak potential Epa, and cathodic peak current ipc at the ca-
thodic peak potential Epc. ipa is generated by the oxidation reaction during the forward
potential sweep, while, ipc is generated by the reduction of the electroactive species dur-
ing reverse potential sweep. The diffusion controlled reversible redox reaction involves
two main parameters that are: 1) the formal potential (E0) and 2) the peak current (Ip).
The E0 of a redox reaction can be determined by taking the average of the two peak
potentials as shown in Eq. 3.1:

E0 = Epa + Epc

2
(3.1)

Eq. 3.2 shows the peak potential separation known as ∆Ep, which is the difference
between the Epa and Epc, and is crucial in determining the heterogeneous electron trans-
fer rate constants. For a reversible redox reaction, ∆Ep does not depend on the scan
rate. A reaction is considered either quasi-reversible or irreversible if the ∆Ep increases
with an increase in the scan rate.

∆Ep = Epa − Epc = 59
n

mV (at 298K) (3.2)

where n is number of transferred electrons in the redox reaction.

The second important parameter, the peak current Ip for a diffusion controlled re-
versible redox reaction, mainly depends on the electroactive surface area of an electrode,
diffusion constant, and scan rate of the potential, as described by Randles-Sevcik equa-
tion [133–135]:

Ip = 0.4463 · nFAc ·
√

nFvD

RT
(3.3)

where Ip is in ampere (A), F is the Faraday constant (96485 Cmol−1) representing the
electric charge per mole of electrons, A is the electroactive surface area of an electrode
(in cm2), c is the concentration of the electroactive species (in mol cm−3), v is the scan
rate (in V s−1), D is the diffusion coefficient of the electroactive species (in cm2s−1), R
is the universal gas constant (8.3145 J mol−1 K−1), and T is the absolute temperature
(in K).

If R and F are replaced with their numerical constant values at 298 K, the Randles-
Sevcik equation reduces from Eq. 3.3 to Eq. 3.4 [134]:

Ip = (2.69 · 105) · n3/2 · AD1/2 · v1/2 · c (3.4)

where all parameters are the same as described above for Eq.3.3.

Eq. 3.4 can be used to determine the diffusion constant of the different electrolyte
species given that the redox reaction is reversible. The CV technique was used to char-
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acterize the CNG electrodes for electrochemical detection of dopamine, and is described
in chapter 4.

3.3.2 Chronoamperometry
Chronoamperometry (CA) is a common electrochemical method used mostly for detec-
tion of the electroactive species in a sample. CA measures the current over time as
response to the single or a double potential steps that is applied to the working elec-
trode (WE) of an electrochemical system. The current magnitude of the WE depends
on the diffusion of the analyte that travels to the surface of the WE from a the bulk
solution.

In principle, CV is first performed to measure the anodic and cathodic peak poten-
tials of an analyte to then be used for CA. The potential applied in CA should be slightly
higher than the recorded anodic or cathodic potential during CV, to ensure complete
depletion of electroactive species at the surface of electrode. The recorded current in-
volves: (1) a charging current generated due to the charging of double layer capacitance
on the surface of electrode, and (2) Faradaic current generated from the electron transfer
at the electrode-electrolyte interface due to the oxidation or reduction of electroactive
species. The Faradaic current is the component of interest in CA, while the charging
current caused by the double layer capacitance decays exponentially with time, similarly
as in an RC circuit. Since the current is diffusion limited, the Cottrell equation (Eq.3.5)
can be applied:

I = nFAc0
√

D√
πt

(3.5)

Figure 3.6: Chronoamperometry. Schematic representation of a typical current vs.
time trace of an exocytosis event.
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where I is in ampere (A), F is the Faraday’s constant (96485 Cmol−1), A is the elec-
troactive surface area of an electrode (in cm2), c0 is the concentration of the electroactive
species in the solution (in mol cm−3), D is the diffusion coefficient of the electroactive
species ( in cm2s−1), and t is time (in s).

Amperometry can be used to detect electroactive analyte release from cells. Initially
in such a case, the current at an applied potential step is due to the charging current
of the double layer capacitance and ionic current, since the analyte of interest is not
initially present in the sample solution. The initial current decay occurs due to the
applied initial potential step, which eventually establishes at a constant level baseline.
Upon release of a compound due to exocytosis, oxidation or reduction of this compound
generates a current peak as shown in Figure 3.6.

Amperometry was used to detect real-time dopamine exocytosis from PC-12 cells on
UMEA, and described in chapter 6.

3.3.3 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is one of the most complex electrochemi-
cal techniques in the field of electrochemistry. EIS is popular primarily due to the reason
that it allows evaluation of the influence of different components such as charge transfer
resistance and double layer capacitance. Unlike the CV and CA, in EIS, measurements
are performed using sinusoidal AC potential (or alternatively current) to excite the sam-
ple over a broad range of frequencies. This excitation using multiple frequencies allows:
(1) determination of capacitive properties of electrode materials and surfaces, and 2)
characterization of various electrochemical reactions taking place in an electrochemical
cell [136, 137].

If a sinusoidal potential is applied, the generated response is a sinusoidal current
Figure 3.7. Both the potential and current have the same frequency but a different
phase (Φ) due to a phase shift that causes a delay in the current response. Since the
unit of the (Φ) is in degrees, the sinusoidal waves can be considered as either vectors
in polar-coordinate system or as sine functions. Hence, the resulting impedance, i.e.,
the ratio of the magnitude of potential to the magnitude of the current, is a complex
number. The complex nature of the electrical impedance leads to different ways of data
presentation. The two most usual approaches are described below:

• Bode plot represents the frequency dependence of impedance (Z). Impedance
magnitude (|Z|) and phase angle (Φ) are plotted as a function of frequency on a
logarithmic scale.

• Nyquist plot represents the complete frequency response of the complex impedance.
The negative of the imaginary impedance (ZIm) is plotted as a function of the real
impedance (ZRe).

The Bode plot is easy to understand due to its clearly provided information regard-
ing single components of the equivalent circuits. However, Nyquist plots provides the
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Figure 3.7: Sinusoidal Potential and Current. AC waveform for applied sinusoidal
potential and its resulting current that is delayed by a phase shift of Φ.

opportunity to visualize the entire electrochemical system including the real and imagi-
nary impedance. The Figure 3.8a shows a typical Nyquist plot that consists of a large
semicircle and a linear part at the end.

The capacitive behavior of the system is represented by the semicircle of the Nyquist
plot in the high frequency region. The intercept of the Nyquist plot at real-axis describes
the resistance of the analyte solution (Rs). However, in a complex electrochemical
system, there are other significant resistances from external contacts and hence the
intercept represents a total sum of resistances (Rtot). The highest point of the semicircle
allows the calculation of the electrical double layer capacitance (Cdl) of the system.
While, the diameter of the semicircle corresponds to the charge transfer resistance (Rct)
caused by any limitation in electron transfer, the linear part of the Nyquist plot ideally
forming 45° angle (Φ) with respect to the ZRe, describes the mass transfer impedance,
also known as Warburg impedance Zw. In the case of solid surfaces like carbon electrodes,
the the semicircle of Nyquist plot is recessed, i.e., its center appears to be below the
ZRe-axis. Such behavior occurs due to the fact that the non-Faradaic component of the
interface (i.e., Cdl) behaves as a constant phase element (CPE) rather than as a pure
capacitor [138]. This usually indicates the presence of non-uniform current distributions
in carbon electrodes due to the edge and basal planes [139]. The modified Randles
equivalent circuit is shown in Figure 3.8b.

The EIS technique was used to characterize the CNG electrodes for investigating
their (Rct), described in chapter 4.
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Figure 3.8: Nyquist plot. a) Representative schematic of a typical Nyquist plot re-
sulting from EIS measurement of a solution containing a redox couple,
displaying the relationship between (−ZIm) and (ZRe) in an electrochem-
ical system. b) A modified Randles equivalent circuit shows the typical
circuit components involved in EIS spectra.

3.4 Biological Methods for Stem Cells
Cell biology is the discipline of science that studies the structures, functions, properties,
and signaling mechanisms of the cell and further includes research on cell origin, organi-
zation, reproduction, and particular functionalities to understand the details of tissues
and organisms [140]. My research relating to this has focused on in vitro cell culture and
differentiation of human stem cells, and their guided differentiation on different pyrolytic
carbon and their associated MNTs, as described in more detail in 4. Here I describe the
different biological methods that have been used to characterize SC-material interfaces,
such as qPCR, western blot and immunocytochemistry.

3.4.1 Cell Culture and Differentiation
Cell culturing is a process of growing cells outside their natural environment under con-
trolled atmospheric conditions. The cells are first isolated from their respective organ-
isms and then maintained in cell medium that supplies appropriate nutrients (amino
acids, growth factors, carbohydrates, hormones etc) and physicochemical conditions
(temperature, osmotic pressure, pH-buffers, and gases like CO2 and O2). Cell differ-
entiation is the process during which SCs develop into more speciallized cells, e.g., a
hNSC differentiating into dopamine producing neuron - dopaminergic phenotype.
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As described in section 2.3.2, the hNSC line hVM1 Bcl-XL was used to study the
effect of the pyrolytic carbon material and associated topographies on cell proliferation
and differentiation.

3.5 Stem Cell Characterization Methods
There are several characterization techniques that have been used to evaluate the out-
come of the hNSCs differentiation process, which include PCR, western blot, and ICC.

3.5.1 Polymer Chain Reaction
The polymer chain reaction (PCR) method has revolutionized the molecular biology field
ever since it was invented by the Kary Mullis at Cetus Corporation in 1983 [142]. PCR
is an amplification technique to swiftly make large number of copies from a specific
DNA sequence using a very small quantity. The standard PCR process is comprised
of three main steps, including 1) denaturation (a process of separating DNA strands),
2) annealing (a heating process to attach DNA-primers to the template DNA), and
3) an amplification (a process of DNA extension), see Figure 3.9. The PCR method
is further divided into two main categories: reverse transcription PCR (RT-PCR) and
quantitative PCR (qPCR). The RT-PCR combines the reverse transcription of RNA into
complementary DNA (cDNA) and then amplifies the specific DNA targets to measure
gene expression [143]. The qPCR quantifies the amplified amount of nucleic acid in RNA
or specific part of DNA. The qPCR is often used for routine clinical analysis of gene
expressions and determining the gene quantity.

Figure 3.9: PCR Steps. Schematic representation of three main steps included in
PCR process; 1) Denaturation of the original DNA, 2) annealing the
primers, and 3) amplification of the DNA. Figure remodeled and adapted
from [141].
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The PCR method was used in Paper I to identify specific genes related to the gen-
eration of neurons and the specific DAergic phenotype of the hNSCs differentiated on
CNG MNTs.

3.5.2 Western Blot
Western blotting (WB), often known as immunoblotting, pioneered by W. Neal Burnette
in 1981 [144], is a widely used molecular biology technique to identify specific proteins
by extraction from a mixture following quantification. It includes gel electrophoresis to
isolate different native proteins based on their 3D structure, molecular weight, and length
of the denatured protein polypeptide. The process is then followed by electrophoretic
transfer of proteins from the gel to a nitrocellulose (NC) or polyvinylidene difluoride
(PVDF) membranes, leading to protein bands with respect to their distribution in the
gel. The membrane containing proteins is then incubated with primary and secondary
antibodies to visualize the protein expression. Figure 3.10 shows the main steps involved
in sample and gel preparation for the WB process.

The WB method was used to detect the enzyme Tyrosine Hydroxylase (TH) in the
hNSCs differentiated on CNG MNTs in Paper I.

3.5.3 Immunocytochemistry
Immunocytochemistry (ICC) is the predominant technique to detect specific protein or
antigen localization by confirming their presence or absence in the cells using primary and
secondary antibodies that bind to them [147]. In a direct ICC, a fluorophore labelled
primary antibody binds to the target protein (Figure 3.11a, directly identifying the
analyte. In an indirect ICC, an unlabeled primary antibody first binds to the target

Figure 3.10: Western Blot Gel Preparation. Schematic representation of main
steps involved in western blot sample and gel preparation process. Figure
adapted from [145].
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Figure 3.11: Immunocytochemistry. Schematic representation of two approaches
involved in immunocytochemistry; a) direct, and b) indirect fluorophore
binding. Figure remodeled and adapted from [146].

analyte, followed by the binding of a secondary fluorophore labelled antibody to detect
the primary antibody (Figure 3.11b. The indirect ICC is generally preferred over the
direct ICC method due to the enhanced sensitivity and lower limit of detection.

ICC allows researchers to identify the specific antigens related to a specific phenotype
of differentiated cells. The overall ICC process includes five main steps: 1) Fixation, 2)
permeabilization, 3) incubation with primary antibodies, 4) incubation with secondary
antibodies, and finally 5) visualization using fluorescence or confocal imaging. The
detailed procedure of the ICC used for characterizing hNSCs is described in Paper I.

3.6 Microscopy Techniques

In order to inspect the cell attachment, morphology, proliferation and differentiation,
several types of microscopic techniques were used, with results found in 4. The daily cell
inspection was observed under an optical microscope, while the assessment of cellular ad-
hesion and differentiated morphology was conducted using scanning electron microscopy
(SEM). In addition, fluorescence and confocal microscopy was utilized to detect differ-
ent biomarkers of interest, labelled using ICC, as described above. The brief literature
about these methods is provided below.
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3.6.1 Light Microscopy

The light microscope is an optical instrument that generates magnified images of the
objects in a visible light spectrum and usually includes two modes: 1) Bright field
microscopy, which is suitable to visualize the inherent contrast in the specimen, and 2)
dark field microscopy, which is commonly used for phase contrast [148]. This was used
for the daily inspection of the health and morphology of cells.

3.6.2 Fluorescence and Confocal Microscopy

The basic principle of a fluorescent microscope includes the illumination of the sample
using light of a particular wavelength, the excitation wavelength. This specific light is
then absorbed by the fluorophores in the sample, resulting in light emission at a longer
wavelength, generating the fluorescence spectra.

A confocal microscope is an advanced version of the fluorescence microscope, provid-
ing an enhanced resolution of the image using an optical sectioning method. It contains
a pinhole (i.e., a small passage) that helps to eliminate scattered and defocused light. A
confocal microscope can divide the sample into discrete optical sections, thereby generat-
ing high quality and noise-free images. High-powered laser beams are used to illuminate
and scan the sample to compile significant light from the required focal plane of the
sample. The typical components and light paths both in a fluorescence and confocal
microscope are illustrated in Figure 3.12 [149, 150].

Figure 3.12: Fluorescence and Confocal Microscopy. Representative schematics
of typical light paths and components involved in: A) fluorescence, and
B) confocal microscopes. Figure remodeled and adapted from [149, 150].
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3.6.3 Scanning Electron Microscopy
A scanning electron microscope (SEM), generates an image of the sample by scanning its
surface with a focused beam of electrons in a raster scan pattern. When electrons hit the
atoms of the specimen, they produce several signals (i.e. secondary emissions) containing
information about the composition and topography of the surface of the sample. The
electrons are produced using electrostatic fields, objective lens, and condenser lenses.

The back-scattered electrons, coming from the specimen are collected, amplified and
then converted into a visual signal that is displayed on a cathode ray tube, see Figure 3.13
[151]. SEM can achieve a resolution below 1 nanometer. The ability to image micro and
nanofeatures with good spatial resolution, high magnification, and large depth of focus

Figure 3.13: Scanning Electron Microscopy. Representative schematic of the path
of an electron beam and typical components involved in SEM microscope.
Figure adapted from [151].
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have made it very popular for biological samples observation. However, such detailed
imaging and observation of biological samples through SEM require a complex sample
preparation process including sectioning and fixation of samples.

In this thesis, SEM was used to characterize CNG MNTs, hNSCs morphology, and
hNSCs interaction with the CNG MNTs, results presented in Paper I and Paper II.



CHAPTER 4
Carbon Nanograss

Topographies for Stem Cell
Research

This chapter describes the development of carbon based MNTs, resulting in so called
carbon nanograss (CNG) for use as a platform for hNSCs culture and differentiation.
The first part (detailed in Paper I in the appendix) describes the fabrication of different
CNGs followed by investigating their influence on SC adhesion, survival, morphology,
neurogenesis and dopaminergic differentiation. The second part is an extension of the
first part, and aims at studying the deposition of different extracellular matrices (ECMs)
on the CNGs and their effects on neurogenesis and dopaminergic differentiation. The
last part (detailed in Paper II in the appendix) describes the fabrication and structural
optimization of CNG based electrode chips followed by their use for electrochemical
detection of dopamine.

4.1 Carbon Nanograss Topographies
The main work of this thesis has been focused on investigating carbon as a material
for fabricating different MNTs for applications in cellular biology and tissue engineer-
ing. These carbon based MNTs can have two functions, as a biocompatible substrate to
provide mechanical support and developmental cues for cell proliferation and differentia-
tion, and due to its conductivity, as a 3D electrode for monitoring cellular activities, e.g.
amperometric detection of neurotransmitters like dopamine released via exocytosis, or
cellular integrity using impedance analysis. This section focuses on the fabrication and
of randomly formed pyrolytic carbon MNTs, referred to as Carbon NanoGrass (CNG).

4.1.1 Fabrication of Carbon Nanograss Topographies
CNGs were fabricated using the one-step conventional photolithography technique, see
section 3.2.1. The fabrication process included three main steps: 1) Photolithography,
2) reactive ion etching (RIE), and 3) pyrolysis. Before starting photolithography, a
600 nm thick silicon-oxide (SiO2) insulation layer was chemically deposited on a four
inch silicon (Si) wafer using low-pressure chemical vapor deposition (LPCVD). The
lithographic process was initiated by manually dispensing approximately 5 ml of the
negative photoresist SU-8. A 15 µm thick layer of SU-8 was spin-coated on to a wafer
followed by a 30 min soft-bake on a hotplate at 50 °C. The SU-8 film was polymerized
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Figure 4.1: Carbon Nanograss Topographies. Representative SEM images of fab-
ricated CNG15 topography with 15 min of etch time: (A) tilted view, (B)
top-view, and (C) cross-sectional view. Scale bars 5 µm. Figure remodeled
and adapted from Paper I.

using a UV energy dose of 2x 250 mJcm−2 followed by a 2 hours of post-exposure bake
at 50 °C. The SU-8 film was flood exposed with UV exposure of 2x 250 mJcm−2 followed
by a 15 hours of a hard-baked at 90 °C to completely crosslink the SU-8.

To obtain a polymer nanograss (the precursor of CNGs), photolithographically pat-
terned SU-8 was masklessly etched with RIE using an oxygen plasma. It was previously
reported that under a high power RIE process, the photoinitiator antimony present in
the SU-8 photoresist, accumulates on the surface and acts as a micromask, thus creating
hair-like structures [152, 153]. Our preliminary experiments of O2 plasma RIE of SU-8
showed that the polymer nanograss height was affected mainly by varying the etching
time which controls the depth of photoinitiator penetration. Thus, four different etch
times (i.e, 5, 10, 15, and 20 min) were used to obtain four SU-8 nanograss heights which
subsequently served as templates for creating CNGs.

The final fabrication process included a pyrolysis step in which the SU-8 templates
were carbonized in presence of nitrogen at 900 °C. This resulted in CNG structures of
four different heights entitled CNG5, CNG10, CNG15, and CNG20, as shown in Figure 1.
of Paper I. One of these CNG structures with 15 min of etch time is shown in Figure 4.1.

4.2 Influence of Carbon Nanograss on Stem Cells
The primary objective of fabricating the CNGs was to provide: 1) different interspaces
as focal adhesion points for cellular trapping, and 2) different heights to examine their
effects on hNSCs survival, morphology and differentiation. Therefore, the four types of
CNG topographies were utilized as a cell culture platform for hNSCs to study the influ-
ence of the CNGs on the cellular behavior and to make a comparison with commercially



4.2 Influence of Carbon Nanograss on Stem Cells 35

available tissue culture polystyrene (TCP) surface. To study the material effects, flat
carbon (FC) was used as a material control.

4.2.1 CNGs Pretreatment
The CNG substrates were highly hydrophobic due to the formation of nanograss struc-
tures on the surface. This hydrophobicity decreases the surface wettability and could be
a problem for cell attachment [10, 154]. Therefore, surface wettability treatment with O2
plasma was necessary to establish more hydrophilic CNGs. The CNGs were treated with
O2 plasma for 60 s to modify the surface chemistry from purely hydrophobic to highly
hydrophilic. The hydrophobicity of CNGs was determined by measuring the water con-
tact angle (WCA) along their surfaces, as shown in Figure 4.2. The hydrophilicity of
CNGs after O2 plasma was below the detection limit with WCAs lower than 20 degrees,
detailed values reported in Table 1 of Paper I.

4.2.2 hNSCs Adhesion and Survival
hNSCs generally require the adhesion factors such as poly-lysine (PLL) or other ECMs
to attach, proliferate and differentiate on various surfaces. To examine the role of CNGs
substrates for adhesion and survival of hNSCs, experiments were conducted in two ways:
1) CNGs with an applied PLL coating, and 2) CNGs without a PLL coating. Commercial
tissue culture polystyrene (TCP) was chosen as the overall control with the glass as an
additional material surface, while flat carbon (FC) was used as a material control for the
CNG substrates. The hNSCs were seeded with the same cell density of 50,000 cells/cm2

on all substrates and were cultured for 3 days before examining the degree of cellular
attachment.

Figure 4.2: Hydrophobicity of the CNGs. Representative WCAs of the CNG
structures before O2 plasma treatment show their highly hydrophobic be-
haviour.
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Figure 4.3: hNSCs Attachment on CNGs. Representative cross-sectional SEM
images of hNSCs attachment on TCP (Ctrl), FC, and CNG15 substrates
for: (A-C) 3 days proliferation with PLL coating, (D-F) 3 days proliferation
without PLL, (G-I) 10 days differentiation with PLL coating, and (J-L) 10
days differentiation without PLL.

The results in Paper I show the top-view of SEM images for hNSCs attachment on
all the substrates. When the two set of experiments were compared, we surprisingly
found that the hNSCs adhered well on CNGs both with and without PLL. Interestingly,
no cell adhesion was found after 3 days on any of the flat uncoated substrates including
TCP, glass, and FC. The TCP and FC had a very few clumps of loosely adhered cells
on day 3 as shown in Figure 4.3D and E, but they were immediately detached during
medium exchange. These clumped cells do not present the appropriate cell morphology,
indicating that a biocoating like PLL is necessary for adherence of cells on the flat
substrates. Cellular adhesion on the CNGs both with and without PLL clearly shows
that MNT features facilitate cellular adhesion, see Figure 4.3.

The degree of hNSCs survival both with and without PLL coating was determined
by labelling the DNA of the cells with the nuclei stain DAPI, and quantifying the
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Figure 4.4: hNSCs Survival on CNGs. Quantitative analysis of the total cell pop-
ulation on PLL coated and uncoated substrates after: A) 3 days of pro-
liferation, and B) 10 days of differentiation. Figure adapted from Paper
I.

cell numbers on each substrate after 3 days of culture and after 10 days of differenti-
ation. Figure 4.4 clearly shows the suitability of CNGs for cell proliferation (3 days,
Figure 4.4A) and cell differentiation (10 days, Figure 4.4B) without any need for PLL
coating, whereas flat surfaces, regardless of the material, all need a biocoating such as
PLL for the initial adherence and further growth and differentiation of cells.

4.2.3 Differentiated Cell Morphology of hNSCs
The influence of CNGs on the cell morphology of differentiated hNSCs was investigated
using SEM characterization. The differentiation experiments were designed as above
comparing results of the different CNGs and flat surface controls with and without a
PLL coating (see Paper I for details). The experiments started with an initial 24 hours
of hNSCs culture followed by 10 days of differentiation, after which cells were fixed and
samples prepared for SEM analysis.

The crucial outcome in case of PLL coated CNGs was an increasingly spherical mor-
phology of hNSCs-derived neurons with an increase in the height of the CNG structures
as compared to the PLL coated flat substrates, showing significantly flatter cell soma of
the hNSCs. Figure 4.5A and C show hNSCs morphology on PLL coated CNG15 and on
PLL coated FC control. The quantitative morphology parameters relating to the phys-
ical shape and dimensions of the cells were analyzed in terms of cell area, elongation,
and circularity. This analysis confirmed the fact of increasing spherical morphology by
a gradual decrease in cell area, and elongation from flat substrates to CNGs, and from
lowest CNG5 to the highest CNG20 substrates, results shown in Paper I. However, the
cell circularity (i.e., the ratio of cell area to its perimeter) increased from flat substrates
to the CNGs, and from lowest to the highest CNGs, indicating the overall observation
of larger cell spreading on flat substrates compared to CNG topographies.

Interestingly, the uncoated CNGs displayed firm cell adhesion in absence of a PLL
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Figure 4.5: Differentiated Morphology of hNSCs. SEM images of hNSCs 10 days
differentiated morphology on: A) PLL coated FC, B) uncoated FC, C)
PLL coated CNG15, and D) uncoated CNG15. Scale bars 10 µm. Figure
adapted from Paper I.

coating, probably due to the penetration of cells into the nanograss, leading to relatively
flat differentiated morphology, Figure 4.5D. Cell adhesion was not sustained long enough
on the flat surfaces to allow differentiation in absence of PLL (see uncoated FC in
Figure 4.5B), resulting in immediate detachment of cells from day 3 onward during
medium replacement, which led to the zero cell count.

4.2.4 Material Effects on Neurogenesis and Dopaminergic
Differentiation

The material plays an important role in affecting the cellular fate [10]. To isolate the
effect of the material itself from the nanotopography, the influence of the carbon ma-
terial was analyzed both qualitatively (using ICC images) and quantitatively (the cell
counts in ICC images) by comparing the differentiated hNSCs on FC with glass and the
control TCP substrate. The results in Paper I show that hNSCs differentiated on FC dis-
played 33 % increase in neurogenesis and 66 % increase in dopaminergic differentiation
compared to its TCP control and glass surfaces.

Additional experiments were conducted to evaluate the effects of the carbon material
(FC substrate) in comparison to its SU-8 precursor material (flat SU-8 represented as
“FSU8”) both in PLL coated and uncoated conditions. The ICC results show that PLL
coated flat SU-8 (FSU8-PLL) was able to get hNSCs adhered, proliferated, and differ-
entiated. However, very few cells were able to differentiate into dopaminergic neurons,
leading to low expression of tyrosine hydroxylase (TH), as seen in Figure 4.6C, compared
to the PLL coated FC substrate in Figure 4.6D. One of the potential reasons is that the
SU-8, being a UV curable photoresist, contains the epoxy monomers and antimony salt
which can lead to cytotoxicity [155]. However, its biocompatibility can be enhanced by
suppressing its cytotoxicity with the treatments such as UV flood exposure, O2 plasma
treatment, and a biocoating [155, 156] The uncoated FSU8 was also not either able to
adhere cells, similar as for uncoated FC, leading to zero cell count, see Figure 4.6G.
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Figure 4.6: Influence of the Carbon Material on hNSCs differentiation. Flu-
orescence images of 10 days differentiated hNSCs characterized with ICC
using three biomarkers; TUBB3 (neuronal marker), TH (dopamine iden-
tifier), and DAPI (DNA stain) on TCP, Glass, FC, and FSU8 substrates.
Scale bars 100 µm. Figure adapted from Paper I.

4.2.5 Topography Effects on Neurogenesis and Dopaminergic
Differentiation

The significance of the CNG MNTs on differentiation was evaluated after 10 days of
hNSCs differentiation on the CNG substrates along with flat control substrates (FC,
glass, and, a control of TCP) both with and without PLL coating. After 10 days of
differentiation, the samples were fixed and immuno-stained for ICC markers of neuronal
skeleton (β-III-tubulin) represented as TUBB3, the dopamine biomarker (Tyrosine hy-
droxylase) represented as TH, and nuclei stain (DAPI), followed by the fluorescence
imaging. The Figure 4. of Paper I is adapted here in Figure 4.7 (A-L), which shows the
fluorescent images of all investigated samples. A summary of the quantitative results
on flat and CNG substrates for neurogenesis and dopaminergic differentiation both with
and without PLL coating is shown in Figure 4.7M-N. hNSCs did not only differentiate
well on the CNGs but also differentiated more into dopaminergic neurons than on the
flat substrates.

The primary outcome was a significant increase in neurogenesis and generation of
dopaminergic neurons both with and without PLL coating. The PLL coated CNGs
enhanced the generation of neurons 2.3 folds and 1.7 folds compared to the TCP and
FC controls, respectively. The results show that the PLL coated CNGs boosted the
dopaminergic yield to 40 % of the total cell population, leading to a 3.5 folds and 2.1
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Figure 4.7: Influence of Topography on hNSCs Differentiation. (A-L) Fluores-
cence images of 10 days differentiated hNSCs characterized with ICC on
TCP, Glass, FC, and four CNG substrates both with and without PLL
coating. TUBB3, TH, and DAPI. Scale bars 100 µm. The quantitative
analysis of enhanced generation of neurons and DAn on; M) PLL coated,
and N) uncoated substrates. Figure (A-L) adapted from Paper I.
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folds increase DAn compared to the TCP and a FC controls, respectively (Figure 4.7M.
This is to the best of our knowledge the first time that the DAn yield of a neuronal
population was close to 80 % for the CNGs.

The uncoated CNGs showed a similar trend of enhanced neurogenesis and DAn yield
as in case of PLL coated CNGs. However, as pointed out before, no cell attachment was
observed on uncoated flat substrates, which resulted in zero cell count for differentiated
hNSCs. The CNGs displayed a remarkable suitability for differentiation of hNSCs in
an absence of any biocoating, as seen in (Figure 4.7N. The suitability of bare CNG
compared to PLL coated CNG was determined by comparing the quantified results
of neurogenesis and DAn generation in both conditions. The comparative ICC result
showed approx. 1.8 fold increase in neurogenesis and 1.2 fold increase in dopaminergic
differentiation for uncoated CNGs compared to PLL coated CNGs, details described in
supporting information of Paper I.

The optimal CNG between of the four examined CNGs was identified to be the
CNG15, due to the highest yield of DAn, which further showed significant differences
upon analyzing the differences between the four CNGs using two-way ANOVA Fisher
LSD test. However, for neurogenesis, CNG15 and CNG20 have shown no statistical
differences. Since, the increasing trend of neurogenesis and DAn generation seemed to
saturate with the highest CNGs, the conclusion was that further increase in etching time
would probably not benefit the yield of DAn.

4.2.6 PCR and Western Blot Analysis

To verify the dopaminergic nature of the TH+ population on the CNGs, the qPCR
and RT-PCR of GIRK2 (a gene expressed in DAn of SN), and DBH (a gene expressed
in Noradrenaline neurons (NAn) and adrenaline neurons (An)) was performed. These
results reported in Paper I, indicated that all investigated samples showed the pres-
ence of GIRK2 and absence of DBH, thereby indicating the dopaminergic phenotype of
differentiated the TH+ population on the CNGs.

To better understand the increased neurogenesis on the CNGs, both qPCR and
western blot analysis of DCX (i.e., a marker for an immature neurons) was performed.
The qPCR results did not show any significant differences in DCX for PLL coated CNGs
compared to a PLL coated TCP control. However, a significant decrease of the DCX
protein was observed in western blot results for PLL coated CNGs compared to a PLL
coated TCP. These DCX western blot results together with ICC results described in
section 4.2.5, supported the fact that PLL coated CNGs enhance the formation of DAn
compared to TCP and FC. Uncoated CNGs showed on the other hand no significant
decrease in DCX western blot analysis compared to the PLL coated TCP control, thereby
indicating an enhanced neurogenesis but with a more immature differentiated culture
compared to PLL coated CNGs, as also shown with a less elongated neurite morphology
in Figure 4.5D (more details are given in Paper I).
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4.3 ECM and Carbon Nanograss Influencing Stem
Cells

Differentiation of hNSCs on the four different CNGs above (Paper I) showed that CNG15
resulted in the highest yield of total neurons and DAn for both the uncoated and PLL
coated structures. This intriguing outcome motivated to investigate the role of other
common extracellular matrices (ECMs) on the hNSCs neurogenesis and DAn yield. This
new experiment was designed based on on CNG15 and included three ECMs: 1) PLL, 2)
Laminin-511, and 3) Geltrex, as well as uncoated condition. TCP, FC, and SU815 (tem-
plate for pyrolysis into CNG15) were used as general, material, and structural controls,
respectively, for the examination of hNSCs differentiation on the CNG15.

As previously, all substrates were treated with O2 plasma to make the surface hy-
drophilic for cell experiments. After plasma treatment, the substrates were divided into
four categories, three of which were categorized according to their ECM, coated with ei-
ther PLL, Laminin-511, or Geltrex for 4 hours. The fourth category was the equivalent
uncoated substrates. The hNSCs were seeded with a same cell density as previously,
50,000 cells/ cm2 on all substrates and cultured for 24 hours prior differentiation. The
cells were then differentiated for 10 days, followed by fixation before immuno-staining.
Finally, the samples were immuno-stained for TUBB3, TH, and Hoechst, as shown
in Figure 4.8A-P. Confocal microscopy was performed on all the samples followed by
quantification of cells to identify the total cell count (Hoechst), yield of total neurons
(TUBB3) and DAn (TH).

4.3.1 Effects on Neurogenesis
First, the total cell population was quantified using the Hoechst count for all substrates
(TCP, FC, CNG15, SU815) in presence of the three ECMs and the uncoated counter-
parts. The highest cell density was observed on Laminin-511 coated FC and CNG15
substrates. The cell density trend decreased from Laminin-511, Geltrex to PLL. Simi-
lar as before, no cells adhered or were differentiated on the uncoated TCP, FC, or the
SU815 structural control. The only uncoated substrate that allowed cell attachment,
proliferation and differentiation was CNG15. This outcome once again confirmed the
remarkable suitability of carbon topographies towards hNSCs differentiation into DAn.

The neuronal yield was quantified using the TUBB3 count (Figure 4.9B) and the
quantitative results of % neurons of total cells are shown in Figure 4.9D. The quantitative
results show that the highest % of neurons were observed on Laminin-511 and Geltrex
coated TCP controls. However, PLL coated CNG15 showed the highest % of neurons
compared to other PLL coated substrates. The same trend was also true in case of the
other ECM compared to FC and SU815. The neuronal yield on PLL coated CNG15
was observed to be less than Laminin-511 and Geltrex coated TCP controls. This large
neuronal yield on Laminin-511 and Geltrex coated TCP was probably due to a relatively
higher density of the total cell population compared to the PLL coated CNG15. Overall,
CNG15 displayed a neuronal yield ranging from 40-65 % in case of all three ECMs
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Figure 4.8: Influence of ECM and Topography on hNSCs Differentiation.
ICC images after 10 days of hNSCs differentiation on TCP, FC, CNG15,
and SU815 substrates with: (A-D) PLL, (E-H) Laminin-511, (I-L) Geltrex
ECMs, and (M-P) without a coating. TUBB3, TH, and Hoechst. Scale
bars 100 µm.
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Figure 4.9: Quantitative analysis. The quantitative analysis of Neurogenesis and
DAn generation due to effects of different ECMs and Topography after 10
days hNSCs differentiation on TCP, FC, CNG15, and SU815 substrates
with: PLL, Laminin-511, Geltrex ECMs, and without any biocoating..
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and uncoated condition. For recollection, no cell adhesion was found on any uncoated
substrate other than CNG15, leading to zero cell count for neurons.

4.3.2 Effects on the yield of DAn
The DAn generation was analysed by quantifying the % TH+ neurons from the total
cell population (Figure 4.9E), and total neuronal population (Figure 4.9F) showing a
similar trend for all ECMs, but with the maximum yield of 40 % on CNG15 compared
to all other substrates. In case of the uncoated substrates, a similar % of the DAn yield
was observed, while the DAn cell count for other substrates was zero due to the lack of
cell attachment.

The quantification of DAn from neuronal population (TUBB3) was analyzed for all
ECMs. The PLL coated CNG15 showed the maximum yield of DAn with 60 % compared
to PLL coated TCP control. For Laminin-511, the substrates other than Laminin-511
coated CNG15 showed lower DAn yield compared to the PLL coated CNG. For Geltrex,
the highest % of DAn from neuronal population was observed on the CNG15 compared
to Geltrex coated TCP. However, Geltrex coated FC and SU815 showed higher % of
DAn from neuronal population compared to Laminin-511 coated FC and SU815.

In conclusion, this comparative analysis of the ECMs show that PLL generated
the highest DAn yield of approx. 40 % from the total cell population compared to
Laminin-511 and Geltrex ECMs (Figure 4.9E). The Laminin-511 and Geltrex generated
approx. 30% of DAn from the overall population using CNG15 substrate. This outcome
concluded that the PLL coating supports differentiation into DAn more than Laminin-
511 and Geltrex using carbon topographies. Additionally, the total cell population
on all surfaces using Laminin-511 and Geltrex was observed higher than PLL, thereby
indicating their support for enhanced proliferation (Figure 4.9A). Moreover, despite the
higher total cell population on Laminin-511 and Geltrex coated surfaces, these ECMs
generated significantly less % of DAn compared to the PLL coated CNG15 substrate
(Figure 4.9E). This conclusion is therefore that Laminin-511 and Geltrex ECMs suppress
the dopaminergic differentiation of hNSCs compared to PLL, particularly on carbon
topographies.

4.4 Fabrication of Carbon Nanograss Electrode
Chips

Once the carbon MNTs were testes as a substrate for the hNSCs, the next objective was
to fabricate these MNTs on an electrode chip to perform electrochemical characterization
of electrodes and in future to monitor cell activities like dopamine release from cell
exocytosis. Thus, the CNG MNTs were fabricated as a working electrode (WE) of CNG
electrode chips. The details of the CNG electrode fabrication process is mentioned below.

The CNG electrode chips were designed with 10 mm x 30 mm size of electrode
footprint including CNG topographies on top of the working electrode (WE), as shown
in Figure 4.10. The CNG electrode chips were fabricated with two configurations: 1)
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Figure 4.10: Carbon Nanograss Electrodes. Schematic representation of CNG
electrodes designs and process steps involved in: A) Design1 of CNG
electrode chip with three on chip electrodes, and B) Design2 of CNG
electrode chip with single on chip electrode. The fabrication steps (a-c
and e) are same for both designs and explain: a) SU-8 spin coating, b)
RIE of SU-8, c) pyrolysis, e) SU-8 passivation processes. d) in A shows Au
deposition for CE and RE, and d) in B shows Au deposition for contact
lead. Figure (B) remodeled and adapted from Paper II.

Design1; with three on chip electrodes (including a 12.5 mm2 WE with CNGs, a C-
shaped 25 mm2 Au-counter electrode (CE), and a 0.8 mm2 Au-reference electrode (RE)),
and Design2; with single electrode chips (containing only a CNG WE of the same size)
as shown in Figure 4.10. The CNG topographies were fabricated on WE with the
fabrication process discussed in section 4.1.1.

Once the CNG structures were fabricated on WE, the CE, RE, and contact leads for
Design1 and contact leads of Design2 were fabricated using a 200 nm Au film deposition
on top of 20 nm layer of Ti. The electrode chip was passivated by covering the the entire
electrode with a 5 µm thick layer of SU-8 passivation besides the sensing area using
second step of photolithography process. Finally, the entire chip was Flood exposed
with the dose of 2x 250 mJcm−2 twice and hard baked at 90 °C for 15 hours.

4.4.1 Structural Optimization of CNGs for Electrode Chips
Initially, electrochemical characterization using Fe(CN)6]3−/4− redox couple was per-
formed for all four types of CNG electrodes and compared with a control of 2D (flat
carbon) electrode. These results of Fe(CN)6]3−/4− CV measurements (detailed in Paper
II) describe an unexpected increase in oxidation and reduction peak currents among the
four CNG electrodes, resulting in thorough optimization in the fabrication process of
CNGs.

The thorough SEM inspection of CNG cross-sections revealed non-uniform thickness
of the carbon residual layer under four types of CNGs due to different etching times.
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Figure 4.11: Carbon Nanograss Fabrication Optimization. The comparison of
cross-sectional SEM characterization of CNG structures before and after
fabrication optimization: A) unoptimized CNGs displaying non-uniform
carbon residual layer (red-arrows), and B) optimized CNGs showing uni-
form carbon residual layer (red-arrows). Scale bars 5 µm. Figure adapted
from Paper II.

These uneven carbon residual layers were experimentally optimized to maintain the
uniform thickness of 2.2 µm, by calculating the SU-8 shrinkage ratio during pyrolysis
and tuning spin-coating recipes to increase the SU-8 thickness for the CNG types that
initially contained thinner carbon residual layers. The results in Paper II show the
SEM cross-sections before and after fabrication optimization, which are adapted here in
Figure 4.11.

4.4.2 Fabrication of Batch Systems for Electrode Chips

To perform cellular study and electrochemical measurements on CNG electrodes, the
batch systems were designed using Auto-CAD. Fabrication of the batch systems involved
micromilling of PMMA sheets to construct a bottom layer for holding the electrode
chips, and a top layer to defining a well for either cell culture media or electrolyte
electrochemical characterization. Initially, Design1 of the batch system was fabricated
using magnets to hold the bottom and top layers together, as shown in Figure 4.12A.

However, the Design1 was modified to incorporate screws instead of magnets and
larger wells to accommodate more cell culture media during the cell studies on CNG
electrodes. The tailor-made PCB was also introduced in Design2 for easy interfacing of
the electrodes, shown in Figure 4.12B.
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Figure 4.12: Batch Systems for Electrode Chips. The two PMMA-based mi-
cromilled batch system designs: A) Design1 with magnets and smaller
well size, and B) Design2 modified with large well size, tailor-made PCB,
and screws instead of magnets to increase reliability during electrochem-
ical measurements and cell culturing.

4.5 Electrochemical Characterization of CNG
Electrodes

The CNG electrodes were characterized electrochemically using a redox couple of Fe(CN)6]3−/4−

and dopamine solution. The Fe(CN)6]3−/4− was used to perform cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) on the CNG electrodes. Fi-
nally, the dopamine electrochemistry on CNG electrodes was also evaluated by detailed
analysis of CV. The details of these experiments along with the acquired results are
described below.

4.5.1 Cyclic Voltammetry
Using Fe(CN)6]3−/4−: Initially, the unoptimized CNG electrodes (i.e., with non-uniform
carbon residual layer) were characterized using 10 mM Fe(CN)6]3−/4− redox couple. The
results in Paper II show that the CNG electrodes provided approx. 2 folds increase in
peak currents compared to the 2D electrode. However, the CNGs etched for lower
times (e.g., CNG5, containing relatively less surface area) showed an unexpected in-
crease in peak currents compared to the CNGs etched for higher times (e.g., CNG20,
containing relatively high surface area), as shown in Figure 4.13A. To solve this issue,
the structural optimization was performed in fabrication of the CNG electrodes (as men-
tioned in section 4.4.1), followed by CV measurements again with 10 mM Fe(CN)6]3−/4−.
Figure 4.13B presents the influence of fabrication optimization on the electrochemical
behavior of the optimized CNG electrodes. The recorded CVs showed an increase in
peak currents from CNG5 to CNG20 electrodes.

The Design1 of CNG electrode chips with on-chip WE, CE, and RE (Figure 4.10
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Figure 4.13: CV Characterization of CNG Electrodes using Hexacyanofer-
rate (II/III). CV measurements of 10 mM Fe(CN)6]3−/4− redox couple
acquired at 50 mV s−1 scan rate on: A) unoptimized, and B) optimized
CNG electrodes. CV measurements of 250 µM Fe(CN)6]3−/4− redox cou-
ple acquired at 50 mV s−1 scan rate on: C) Design1 of CNG electrodes
(with on-chip WE, CE, and RE), and D) Design2 of CNG electrodes (with
single WE) and external RE and CE. Figure remodeled and adapted from
Paper II.
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A) worked quite well with CV measurements using Fe(CN)6]3−/4−. However, character-
ization with dopamine caused challenges as discussed below in this section. Thus, the
Design2 of CNG electrode chips with single WE (Figure 4.10B) was fabricated to be used
with an external Ag|AgCl RE and a Pt-wire CE. The two designs of CNG electrodes
were tested again with relatively lower concentration (i.e., 250 µM) of Fe(CN)6]3−/4− to
compare the peak currents. Figure 4.13C-D shows a clear and highlighted increasing
trend in peak currents of the CVs acquired on the CNG electrodes of both designs from
the shortest to longest etching time.

Using Dopamine: The main objective of fabricating the CNG electrodes was to
use them for electrochemical detection of dopamine (DA). Initially, the Design1 (Fig-
ure 4.10A) of CNG electrodes was tested with 250 µM DA hydrochloride solution. The
results in Figure 4.14A show that the CNG electrodes of Design1 were unable to generate
clear oxidation and reduction peak current for DA, while DA was clearly detected on
a control 2D electrode (Figure 4.14A, inset). Several experiments using DA concentra-
tions below and above 250 µM resulted in similar response as shown in Figure 4.14A). To
solve this issue, DA with Tris buffer solution was tested and compared with previously
used DA in PBS solution. The results did not show the oxidation or reduction of DA. In
other efforts, the CNG WE was negatively charged with a constant negative potential
prior to CV measurements with DA, but this did not solve the problem, either.

Finally, the idea was to use external CE and RE instead of on-chip CE and RE.
Thus, Design2 (Figure 4.10B) of CNG electrode was fabricated and connected with an
external commercially available Pt-wire CE and a Ag|AgCl RE, which surprisingly solved
the problem and resulted in clear DA oxidation and reduction on CNG electrodes, shown
in Figure 4.14B. The results reported in Paper II explain that the higher CNG electrodes
(i.e. CNG15 and CNG20) displayed approx. 2 fold increase in oxidation peak current
compared to the 2D electrode. The CNG15 electrode was then tested for a wide range
of lower concentrations of DA together with a control of PBS, as shown in Figure 4.14C.
The investigation of the slope of linearly fitted oxidation peak current vs. concentration
in Figure 4.14D showed the approx. 2 fold higher sensitivity of CNG15 electrode (i.e.,
96.7 mA M−1), compared to the sensitivity of 2D electrode (i.e., 46.5 mA M−1).

4.5.2 Electrochemical Impedance Spectroscopy
EIS characterization with 10 mM Fe(CN)6]3−/4− was conducted on CNG electrodes to
investigate the charge transfer resistance (Rct) behavior of all four type of CNG elec-
trodes. Since Rct is inversely proportional to the active electrode area, its investigation
provided a qualitative estimation of the variation in surface area among all the four
types of CNG.

Nyquist plots in Paper II show that all the four CNG electrodes demonstrated simi-
lar impedance spectra having the following characteristic features shown in Figure 4.15
together with the descriptive equivalent circuit model derived from the Randles equiva-
lent circuit model: (1) A small partially resolved semicircle in the high-frequency region
attributed to the capacitive and resistive properties of the bulk carbon material (paral-
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Figure 4.14: CV Characterization of CNG Electrodes using Dopamine. CVs
of 250 µM DA solution acquired at 50 mV s−1 scan rate on: A) Design1
of CNG electrodes (with on-chip WE, CE, and RE), with clear oxidation
and reduction of DA on 2D control (inset), and B) Design2 of CNG
electrodes (with only on-chip WE). C) Multiple CVs using a range of
DA concentrations on CNG15 electrode at 50 mV s−1 scan rate. D) The
relation of ipa vs. multiple DA concentrations for CNG15 electrode in
comparison with 2D control. Figure remodeled and adapted from Paper
II.
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lel combination of R1 and C1); (2) a larger semicircle at the intermediary frequencies
ascribed to the double layer capacitance influenced by surface inhomogeneities (con-
stant phase element, CPEdl) and charge transfer resistance encountered by the redox
couple Rct; and (3) a straight line in the low-frequency range describing the mass trans-
fer impedance due to diffusion limitation encountered by the redox couple (Warburg
impedance, ZW ). The main finding based on the EIS measurements was the significant
decrease in Rct from 2D to CNG5 and further to CNG20, indicating that the surface
area increased with etching time.

Figure 4.15: EIS Characterization of CNG Electrodes using Hexacyanofer-
rate (II/III). Representative EIS of CNG electrodes compared to a 2D
control electrode using 10 mM Fe(CN)6]3−/4−, with symbols showing EIS
experimental data point, and solid line showing the fit of the data. The
inset shows the equivalent circuit. Figure adapted from Paper II.



CHAPTER 5
Carbon Nanopillar

Topographies for Dopamine
Detection

This chapter first describes the development of several Carbon Nanopillar (CNP) MNTs
using a maskless lithography technique. It then explains the development of CNP elec-
trode chips followed by CNP structural optimization in fabrication process of CNP
electrode chips. Finally, it explains electrochemical characterization of CNP electrode
chips using Fe(CN)6]3−/4− redox couple followed by an electrochemical detection of the
dopamine hydrochloride solution.

5.1 Carbon Nanopillar Topographies
As discussed previously, the overall work of this thesis has been focused to study carbon
material using different fabricated Carbon-based MNTs. Unlike the chapter 4, that
was based on random CNG MNTs, this chapter explains the fabrication of well-defined
periodic CNP MNTs for the electrochemical detection of dopamine. Here, the aim
was also similar to use CNP MNTs for hNSCs differentiation experiments to have a
a comparison with random CNG MNTs. However, due to COVID-19 situation, these
experiments were postponed and CNP MNTs were only used for electrochemistry. The
details of CNP MNTs fabrication process is provided below.

5.1.1 Fabrication of Carbon Nanopillar Topographies
Carbon nanopillars (CNP) periodic MNTs were fabricated with the maskless lithography
using an MLA-150 aligner. The basic principal of MLA-includes direct pattern writing
on to the substrate using a virtual CAD mask, as described in section 3.2.3. As the
MLA-150 machine was recently launched, (i.e. April 2019) there was very little practical
knowledge already available to perform lithography of nanostructures, particularly using
SU-8 photoresist. Therefore, the initial fabrication required an SU-8 resolution tests.
For this purpose, the CAD mask was designed to obtain nanopillars with the smallest
diameter (D) of 400 nm with an interspace of twice that of diameter (i.e., 2x D). The
exposure dose was tested over a wide range of doses ranging from 1000 to 2000 mJcm−2,
and an optimized dose was experimentally found to be 1100 mJcm−2. Similarly, the
defocus of MLA-150 (i.e., an arbitrary unit that corresponds to a vertical offset position
of the objective w.r.t the optimal physical position determined by an optical or pneumatic
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Figure 5.1: Carbon Nanopillar Topographies; Optimizing Dose and Defocus.
SEM images of two high aspect ratio fabricated CNP topographies for
optimizing MLA-150 dose and defocus parameters with: A) 500 nm, and
B) 625 nm diameter CNP structures.

autofocus systems) was also tested over a range from -10 to 10 with an interval of 2,
and an optimized defocus was found to be 2. These optimized parameters were used
to fabricate CNP MNTs with a 600 and 500 nm diameters in 2 µm thick SU-8 layer
deposited on top of 15 µm SU-8 base layer, see Figure 5.1. However, the 500 nm
patterns could not sustain due to their high aspect ratio, Figure 5.1 A.

The limitation of an aspect ratio led to the need for performing trench resolution tests,
which describes the smallest achievable height and the distance between the nanostruc-
tures. A new CAD mask had been designed to find the trench resolution that included
a matrix of disc arrays with varying diameter (D) and the distance (d) between them.
The chosen diameters (D) were 800, 700, 600, and 500 nm with distances d = 1D, 0.75D,
0.5D, and 0.25D. This test was performed with the optimized dose of 1100 mJcm−2 and
a defocus of 2 in a 1 µm thick SU-8 film deposited on top of a 15 µm SU-8 base layer.

The results showed an achievable resolution of 500 nm diameter of nanopillars with a
distance equal to atleast 1D. As seen in Figure 5.2 (B and D), the nanopillars started to
merge upon reducing inter-distance further. These patterns were obtained on an area of
the wafer of approximately 1 cm2. However, the optimized nanopillar structures were not
reproducible when confined to an area smaller than 1 cm2 due to technical issues of the
MLA-150 aligner, which is related to its autofocus mode. Thus, the chosen dimensions
for CNP electrodes fabrication were set to be slightly larger than the ones shown here.
The details regarding MLA-150 focus issues and chosen dimensions for CNP structures
for electrode fabrication are provided below.
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Figure 5.2: Carbon Nanopillar Topographies; Optimized Process Flow. SEM
images of four designs of SU-8 CNP arrays with variable diameters (D)
and distances (d): A) 800 nm D with d = 1 D, B) 800 nm D with d =
0.75 D, C) 500 nm D with d = 1 D, and D) 500 nm D with d = 0.75 D.

5.2 Fabrication of Carbon Nanopillar Electrode
Chips

The design of the CNP electrode chips was similar to the Design1 of CNG electrode
chips, derived from the previously presented work [157, 158]. The CNP electrode chips
contained three electrodes including, a 12.5 mm2 circular WE with CNPs, a 25.2 mm2

C-shaped Au CE, and a 0.8 mm2 Au RE. The entire chip footprint contained the same
size as of CNG electrodes. The WE was microfabricated using a 15 µm thick SU-8 layer
on top of 600 nm insulation layer of SiO2 on silicon wafer. The additional diluted SU-8
layer was spin coated on top of first SU-8 layer to acquire 1 µm and in other cases 2 µm
thicknesses for CNP structures.

The CNPs were exposed using MLA-150 with an optimized exposure parameters
including 1100 mJcm−2 dose and a defocus of 2. The excess of SU-8 was developed



56 5 Carbon Nanopillar Topographies for Dopamine Detection

Figure 5.3: Carbon Nanopillar Electrodes. Schematic representation of CNP elec-
trodes chip with fabrication process steps: A) SU-8 spin coating of WE
base layer, B) fabrication of CNPs, C) pyrolysis of WE, D) Au deposition
for CE, RE, contact leads, and contact pads, and E) SU-8 passivation.

followed by a flood exposure of 2x 250 mJcm−2 and a hard-bake of 15 hours at 90 °C.
The fabricated SU-8 nanopillar WE was pyrolyzed at 900 °C to obtain corresponding
CNP WE. The CE, RE, contact leads, and contact pads were fabricated using e-beam
deposition of 200 nm Au on top of 20 nm Ti. The CNP electrodes chip was than passi-
vated with 5 µm SU-8 layer besides the sensing area for electrochemical measurements.
Finally, the entire chip was flood exposed at 2x 250 mJcm−2 followed by a hard-bake
process of 15 hours at 90 °C. The silicon wafer was then diced to obtain CNP electrode
chips. The Figure 5.3 shows the process flow of a three-electrodes CNP chip.

5.2.1 MLA-150 Limitations
Although the detailed CNPs fabrication process presented above showed the success-
ful results of the CNP structures using MLA-150. There were some important technical
issues related to MLA-150 auto-focusing systems that were faced while conducting exper-
iments for developing CNP structures for CNP electrode chips, which later on resulted
in failed exposures. These issues are listed below, and the experimental results of these
issues are shown in the Figure 5.4.

• MLA-150 focusing issue due to the defects in SU-8 base layer: The optical
autofocus mode of MLA-150 was unable to focus on top of nanopillars layer and
hence failed to resolve nanopillars if the SU-8 base layer contained even minor
surface defects such as bubbles, flakes, or slight non-uniformity of base layer during
spin coating process, as shown in Figure 5.4 A. Despite the effort to guarantee a
defect free spin coated surface, sample might turned into a bad exposed structures
probably due to the high transparency of SU-8 and absorption of the UV light.
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Figure 5.4: MLA-150 Limitations. The issues with UV exposure due to the MLA-
150 limitations: A) An optical autofocus-mode failed to focus on 5 µm
diameter pillars due to minor bubble in a base SU-8 layer, B) high resolu-
tion focusing issue of pneumatic autofocus-mode on 1 µm diameter pillars
of diluted top SU-8 layer, and C) a field of focus issue of an optical-mode
resulted in exposing 800 nm pillars outside the WE area (i.e., on SiO2).

• MLA-150 focusing issue due to diluted SU-8 top layer: The top nanopillars
layer was spin coated by diluting SU-8 2035 into SU-8 2005 using Cyclopentanone
solvent. The SU-8 base layer, patterned as WE, was not developed to assist uniform
spin coating of top diluted SU-8 layer. The solvent cyclopentanone in diluted SU-8
layer was affecting the viscosity of SU-8 base layer by slightly dissolving it. This
effect further contributed towards the miss focus problem of MLA-150 optical
focus system resulting in failure to resolve nanopillars precisely. These issue were
tried to be fixed with pneumatic autofocus mode of MLA-150, but the pneumatic
mode severely affected the resolution of nanopillars in case of 2 µm thick top layer,
resulting in non-homogeneous arrays of nanopillars, as shown in Figure 5.4 B.

• MLA-150 field of focus issue: Since the optical focus mode of MLA-150 is
an auto-focusing method, it was observed that the ”field of focus / window of
focus” was actually unknown. This issue caused a problem of resolving nanopillars
structures precisely on the WE of the SU-8 base layer. The nanopillars were instead
observed to be fabricated on a SiO2 layer under the SU-8 base layer outside the WE
area probably because the optical autofocus mode considered SiO2 as a reference
of focus due to high contrast, as shown in Figure 5.4 C.

5.2.2 Structural Optimization of CNPs for Electrode Chips
There was an immediate need to optimize the CNP structures due to the above described
technical limitations of MLA-150. The very next month, the MLA-150 machine was
declared out of order and was unavailable for couple of months. Due to this, it was
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decided that MLA-100 (a previous model of maskless aligner to the MLA-150) would be
used to fabricate pillars structures down to its spatial resolution limit of 1 µm, which
upon pyrolysis would shrink into nanopillars structures. The MLA-100 machine only
equipped pneumatic auto-focusing mode that technically made it possible to reproduce
the results previously obtained with MLA-150 i.e., 1 µm diameter pillars in 2 µm layer
of SU-8.

To proceed with the experiment, initially the circular arrays of nanopillars were
made using a Python program followed by the design of a CAD mask developed down
to the resolution of mask designing software named Clewin-5. The three types of CNP
electrodes were designed to contain same diameter of 1 µm which was down to the spatial
resolution of MLA-100, with varying pitch and height of the structures systematically.
The respective control of a 2D electrode was also fabricated to have a clear comparison
for electrochemical measurements. The details of these three CNP patterns are described
below.

• CNP1: Highly dense, low aspect ratio nanopillars. The SU-8 nanopillars
for CNP1 contained the dimensions of 1 µm diameter and pitch (i.e., center to
center distance) of 2 µm. To obtain these structures, 1 µm thick SU-8 layer was
spin coated with 3000 rpm on top of the 15 µm thick SU-8 base layer. These
SU-8 nanopillars resulted in CNP1 structures after pyrolysis, and were observed
not to be pillar arrays precisely due to the shrinkage of low aspect ratio SU-8.
Their dimensions were measured using atomic force microscopy (AFM) and SEM
and was found to be 800 nm in circumference with an average height of 123 nm,
Figure 5.5 A.

• CNP2: Less dense, high aspect ratio nanopillars. The CNP2 patterns were
obtained from the SU-8 nanopillars containing the dimensions of 1 µm diameter
and pitch (i.e., center to center distance) of 3 µm. For fabricating these structures,
2 µm thick SU-8 layer was spin coated with 1000 rpm on top of the 15 µm SU-8
base layer. The resulting pyrolytic CNP2 structures were characterized using SEM
and were observed to be precisely nanopillars with dimensions of 1.13 µm in height,
and an average diameter of 520 nm, Figure 5.5 B.

• CNP3: Highly dense, high aspect ratio nanopillars. The SU-8 nanopillar
structures for CNP3 were also designed to have the same diameter (i.e., 1 µm)
but lowering the pitch down to 2 µm. To increase their aspect ratio, there were
fabricated in 2 µm thick SU-8 layer on top of SU-8 base layer. This fabrication
process after pyrolysis also resulted in merged interconnected patterns like CNP1
with an average height of 273 nm and an average diameter of 1 µm, Figure 5.5 C.

To conclude, it was found that MLA-100 aligner could resolve patterns down to its
spatial resolution with an aspect ratio close to 1:1, as seen in case of CNP2, Figure 5.5
B.
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Figure 5.5: Carbon Nanoppillars Fabrication Optimization. The SEM charac-
terization of the optimized pyrolytic CNP structures fabricated for CNP
electrodes: A) CNP1: highly dense, low aspect ratio nanopillars, B) CNP2:
Less dense, high aspect ratio nanopillars, and C) CNP3: highly dense, high
aspect ration nanopillars.

5.3 Electrochemical Characterization of CNP
Electrodes

The CNP electrodes were also characterized electrochemically using Fe(CN)6]3−/4− and
the dopamine in a similar way as CNG electrodes and compared to a 2D electrode as
the control.

Cyclic Voltammetry using Fe(CN)6]3−/4−: The electrochemical behavior of the
three types of CNP electrodes was first characterized using 10 mM Fe(CN)6]3−/4− redox
couple both before and after oxygen plasma treatment. It was noticeable that in the
absence of plasma treatment, the hydrophobic nature of both 2D and CNP electrodes
prevented the proper oxidation and reduction reactions, whereas after plasma treatment
the behavior was improved. The results are shown in Figure 5.6. The obtained results
showed an increase in ipa and ipc on CNP electrodes compared to a control of 2D electrode,
which could be attributed to an increase in the surface area of CNP electrodes. Although,
the difference in peak currents was not very significant between the three CNP electrodes,
the highest peak current was observed on CNP3 (approx. 250 µA) due to the highest
density and aspect ratio of the CNP MNTs.

Among the CNG electrodes, the highest oxidation peak current was obtained for the
CNG15 and CNG20 electrodes (approx. 390 µA), indicating that their surface area was
somewhat larger than that of CNP3 electrode.

Cyclic Voltammetry using Dopamine: DA electrochemistry of CNP electrodes was
characterized using 250 µM DA hydrochloride solution. The oxidation and reduction
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Figure 5.6: Electrochemical Characterization of CNP Electrodes using Hex-
acyanoferrate (II/III). CVs acquired in 10 mM Fe(CN)6]3−/4− for CNP
electrodes and a control 2D electrode (scan rate of 50 mV s−1): A) before,
and B) after surface plasma treatment.

Figure 5.7: Electrochemical Characterization of CNP Electrodes using
Dopamine. A) CVs acquired in 250 µM DA solution for CNP electrodes
and a control 2D electrode (at a scan rate of 50 mV s−1). B) The relation
of ipa and ipc vs. square root of scan rates for the CNP electrodes and a
control 2D electrode.
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peak currents of CNP electrodes were compared to those obtained for a 2D electrode.
The peak currents on all the three CNP electrodes were higher compared to a 2D elec-
trode, indicating that the surface areas of the CNP electrodes was larger. Due to largest
surface area, the CNP3 electrode generated the highest current among the CNP elec-
trodes. The CNP electrodes also showed an excellent electrochemical response through-
out a wider range of scan rates (i.e., 25 to 500 mV s−1). The recorded peak currents
were higher than those obtained for a 2D electrode and showed linearity with respect
to square root of scan rates, indicating that the pyrolytic carbon material was highly
conductive to sustain the increased scan rates. The results are presented in Figure 5.7.

If the ipa values of CNP electrodes are compared with those obtained for CNG elec-
trodes when using 250 µM DA, the highest oxidation peak current for CNP3 electrode
was approx. the same as the one obtained for the CNG5 electrode (approx. 14 µA) and
close to the oxidation peak current obtained for CNG15 and CNG20 electrodes (approx.
19 µA).
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CHAPTER 6
Ultra Micro Electrode Arrays

for Detection of Dopamine
Exocytosis

This chapter focuses on the development and application of an Ultra Micro Electrode
Array (UMEA) as a cell culture and detection platform that could enable the study of
intercommunication of individual neurons in a population of neurons. The idea was to
be able to culture and differentiate SCs into neural networks on top of the electrode
array in the platform. A single cell in the neural population can then be targeted
either by electrical stimulation or by light (if and when optogenetically modified SCs are
available), to study how the signal from the stimulated neuron propagates throughout the
population by measuring the release of neurotransmitters, in this case dopamine (DA)
exocytosis by electrochemical detection, at the different electrodes. For this purpose,
UMEAs with 54 individually addressable circular ultra microelectrodes (UMEs), of either
5 or 10 µm in diameter, were fabricated. The development of this UMEA platform
promises to overcome some of the limitations related to single cell studies by providing
benefits, such as a relatively larger area for DA release from single cell as compared to
carbon fiber microelectrodes, and the opportunity to administer 54 simultaneous DA
release activities [159].

This first UMEA platform was fabricated in Au, but a future goal is to implement
carbon MNTs of the types described in the previous chapters of my thesis. Due to the
Covid-19 lock down and significant delays in experimental work, the platform could only
be tested using PC-12 cells as proof of concept, but the goal was, and still is, to apply
this platform to human SC-derived neurons.

We have been three Ph.D. students collaborating to achieve the results described
in this chapter: M. Salman Khan (DTU Bioengineering) has designed, fabricated, and
performed electrochemical characterization of the UMEAs: Marco Giacometti (Polytech-
nical University of Milano, Italy) has developed the custom-made multi-potentiostat for
current recording from the 54 individually addressable UMEs of the UMEA. My own
contribution has been to prepare the UMEAs for cellular studies, design of the setup for
PC-12 cells culture, optimizing cell densities to be able to measure single cell activities,
and assisting in the electrochemical detection of DA from the cells.

The first part of this chapter gives a description of the UMEA fabrication process,
followed by electrochemical characterization of the UMEAs prior to performing cellular
exocytosis studies. The second part describes the preparation of UMEAs for cell experi-
ments, followed by cell culturing and real-time DA exocytosis detection from single cells
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in a PC-12 cell population using current mapping on 54 electrodes.

6.1 Ultra Micro Electrodes
UMEs contain at least one characteristic dimension below 20 µm [160]. The common
type of UMEs used in electrochemical studies include: disks, pulled-Pt wire, Au mi-
crobeads, spherical, and ring UMEs [161]. UMEs can be classified either as individually
addressable or integrated UMEs depending upon how they are connected. These UMEAs
can be fabricated using different microfabrication techniques such as photolithography,
electrodeposition in different geometries, e.g. planar, microdisk, microband, or inter-
digitated microelectrodes [162]. UMEs have been used for monitoring electrochemical
cellular activities such as measuring neurotransmitter release from the exocytosis process
[163–165].

Although some of the presented UME applications have addressed monitoring of
DA exocytosis, for instance, from a population of growing PC-12 cells, the studies have
been limited by the electrode dimensions that have been significantly larger than a
single cell (20 – 30 µm in diameter) and a small number of simultaneously addressable
measurement sites (maximally a up to 4 electrodes used simultaneously in an array of
16 electrodes). As a consequence of these limitations, the performed measurements have
not addressed single cells and only a small number of cells have been included in the
measurements [164, 166, 167]. Hence, much work is needed to perform simultaneous
recordings from individually addressable UMEs using arrays that comprise arrays of
more than 16 microelectrodes. For this purpose, the electrode chips with an array of 54
individually addressable UMEs were fabricated, as discussed in detail below.

6.2 Fabrication of UMEAs
Since the PC-12 cell diameter has been determined to be approx. 12 µm, the UMEAs
were designed in two configurations with either 5 µm, or 10 µm diameter electrodes. The
UMEA was fabricated using the process flow illustrated in Figure 6.1, which indicates the
following steps: maskless photolithography, etching of SiO2, thin-film metal deposition,
lift-off, and reactive ion etching, as described in more detail below.

To obtain transparent chips for optical microscopic imaging, the UMEAs were fabri-
cated on a 4-inch quartz wafers. Before lithography, the quartz wafers were pretreated
with Hexamethyldisilazane (HMDS) vapor to generate a hydrophobic surface that en-
hances photoresist adhesion. The substrate was then spin coated with a 1.5 µm thick
negative-tone AZ-nLOF 2020 photoresist followed by a UV-exposure with 500 mJcm−2

dose, using the maskless aligner (MLA-150) to pattern either 5 µm or 10 µm diameter
ultramicroelectrodes (UMEs), Figure 6.1A.

The patterned substrate was developed with AZ 726 MIF developer to remove
uncross-linked photoresist followed by introducing an undercut cavity of 220 nm, us-
ing a isotropic wet etching method called buffered hydrofluoric acid (BHF) at a rate of
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Figure 6.1: UMEA Fabrication Process Flow. Schematic representation of the
different fabrication steps: A) Maskless lithography on spin coated pho-
toresist, B) isotropic BHF etching of SiO2, C) Au deposition, D) lift-off
followed by spin-coating of a passivation layer, and E) photolithographic
opening of passivation layer, only exposing contact pads and sensing elec-
trode area of 5 or 10 µm diameter.

80 nm per min, Figure 6.1B. The reason for developing a cavity in the substrate was
to deposit Au metal engrave the Au electrodes inside the substrate for better electrode
stability during electrochemistry. The metal deposition process was carried out by de-
positing 20 nm Ti and 200 nm Au using e-beam evaporation (Figure 6.1C), followed by
lift-off process using an ultra sonic bath of remover 1165 to eliminate excessive metal
(Figure 6.1D). The patterned substrate was rinsed with isopropyl alcohol and distilled
water for 5 min to remove unwanted metal residues prior the passivation step.

The patterned wafer was again treated with HMDS, followed by an insulation of
the entire chip with a 500 nm passivation layer of diluted AZ-nLOF 2020 photoresist
except at the contact pads and the sensing areas, leaving open areas of 5 µm and 10
µm diameter electrodes, Figure 6.1D. The spin-coated resist was exposed again with
MLA-150 using a thorough and critical alignment process followed by developing the
resist, Figure 6.1E. The fabricated 5 µm and 10 µm UMEA chips were inspected using
an optical microscopy, as shown in Figure 6.2.

6.3 Electrochemical Characterization of UMEAs
The two UMEA chip designs were electrochemically characterized using a customized po-
tentiostat Figure 6.3A to investigate the functionality and sensitivity of the 54 electrodes
on each chip. For this purpose, UMEAs were characterized using first the Fe(CN)6]3−/4−

redox couple and then dopamine hydrochloride. The subsequent sections explain the de-
tails of these experiments.
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Figure 6.2: Fabricated Au UMEAs, each with 54 Electrodes. Optical mi-
croscopy images of the two UMEA designs: A) 5 µm diameter electrodes,
and B) 10 µm diameter electrodes, each with two highlighted electrode
sites (red-circles).

6.3.1 Electrochemical Setup
Customized Portable Multi-potentiostat: This multi-potentiostat was first de-
veloped in 2012 within an EU project called Excell, which was intended for cellular
electrochemical imaging with a UMEA having 54 individually addressable UMEs [168],
see Figure 6.3A. The final adaption and application of this potentiostat could not be
completed until now. The main reason for this was related to difficulties in etching
opening in the passivation layer to expose the electrode sensing-sites (i.e., 5 µm diame-
ter UMEs), which failed to be etched entirely. However, this issue has now been solved
in experimental iterations optimizing the passivation etching process primarily by re-
placing the passivation layer of Si3N4 with a 500 nm thick layer of diluted AZ-nLOF
2020 photoresist.

The portable multi-potentiostat contained 54 current amplifiers, which upon connec-
tion with the UMEAs supports detection of 54 simultaneous neurotransmitter release
profiles. The technical specifications include a 54 µs scanning interval for each channel
with 3 pA current resolution over a bandwidth of 5 KHz, resulting in detection of sin-
gle exocytotic events. The multi-potentiostat was connected with NI-6259 USB system
((National Instruments Corporation, USA) for electrochemical data acquisition.

Batch System for UMEAs: In order to perform electrochemical and cell culture
experiments in a controlled environment with minimal noise and artifacts, a customized
batch system with a size of 10 x 10 cm2 (i.e., chip holder) was fabricated in poly (methyl
methacrylate) (PMMA), using micromilling. The batch system consisted of a bottom
plate with an engraved cavity to hold the UMEA chip, and a top plate with a well of
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Figure 6.3: Electrochemical Setup for UMEAs. A) A portable multi-potentiostat,
B) a micromilled batch system, with C) an inserted UMEA chip.

800 µL fluid capacity, designed to connect the wires of the multi-potentiostat with the
contact pads of the UMEA chip. Figure 6.3 shows the multi-potentiostat (A) connected
to a batch system (B) having a UMEA chip inserted (C).

6.3.2 Cyclic Voltammetry
Before electrochemical characterization, the UMEAs were cleaned and pretreated in
various steps:

• The Au UMEA chips were treated with O2 plasma for 2 min.

• The Au UMEA chips were chemically treated using 25 % of H2O2 in solution with
50 mM KOH.

• Electrochemically cleaning of UMEA chips using a potential sweep from -200 to
-1200 mV in 50 mM KOH, at 100 mV s−1.

• The Au UMEA chips were finally chemically modified with 150 mM mercaptopro-
pionic acid in 96 % ethanol, previously reported to prevent DA polymerization on
Au electrodes and thus significantly affects the DA electrochemistry [169].

Using Fe(CN)6]3−/4−: The aim was to evaluate the electrochemical functionality of
each UME in the UMEAs, determining the UMEA chip to UMEA chip variability, and
to investigate the stability of the Au material prior to performing cellular experiments.
The UMEAs were first electrochemically characterized using 10 mM of Fe(CN)6]3−/4−.
Figure 6.4 shows well functioning behaviour of all 54 electrodes in both UMEA designs,
displaying typical sigmoidal CVs of UMEs. The 10 µm diameter electrodes showed
an approx. 4 times higher oxidation and reduction peak currents compared to 5 µm
diameter electrodes, confirming almost a 4-times higher electroactive surface area of the
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Figure 6.4: Electrochemical Characterization of UMEAs using Hexacyano-
ferrate (II/III). CVs of 10 mM Fe(CN)6]3−/4− solution acquired with 50
mV s−1 scan rate on: A) 5 µm, and B) 10 µm diameter electrodes.

10 µm diameter electrodes (78.8 µm2) compared to the 5 µm diameter electrodes (19.6
µm2).

The CVs of the UMEs in Figure 6.4, also indicates the electrode to electrode variabil-
ity in peak currents. This variation in peak currents can be due to the different locations
of the UMEs with respect to the counter electrode on UMEA chips.

Using Dopamine: The UMEAs were then tested for an electrochemical detection of
DA hydrochloride solution. A 150 µM DA solution was prepared using a phosphate
buffer that was continuously purged with nitrogen. The results for both UMEA designs
are shown in Figure 6.5, and demonstrate similar behavior as before with approx. 4 times
higher oxidation peak currents for 10 vs. 5 µm diameter UMEs. The overall response of
UMEAs displayed their excellent electrochemical properties related to material stability,
and capability to electrochemically oxidize DA.

6.4 Cellular Studies on UMEAs
The PC-12 cell line was chosen for cellular experiments, which is a neural model cell line
for studying DA exocytosis due to its large dense-core vesicles (LDCVs) containing cat-
echolamines [170]. Culturing PC-12 cells on the two UMEA designs was first optimized
in respect to the cell density. The idea was to cover each electrode in the array possibly
with not more than one PC-12 cell. This was then followed by detection of potassium
stimulated DA exocytosis from each of the 54 individual electrodes in the array. The
details of these experiments are provided in the subsequent sections below.
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Figure 6.5: Electrochemical Characterization of UMEAs using DA. CVs of 150
µM DA solution acquired with 50 mV s−1 scan rate on: A) 5 µm, and B)
10 µm diameter electrodes.

6.4.1 UMEAs Pretreatment
The UMEAs were prepared for cell culture experiments using initially the same pretreat-
ments as before electrochemical characterization and in addition to more pretreatments:

• The Au UMEA chips and batch systems were sterilized with UV for 30 min.

• The Au UMEA chips were coated with a 200x dilution of Geltrex for 30 min, which
was optimized in experimental iterations as described below.

6.4.2 Real-time Detection of Dopamine Exocytosis
Three parameters were optimized including, cell density, ECM concentration, and sam-
pling rate of the multi-potentiostat. Cellular experiments were started with cell densities
of: 30,000, 50,000, 100,000, and 500,000 cells/cm2. However, no currents were infact
measurable at any of these densities. The reason turned out to be due to: 1) 100x
diluted Geltrex coating, previously reported to decrease the efficiency of DA detection
by acting as a significant barrier between the neurotransmitter molecules released from
a cell membrane and Au electrode [171], as also seen with a decrease in peak currents
for higher concentrations of Geltrex in CV measurements shown in Figure 6.6A. 2) An
initial large sampling rate settings of multi-potentiostat (i.e, 100 ms) which was unsuit-
able for a single exocytosis event, as previously it was reported to be 200 µs for single
exocytosis [169]. These parameters were experimentally optimized by varying one pa-
rameter at time, and the optimized parameters include: 1) 1 M cells/cm2 density on
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Figure 6.6: Cellular Study on UMEAs. A) CVs of 10 mM Fe(CN)6]3−/4− acquired
with 50 mV s−1 scan rate on 10 µm diameter electrodes for 100x and 200x
dilutions of Geltrex. B) PC-12 cells cultured on 10 µm diameter UMEs.

Figure 6.7: Dopamine Exocytosis Detection on UMEAs. The real-time
dopamine detection from exocytosis of PC-12 cells on: A) 5 µm, and B) 10
µm diameter electrodes of UMEAs. The representative heat maps for DA
release profiles on: A) 5 µm, and B) 10 µm diameter electrodes of UMEAs.
The two grey squares represent the CE and RE electrodes..
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UMEAs (Figure 6.6B), 2) a 200x dilution of Geltrex, and 3) a 200 µs sampling rate of
multi-potentiostat.

The UMEAs were assembled in the batch system, and the multi-potentiostat was
connected with a data acquisition portable platform NI-6259 USB system with three
on-chip electrodes setup including 5 and 10 µm diameter individually addressable WE,
common on-chip CE, and on-chip RE. The 24 hours cultured PC-12 cells were rinsed
with a low K+ baseline buffer of 5 mM KCL, followed by cells depolarization with a
stimulation buffer with an elevated KCL concentration to reach a final concentration
of 150 mM in the final measurement solution. Figure 6.7A and C shows the response
of the 54 UMEs in each UMEA design, displayed DA release upon potassium-induced
depolarization of cells. The DA release profile of the 54 electrodes was also heat-mapped
using Origin software for the detected current amplitudes for both UMEA designs, Fig-
ure 6.7B and D. The current heat maps show that the the maximum detectable currents
on 5 and 10 µm diameter electrodes were approx. 300 pA and 700 pA, respectively.
The maximum and minimum current amplitudes are presented with dark red and white
colors, respectively.

6.4.3 Dopamine Release on 5 and 10 µm diameter UMEAs
The DA release from an exocytosis process of cells was compared for the two designs of
UMEAs in terms of their recorded currents. The 10 µm diameter electrodes (i.e., 78.8
µm2) was four times larger than the area of 5 µm diameter electrodes (i.e., 19.6 µm2).
The obtained average current from DA exocytosis detection on all 54 electrodes of the
two designs was approx. 315 ± 18.6 pA and 70 ± 4.2 pA for 10 µm and 5 µm diameter

Figure 6.8: Dopamine Release on 5 and 10 µm UMEAs. The comparison of
acquired amperometric currents from real-time dopamine exocytosis of PC-
12 cells on: A) 5 µm, and B) 10 µm diameter electrodes of UMEAs. Figure
adapted from Paper III.
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electrodes, respectively, with n = 3 experiments, as exemplified in Figure 6.8 for one
specific. This means that the exocytosis current for 10 µm diameter electrodes was 4.5
times larger than that of 5 µm electrodes. This can be explained by the fact that a larger
area of the cell resides on a 10 µm electrode and thus a larger fraction of the released
DA is detected.



CHAPTER 7
Conclusions and Outlook

7.1 Conclusions
The EU H2020 Marie-Skłodowska-Curie project “Training4CRM”, which has financed
my Ph.D. education, focuses on developing innovative stem cell based regenerative ther-
apies for neurodegenerative diseases. My doctoral thesis has been focused on develop-
ment of multifunctional micro and nanotopographies (MNTs) based on engineered py-
rolytic carbon for the purpose of guiding differentiation of human neural stem cells into
dopaminergic phenotype for potential future cell replacement therapy and bio-implants
for Parkinson’s disease. This is a multidisciplinary research project that takes advantage
of recent state-of-the-art advancements in micro and nanofabrication, CMEMS, mate-
rial science, and stem cell technology to devise new tools and methods for neuroscience
research.

My research was initiated by the development of high aspect ratio pyrolytic carbon
MNTs, so called carbon nanograss (CNG), using a simplified microfabrication and py-
rolysis protocol that allowed fast, precise and reproducible carbon structures. These
random CNGs were exploited for studying hNSCs adhesion, morphology, proliferation,
and differentiation and displayed a remarkable potential for guiding and enhancing the
differentiation of hNSCs into dopaminergic neurons (DAn). The substantia nigra pars
compacta (SNpc) specific DAn yield has previously not reached more than 20 % of the
entire cell population using biological factor-based protocols. However, my research us-
ing pyrolytic CNG has led to about 40 % DAn yield from the total cell population, and
approx. 80 % DAn yield from the total neuronal population. To the best of our knowl-
edge, this study on hNSC differentiation on Poly-L-lysine (PLL) coated and uncoated
CNG substrates provide consistent evidence of enhanced neurogenesis and DAn gener-
ation supporting adhesion, survival, and maturation, where the effect of the uncoated
CNG substrates is a peculiar outcome.

To address the influence of different extracellular matrices (ECMs) on the differen-
tiation of DAn and overall neurogenesis, we devised a study on the differentiation of
hNSCs using three different ECMs (PLL, Laminin-511, and Geltrex) on different sub-
strates, (TCP, FC, SU815 (the template for CNG15), and CNG15), as well as uncoated
substrates. Our results showed that the highest DAn yield with 40 % was obtained on
PLL coated CNG15 and the uncoated condition and that CNG substrates promoted
DAn generation more than any other surface. The primary outcomes showed that only
CNG15 could sustain cell adhesion in an absence of ECMs. Although, Laminin-511
and Geltrex enhanced the overall hNSCs proliferation during differentiation, they were
observed to suppress dopaminergic differentiation compared to PLL coated CNG sub-
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strate. Thus, PLL enhanced DAn generation on CNG15 more than other ECMs. These
experiments in terms of Carbon MNTs and ECMs are crucial to take into an account
for future studies.

Due to several benefits of carbon materials including conductivity, biocompatibility,
and good electrochemical properties, we exploited the multifunctionality of the CNGs
by optimizing their fabrication process and developing the electrode chips with MNTs
for the electrochemical detection of the DA. The developed CNG electrodes upon elec-
trochemical characterization showed excellent material properties with approx. twice
the sensitivity for oxidizing DA on the surface of electrodes compared to a 2D control
electrode, due to increase surface area of the CNGs.

Besides these random CNGs, periodic and spatially organized pyrolytic carbon nanopil-
lars (CNP) MNTs have been developed using a new maskless direct-write lithography
technique and pyrolysis process. The aim of generating CNP MNTs was to conduct the
hNSCs study similar to CNG, however, due to the COVID-19 outbreak, we had only
time to characterize the CNPs electrochemically. The CNP electrodes led to higher sen-
sitivity of DA detection compared to the 2D electrodes. However, the CNG electrode
sensitivity was significantly higher than the CNP electrodes probably due to their higher
surface area.

Lastly, an ultra microelectrode array (UMEA) in Au was developed to detect DA
release from exocytosis of single cells in a population of cells. The developed UMEAs
were designed with 54 individually addressable 10 and 5 µm diameter microelectrodes to
record 54 simultaneous elechrochemical activities. Due to the COVID-19 lock down and
significant delays in experimental work, the platform could only be tested using PC-12
cells as a proof of concept, but the goal was to apply this platform to human stem cell-
derived neurons. The maximum detected DA exocytosis current on a single electrode
of 10 and 5 µm diameter UMEAs was recorded as 700 pA and 300 pA, respectively.
However, the average current obtained on all 54 electrodes of 10 and 5 µm diameter
UMEAs was measured as 315 pA and 70 pA.

7.2 Outlook
Overall, the thesis has accomplished the objectives of the proposed research, although
the exocytosis measurements from cell on the MNT electrode chips were interrupted
by the COVID-19 outbreak and could not be finalized. More research is required to
study the strength of topography, material and their appropriate combination towards
stem cells differentiation particularly from cellular and molecular biology perspectives.
Moreover, this multidisciplinary research embarks on new avenues of their usage towards
a range of applications such as tissue engineering, molecular biology and mechanobiology.
The following section describes vital improvements and developments with some of the
intriguing applications.

The unique nanoengineered pyrolytic carbon based MNTs can be employed in a
variety of neuroscience applications. First of all, the developed carbon MNTs can be
employed as potential cell substrates for almost any type of neural stem cells (NSC),
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leading to the opportunities of differentiated SC culture research for investigation of
their impact both with cellular and molecular biology techniques such as whole genome
arrays. In a particular scope of the CNGs experiments, the significant differences for
hNSCs differentiated morphology were observed. As the ECM genes are mostly related
to ECM and cellular mechanobiology, we think that the ultimate qPCR study for ECM
genes may elaborate the influence of CNG MNTs towards SC fate. The broad scope of
this research can be expanded to compare random and periodic structures in biomaterials
other than carbon as well to examine different roles of differently shaped structures
on cells and their biology. In addition, carbon scaffolds can be applied to modulate
developments of tissues other than in neuroscience such as bone, lungs, skin, and heart
tissues.

Moreover, the developed carbon MNTs upon integration with neural bioimplants and
interfaces may potentially leverage: 1) sensing capability of neural implant devices, and
2) simultaneous regulation of cellular adhesion, growth, and differentiation. Addition-
ally, the multifunctionality of carbon structures (including biocompatibility and conduc-
tivity) can be utilized for several electrochemical applications such as chronoamperom-
etry for detecting DA release from exocytosis, and continuous measurement of cellular
bioimpedance during growth and differentiation. The research on neurotransmitters
release other than DA can also be studied through customized carbon nanoelectrodes.

Furthermore, the fabricated carbon MNTs can also be used for other applications
including: 1) energy harvesting and storage applications such as supercapacitors, 2)
biosensing applications such as glucose and microbial fuel cells, and 3) wearable and
bendable electronics such as wearable chemical sensors.
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Abstract  

 

Advancements in research on the interaction of human neural stem cells (hNSCs) with 

nanotopographies and biomaterials are enhancing the ability to influence cell migration, 

proliferation, gene expression, and tailored differentiation towards desired phenotypes. Here, 

we report the fabrication of pyrolytic carbon nanograss (CNG) nanotopographies and 

demonstrate that these can be employed as cell substrates boosting hNSCs differentiation into 

dopaminergic neurons (DAn), a long-time pursued goal in regenerative medicine based on cell 

replacement. In the near future, such structures could play a crucial role in the near future for 

stem-cell based cell replacement therapy (CRT) and bio-implants for Parkinson’s disease. The 

unique combination of randomly distributed nanograss topographies and biocompatible 

pyrolytic carbon material is optimized to provide suitable mechano-material cues for hNSCs 

adhesion, division, and DAn differentiation of midbrain hNSCs. The results show that in the 

presence of the biocoating poly-L-lysine (PLL), the CNG enhances hNSCs neurogenesis up to 

2.3 folds and DAn differentiation up to 3.5 folds. Moreover, for the first time, consistent 

evidence is provided, that CNGs without any PLL coating, are not only supporting cell survival 

but also lead to significantly enhanced neurogenesis and promote hNSCs to acquire 

dopaminergic phenotype compared to PLL coated topographies. 

 

1. Introduction 

 

Stem cells are undifferentiated cells with the properties of self-renewal and to develop into 

multiple specialized cells on demand, induced by certain environmental physical and biological 

cues and signals. To understand how to harness the stem cells potential for replacing damaged 

cells in the mammalian nervous system, and the mechanisms regulating their differentiation, 

data from in vitro tested culture conditions suggest that stem cells respond to environmental 
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cues including substrate composition, chemical surroundings, and physico-structural properties 

of the substrate. The latter include rigidity, topological features, and surface biochemistry.[1]  

Dopamine (DA), an organic chemical of the catecholamine and phenethylamine families, is a 

neurotransmitter in the nervous system, transmitting information between neurons through 

synapses and assisting to regulate several vital functions in the brain such as voluntary 

movements, emotions, rewards and learning responses, among others. Due to its high 

involvement in motor systems function, a wide range of research has elaborated its importance 

for clinical therapy of Parkinson’s disease (PD), a neurodegenerative disease in which the loss 

of DA-secreting neurons in Substantia Nigra pars compacta (SNpc), leads to appearance of 

motor symptoms, including tremor, rigidity, hypokinesia and globally impaired motor 

function.[2] Cell replacement therapy (CRT) using stem cells is one of the proposed future 

strategies for PD treatment, meant to restore DA deficiencies by transplanting cells that possess 

dopaminergic phenotype in the SNpc target areas (caudate and putamen of the striatum in the 

brain) of patients.[2,3] The interest to use stem cells in CRT for PD has led to several clinical 

trials during the past few years.[4–7]  However, fundamental research is needed to investigate 

the potential of stem cells to differentiate into DAn when using neural stem cells as an implant 

for PD.  

As of today, cell cultures are routinely established on commercial, two-dimensional (2D) flat 

tissue culture polystyrene (TCP) for proliferation and differentiation experiments.[8,9] However, 

recent studies with cells such as osteoblasts and fibroblasts suggest that low aspect ratio 

topographical surfaces are viable alternatives to commercial 2D cell substrates.[10–12] In 

particular, the emergence of micro and nanofabrication techniques has given rise to new types 

of 3D cell-culture platforms to study the effects of various topographical cues on cellular 

morphology, migration, adhesion, gene expression, proliferation, and differentiation.[13–16] 

Photolithography, nanoimprint lithography, and 3D micro-printing technologies are commonly 

used methods for creating micro and nano-topographies due to their low cost, precision for 
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periodic geometries, high reproducibility and control over structural dimensions on a scale from 

nanometer (nm) to micrometer (µm).[17] Biocompatible materials,[18,19] in a combination with 

physical parameters of 3D structures, such as shape,[20] feature height,[21,22] aspect ratio, 

effective stiffness,[23] and structural density,[21–24] play a vital role to build artificial tissues, 

organs, and implants,[19] for stem cell-based regenerative therapies. 

Besides periodic and well-defined structures, research studies on more random micro- and 

nanotopographies emphasize the importance of substrate roughness in accordance with neural 

cell attachment and viability. Due to its better in vivo resemblance, surface roughness, ranging 

from 0-64 nm is considered to have significant influence on neural cell attachment by affecting 

the contact area of the cell-membrane with the surface.[25,26] Furthermore, it has been observed 

that cells from substantia nigra can adhere and survive better on surfaces with roughness 

ranging from 20-50 nm.[27] 

Recent advancements and increased knowledge point towards carbon nanomaterials as being 

safe for biomedical applications. However, the biocompatibility of carbon nanomaterials is yet 

an open debate.[28,29] Conductive cell scaffolds are of great interest to study inherent neuronal 

electroactivities since these structures provide both structural support and electrical means for 

stimulating cell population or read-out of the response by electrochemical techniques.[30–39] 

Carbon nanomaterials such as graphene and carbon nanotubes (CNT) have been studied as 

substrates for facilitating growth, differentiation and electrical stimulation of neural stem cells, 

due to their biocompatibility and conductive nature of the material.[32] The fabrication of 

pyrolytic carbon scaffolds is achieved through pyrolysis, a process that encompasses the 

gradual heating and carbonization of polymer precursors at high temperatures in a controlled 

and inert environment. The pyrolysis process was pioneered in the 1970s,[40] and the fabrication 

of carbon-based micro [41–43] and nanostructures [42–44] has become increasingly popular due to 

the process simplicity, cost-effectiveness, and large-scale reproducibility. Pyrolytic carbon 
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materials have among others been used for applications in biosensors,[45] micro-batteries,[42] 

and as cell culture substrates.[46] 

In this work, we fabricated and characterized pyrolytic CNG structures and investigated the role 

of nanotopography and materials on the biology of hNSCs. Four different types of CNG were 

fabricated by a simple process consisting of photolithography, reactive ion etching and 

pyrolysis for carbonization. To determine the effects of CNG surfaces on the hNSCs biology, 

we have used a thoroughly characterized v-myc immortalized human fetal NSCs of ventral 

mesencephalic origin, characterized for its great potential generating SNpc subgroup A9 bona-

fide DA neurons.[8,47–52] Analysis of hNSCs differentiation was achieved by quantifying 

morphological parameters such as cell area, elongation, and circularity. Moreover, specific 

biomarkers were analyzed to investigate neurogenesis and DAn generation on CNGs as 

compared to on TCP control and flat carbon (FC) surfaces. Cell studies were conducted both in 

the presence and absence of a biocoating, in this case PLL, to evaluate the effect on cell 

adhesion and differentiation. The overall aim of the experimental study was to identify if 

pyrolytic CNG is a promising engineered nanomaterial to use as a future platform in CRT and 

implants for PD treatment. 

 

2. Results and Discussions 

 

2.1. Fabrication of Carbon Nanograss 

 

The overall aim was to fabricate cell substrates with CNG structures presenting i) variable 

interspaces as focal points for cell adhesion both on top of and in between the CNG, and ii) 

different nanograss heights in order to investigate their effects on cells in terms of adhesion, 

morphology, proliferation, and differentiation. The complete three-step process to fabricate 

CNGs is illustrated in Figure 1A-C. First, a 15 µm thick film of negative epoxy-based 
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photoresist SU-8 was prepared by one step of conventional photolithography without 

photomask (Figure 1A). We then obtained the polymer nanograss by etching the SU-8 layer 

using maskless reactive ion etching (RIE) in oxygen plasma (Figure 1B). It has been reported 

earlier that during this RIE process, the antimony originating from the SU-8 photo-initiator 

accumulates on the surface of the etched SU-8. There, it is acting as a local micromasking 

component during further etching which results in hairlike SU-8 structures.[43,53] Finally, the 

SU-8 nanograss precursor structures were converted into CNG by pyrolysis at 900°C  in an 

inert atmosphere (Figure 1C).  

A preliminary experimental study of RIE oxygen plasma (results not shown here) identified the 

etching time as the main parameter affecting the SU-8 surface in terms of penetration depth. 

The height of the nanograss increased with an increased etching time. Four different CNG 

heights were fabricated by varying the etching time in the oxygen plasma from 5 to 20 mins 

(CNG5, CNG10, CNG15, and CNG20) and the resulting nanostructures are shown as tilted-

view in Figure 1D-G.  

After maskless RIE with oxygen plasma, the SU-8 surface displayed nanograss clusters that 

were groups of several hairlike structures. Figure 1 shows that the clusters were maintained 

after pyrolysis. It can be observed that increased etch times led to larger interspaces between 

the resulting CNG clusters shown in top-view in Figure 1H-K. The longer etch times provided 

deeper etching of SU-8 and resulted in higher CNG clusters with heights ranging from 1.5 µm 

to 7.5 µm for CNG5 to CNG20, respectively (cross-sectional view; Figure 1L-O). These results 

also show that the remaining bottom layer of carbon below the grass was gradually reduced 

from CNG5 to CNG20 for longer etch times. The detailed dimensions of nanograss clusters in 

terms of height, interspace and bottom layer thickness are listed in Table1. It is important to 

note that shrinkage during the pyrolysis process resulted in structural heights below the 

thickness of the initial SU-8 film. 
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After the completed fabrication, the CNG substrates were highly hydrophobic due to the 

nanograss structures formed on the surface. This hydrophobic behavior of the substrate is a 

challenge for cell experimentation as it tends to obstruct surface wettability. Therefore, to 

ensure surface hydrophilicity for cell experiments, the CNG samples were treated with oxygen 

plasma prior to PLL coating. The water contact angle (WCA) was measured before and after 

plasma exposure and the recorded values are summarized in Table1 (images in Table S1 

(Supporting information)). The WCA values for samples after oxygen plasma treatment were 

below the limit of detection of the equipment used, showing superhydrophilicity for the CNG 

surfaces. The obtained data in Table 1 confirmed that substrates turned from hydrophobic to 

superhydrophilic after plasma treatment, which is expected to facilitate the interaction of media 

and cells with the CNG substrates. 

 

2.2. Adhesion and Viability of hNSCs 

 

Typically, substrates for cell and tissue cultures in biological and biomaterial interaction studies 

are coated with proteins to promote cell adhesion. In order to adhere, proliferate and 

differentiate on regular (flat) tissue culture polystyrene (TCP), hNSCs require adhesion factors 

such as PLL. However, to examine the ultimate role of structural nano/micro environment on 

basic cell biology, and to ascribe hypothesized differences in cell fate choices to topographical 

and material aspects, all surfaces in this study were examined both with and without PLL. 

Oxygen plasma treatment was performed on glass and pyrolytic carbon samples before starting 

cellular studies, but not on TCP as commercial TCP is already treated with plasma and surface 

modifications. hNSCs were seeded at a density of 50,000 cells/cm2 and the adhesion and 

viability of cells were assessed after 3 days of proliferation and 10 days of differentiation. 

Cell adhesion and growth was investigated for a flat pyrolytic carbon (FC) substrate and the 

four types of CNGs with (Figure 2C, E-H) and without PLL coating (Figure 2D, I-L) and the 
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results were compared with PLL coated TCP and glass controls (Figure 2A-B) using scanning 

electron microscopy (SEM).  

Cells under proliferating conditions were fixed on day 3 and the nuclei were labelled with DAPI 

dye and quantified. Nuclei quantification revealed that on the lower nanograsses e.g. CNG5, 

cells reached significantly higher density than cells seeded on the higher nanograsses e.g. 

CNG20 (Figure 2M). In comparison to the TCP and FC control, the cell numbers were 

significantly lower on all CNG surfaces. Furthermore, the cell density on FC was significantly 

lower than on TCP, which is probably because commercial tissue culture substrates are 

pretreated with a variety of negatively charged functional groups supporting cell attachment, 

spreading and growth. The cell numbers obtained on PLL coated glass surfaces were almost 

equivalent to PLL coated FC (Figure 2M), consistent with the fact that the glass and the carbon 

surfaces were all treated with oxygen plasma only. For the uncoated TCP and glass controls, 

no cell adhesion was observed (results not included in SEM data). In the case of the uncoated 

FC, hNSCs could only adhere in form of cell clumps for 2-3-days (Figure 2D), whereas cells 

adhered well and increased in density during proliferation on PLL coated FC (Figure 2C). The 

clustered cells on uncoated FC had spherical cell morphology, which confirmed that PLL 

coating is necessary for cell adhesion on all flat surfaces. Overall, the results indicate that the 

CNG substrates support hNSCs adhesion and growth both with PLL coating (Figure 2E-H), and 

surprisingly also without PLL coating (Figure 2I-L). 

It is remarkable that the cell numbers acquired on all four types of CNG were very similar with 

and without PLL coating. This demonstrates that cell adhesion and growth is independent of 

the biocoating on the CNG structures, probably due to structural support and focal adhesion 

points that are provided by the CNG topographies, which are absent on flat surfaces.  

Similarly, the hNSCs cell number on both PLL coated and uncoated substrates was examined 

after 10 days of differentiation (Figure 2N).  As explained above for the uncoated TCP, glass 

and FC, the cell count was zero because cell adhesion could not be sustained on the flat surfaces 
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long enough to allow differentiation. The DAPI count after 10 days of differentiation showed 

no difference in the cell number on the different CNG surfaces between PLL coated and 

uncoated surfaces. 

 

2.3. Morphological Analysis of Differentiated hNSCs 

 

The effect of topography the influence of PLL coated and uncoated substrates on morphology 

and adhesion of hNSCs during differentiation was examined using SEM analysis of cells on the 

CNG samples in comparison to cells seeded on TCP, glass, and FC, both in with and without 

PLL coating. hNSCs were cultured for 24 hours at a density of 50,000 cells/cm2 and the 

morphology of cells was assessed after 10 days of differentiation in differentiation medium 

(details in section 4). In order to provide quantitative data supporting morphological 

observations, physical dimensions of cells, in terms of shape were measured by calculating cell 

area, elongation, and circularity.  

For PLL coated surfaces, Figure 3 shows that the neural cell body of differentiated hNSCs 

presented increasingly spherical morphology as the CNG height increases from CNG5 to 

CNG20 (Figure 3E-H). The same observation was valid when comparing these CNG substrates 

with the PLL coated FC, TCP, and glass surfaces (Figure 3A-C). The morphological parameters, 

i.e., hNSC area, elongation, and circularity for all surfaces are shown in Figure 3M-O. The 

obtained data shows that the cell area (Figure 3M) is highest on flat PLL coated surfaces and 

then decreases with increasing CNG height (from CNG5 to CNG20). Thus, cells tend to spread 

more on the flat PLL coated surfaces as compared to the PLL coated CNGs, which confirms 

results reported for progenitor mouse neural stem cells.[54] Similarly, the cell elongation on PLL 

coated surfaces, characterized as the cell aspect ratio (Figure 3N), was highest for flat surfaces 

and then decreasing substantially with increasing CNG height. On the other hand, the cell-

circularity, which is the ratio of the area to the perimeter, increases for PLL coated surfaces 
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from TCP to FC and from FC to CNG20, confirming the spherical morphology of hNSCs 

(Figure 3O). 

For uncoated surfaces, the FC control (Figure 3D) shows no cell adherence since cells started 

detaching on day 2 of differentiation similar as for uncoated TCP and glass substrates (results 

not shown). The results demonstrate on the other hand that uncoated CNGs promote strong cell 

adhesion, which leads to a relatively flat cell morphology (Figure 3I-L) compared to PLL coated 

CNG (Figure 3E-H). Figure 3M indicates that the hNSCs cytoskeleton structure spread along 

several focal-planes on the uncoated CNGs, resulting in almost doubling of the cell-area as 

compared to PLL coated CNG. Figure 3N shows that uncoated CNGs display less cell 

elongation as compared to cells on PLL coated CNG. Finally, the cell circularity increases from 

CNG5 to CNG20 similar as for PLL coated topographies (Figure 3O). 

 

2.4. Material Influence on Neurogenesis and DAn generation 

 

To study the effect of pyrolytic carbon material on hNSCs differentiation, the cells were 

differentiated for 10 days on FC surfaces, and their phenotype was assessed by 

immunocytochemistry for TUBB3 (neuronal) and TH (DAn) markers. After 10 days of 

differentiation, the cell cultures exhibited highly differentiated phenotype with a high yield of 

DAn (Figure 4). The hNSCs differentiated very well on PLL coated FC, displaying normal 

neuronal morphology, and an increase of neurogenesis by 33% and DAn generation by 63% 

when compared to the PLL coated TCP control and glass control (Figure 4A-C). These results 

are consistent with previous results,[34] where it was observed that the pyrolytic carbon material 

plays an important role in DAn differentiation and seems to be better suited as cell-substrate 

than TCP. 

The experiment was further expanded to compare the carbon material with its flat precursor 

polymer SU-8 and to evaluate the effects of the SU-8 material on differentiation. The results 
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showed that on PLL coated flat SU-8 surfaces, cells adhered but less cells were able to 

differentiate into DAn (Figure S1C (Supporting information)). SU-8, an epoxy photoresist, has 

been demonstrated as a suitable material for biomedical applications, including usage as neural 

implants.[55,56] Its potential cytotoxicity is attributed to the epoxy monomers and antimony salt 

used as the photoinitiator.[55] However, treatment such as UV flood exposure combined with 

hard bake, O2 plasma, and protein coating has been demonstrated to enhance its 

biocompatibility.[56–58] Our results show that despite the above pre-treatments and a PLL 

coating on the SU-8, the hNSCs could only adhere and proliferate but not differentiate very 

well into DAn. Hence, the ultimate classification of SU-8 as a biocompatible material is highly 

dependent on the used cellular model and the monitored biological function. In the case of 

uncoated FC (Figure 4D), cells formed clumps instead of monolayers and detached on day 2 of 

differentiation. On uncoated TCP control, glass and SU-8 surfaces no cells were observed 

(Figure S1E-G (Supporting information)), which confirms that all flat substrates need a 

biocoating such as PLL, for hNSCs adhesion, growth, and differentiation. 

 

2.5. Topological Influence on Neurogenesis and DAn generation 

 

The influence of CNG topographies on neurogenesis and DAn differentiation was investigated 

by differentiating hNSCs on PLL coated and uncoated CNG5-20. The CNG topographies were 

compared with regular TCP and FC controls using SEM and ICC fluorescent imaging for TH, 

TUBB3, and DAPI. Fluorescence images and corresponding quantitative data in Figure 4 show 

the effect of CNGs on hNSCs maturation and fate. ICC images of PLL coated TCP control, 

glass, FC (Figure 4A-C), uncoated FC (Figure 4D), PLL coated CNG5-20 (Figure 4E-H) and 

uncoated CNG structures (Figure 4I-L), indicate that CNGs enhance both the 

differentiation/maturation of hNSCs into neurons, and more specifically into DAn, both with 

and without the presence of PLL. This is supported by quantification of the total number of 
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cells (DAPI stained nuclei), neurons (TUBB3), and DAn (stained for TH). Figure 4M-O shows 

the detailed quantitative results for PLL coated materials and topographies in terms of the 

percentage of neurons from the total cells represented as TUBB3 / DAPI, the percentage of 

DAn in the total cell population represented as TH+ Neurons / DAPI, and the percentage of 

DAn relative to the total number of neurons represented as TH+ neurons / TUBB3 (indicative 

of specific effects on DAn generation). A statistical significance analysis (a < 0.05) using one-

way ANOVA followed by Dunnett’s post-hoc test was performed to assess differences in the 

presence of TUBB3 and TH biomarkers for all types of topographies.  

In the case of neurogenesis on PLL coated surfaces (Figure 4M), it is clear that more cells 

mature into neurons on carbon compared to TCP and glass, and increasingly more for CNG 

substrates with higher nanostructures. The statistical analysis of the data in Figure 4M shows 

highly significant differences (****P < 0.0001) for FC and CNG compared to TCP, and CNG 

compared to FC. The analysis revealed that due to the CNG, neurogenesis increased 2.3 folds 

for the CNG15 compared to the TCP control (Table S2 (Supporting information)). Furthermore, 

a 1.7 folds increase in neurogenesis was observed on CNGs compared to the FC control (Table 

S3 (Supporting information)). Similarly, statistical analysis for DAn generation from the entire 

cell population on PLL coated surfaces (Figure 4N) was performed and a remarkable increase 

in DAn generation was observed on carbon surfaces compared to TCP, and increasingly more 

for higher CNG structures. The statistical significance analysis confirmed that due to CNG, 

dopaminergic neurogenesis in the total cell population increased to 40%, which is an of 3.5 

folds improvement in comparison to the TCP material control (Table S2 (Supporting 

information)) with highly significant differences (****P < 0.0001). Moreover, 2.1 folds 

increase of dopaminergic neurogenesis was seen on CNG when compared to the FC material 

control (Table S3 (Supporting information)), and this confirms the visual inspection of ICC 

images in Figure 4E-L discussed above. The total DAn yield of the neuronal population was 

quantified for PLL coated surfaces (Figure 4O), confirming a remarkable efficiency of CNG 
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substrates for dopaminergic differentiation close to 80% of the hNSCs differentiated into DAn, 

which is to our best knowledge has not been achieved before. 

Figure 4P-R represents the quantitative analysis of neurogenesis and DAn generation on the 

uncoated CNGs. Intriguingly, similar trends as for the PLL coated substrates were observed 

(Figure 4M-O). No cell attachment was observed on uncoated TCP, glass, or FC substrates 

(Figure S1E, F, H (Supporting information)). Thus, determining the relative increase for 

uncoated CNG topographies with respect to uncoated TCP, glass and FC material control was 

not applicable (Table S4 (Supporting information)). Uncoated and PLL coated CNGs were 

compared in terms of differences in yield of DAn. The statistical significance analysis (a < 

0.05) using two-way ANOVA; Fisher LSD post-hoc test, show 1.5 folds increase in 

neurogenesis and 1.2 folds increase in DA differentiation for uncoated versus PLL coated CNG 

with highly significant differences (****P < 0.0001) (Figure S2 and Table S5 (Supporting 

information)). 

For identifying the optimal CNG structure among the four investigated, two-way ANOVA 

followed by Fisher LSD post-hoc, statistical analysis was performed to compare significant 

differences for TUBB3 and TH separately with and without coating. It was observed that 

CNG15 showed highly significant difference (****P < 0.0001) compared to the other CNGs 

for DAn generation for both coated and uncoated conditions (Tables S6-7 (Supporting 

information)). However, for neurogenesis, CNG15 and CNG20 structures were equally good in 

comparison to CNG5 and CNG10 with highly significant differences of (****P < 0.0001) and 

(***P < 0.001), respectively (Tables S8-9 (Supporting information)). These results indicate that 

further increase of the etching time, beyond the investigated range probably will not result in 

additional benefit for DAn generation. 

Gene expression analysis by qPCR, RT-PCR and western blot (WB) was performed to verify 

the dopaminergic nature of the differentiated cells (Figure S3 and S4 (Supporting Information)). 

To determine if the TH+ population corresponds to the presence of dopaminergic neurons, we 
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carried out qPCR and end-point RT-PCR of GIRK2, which is particularly expressed in 

dopaminergic neurons of the SN and VTA, and dopamine beta-hydroxylase (DBH), which is 

specifically expressed in noradrenaline and adrenaline secreting neurons (Figure S3B and C for 

PLL coated surfaces (in the Supporting Information)). We did not find any statistically 

significant differences in GIRK2 between most of the hNSCs differentiated on the PLL coated 

surfaces. Moreover, none of the analyzed conditions showed that hNSCs expressed DBH 

(Figure S3C (in the Supporting Information)), thereby indicating that the TH+ neuronal 

population of the differentiated cell cultures corresponds to a dopaminergic neuronal phenotype. 

In order to understand the reason for the increased neurogenesis on the CNGs, we performed 

qPCR and western blot analysis of doublecortin (DCX) (i.e., an immature neuron marker) to 

make a clear comparison of the CNGs (Figure S3A and S4B). The qPCR analysis of DCX did 

not show any statistically significant differences for the PLL coated CNGs compared to PLL 

coated TCP control (Figure S3A). However, when protein analysis was conducted using 

western blot, the DCX protein content was significantly decreased for PLL coated CNGs 

compared to PLL coated TCP control (Figure S4B). The DCX western blot results, together 

with the ICC analysis performed supports the idea that CNG surfaces enhance a more mature 

DAn culture than TCP or FC surfaces. Surprisingly, no statistically significant decrease in DCX 

protein content was detected for uncoated CNG substrates in comparison to the PLL coated 

TCP control. Taking the inability of the uncoated TCP or FC surfaces to sustain hNSCs into 

account, we can conclude that uncoated CNGs entail a clear enhancement of hNSCs 

differentiation, even though they might need an extra differentiation time to mature as compared 

to PLL coated CNGs. Consistent with a more immature culture of differentiated hNSCs on 

uncoated CNGs, these cells also display a less elongated morphology (Figure 3N), as compared 

to PLL coated CNGs, which correlates with shorter neurites observed in immature neurons.[59,60] 

hNSCs were also differentiated on SU-8 nanograss structures (i.e., polymer nanograss precursor 

of the CNGs), serving as a nanograss structural control. The PLL coated SU-8 nanograss 
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facilitated cell adhesion, but it is clear from the ICC results that very few cells could 

differentiate in DAn (Figure S5A (Supporting information)), as compared to PLL coated CNG, 

FC and TCP control. Without any coating, SU-8 nanograss did not promote any cell adhesion 

(Figure S5B (Supporting information)). The lack of cell adhesion despite the presence of 

nanotopographies may be attributed to cytotoxic material properties such as surface-bound 

epoxy groups of SU-8. 

Interestingly, the above results show that uncoated CNGs perform better than PLL coated 

structures, achieving significantly enhanced neurogenesis and DAn generation (Figure 4P-Q 

and Figure S2 (Supporting Information)). 

 

3. Conclusion 

 

We have shown that high aspect ratio pyrolytic carbon nanograss (CNG) structures can be 

fabricated with a simple fabrication process. The pyrolytic CNGs clearly enhances neurogenesis 

in the overall hNSCs population, leading to a more mature neuronal network. It also 

demonstrates striking suitability for guiding hNSCs towards increased dopaminergic phenotype. 

To our knowledge, this is the first time an in-depth study shows quantitative data demonstrating 

that the appropriate combination of carbon material with nanotopographies leads to enhanced 

neurogenesis, and particularly DAn differentiation, which could be of help in future PD grafts. 

Following previous studies on carbon substrates, these results show the potential of pyrolytic 

CNG structures for enhancing neurogenesis and dopaminergic differentiation, displaying their 

ability for adhesion, division and differentiation of hNSCs when used with PLL coating, but 

more importantly when used without any biocoating. This study particularly provides solid data 

indicating that the biocoating can favorably be eliminated when using CNG substrates for 

neuronal in vitro and in vivo stem cell studies. Moreover, development of these conductive 

pyrolytic CNG nanostructures with their multifunctional nature i.e. conductivity, 
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biocompatibility, and structural support provide new possibilities for programming 

dopaminergic differentiation and neuronal regeneration for CRT and bio-implants for PD in the 

future. Moreover, we show that TH+ cells in our culture are DAn and that the higher amount of 

TH protein on the CNGs suggest a higher production of dopamine neurotransmitter. 

As a final remark, biological factors-based protocols have never yielded DAn generation rate 

from midbrain hNSCs of above 20% of the total cell population. Our present data on pyrolytic 

CNG nanotopographies show that it enhances DAn generation to close to 40% of the total cell 

population, and close to 80% of the neuronal population, a remarkable yield, which has not 

been achieved previously. 

 

4. Experimental Section 

 

Carbon nanograss (CNG) fabrication  

We fabricated the CNG substrates based on a conventional UV photolithography process 

followed by maskless reactive ion etching (RIE) and pyrolysis. Initially, the insulation layer of 

a 600 nm SiO2 was deposited on a 4-inch Si wafer using low-pressure chemical vapor 

deposition (LPCVD). Approximately 5ml of negative-tone based epoxy photoresist SU-8 (SU-

8 2035, MicroChem, USA) was dispensed and spin-coated with an RCD8 T spinner (Süss 

Micro-Tec, Germany) to deposit a uniform layer of 15 µm, followed by 30 minutes of soft bake 

at 50°C on a hotplate. Then UV light exposure was performed with an energy dose of 2x250 

mJ/cm2 with a MA6/BA6 aligner (MA6-001320, Süss Micro-Tec, Germany) using flood 

exposure followed by 2-hours of post-exposure bake at 50°C on a hotplate.  Lastly, a hard bake 

process including UV flood exposure of 2x250 mJ/cm2 followed by a long bake for 15-hours at 

90°C was performed to fully cure any uncured photo initiators left. 
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The crosslinked layer of SU-8 was maskless etched using an Advanced Silicon Etcher (ASE, 

STS MESC Multiplex. ICP serial no. 30343) having a plasma generating coil of the power of 

2000W, platen-power of 30W, process pressure of 20 mTorr and using only oxygen gas for four 

different process etch-time durations (5, 10, 15 and 20 minutes) to achieve four different heights 

of SU-8 nanograss structures. 

The polymeric nanograss precursor structures were pyrolyzed at 900°C in an inert nitrogen 

atmosphere in a PEO604 multipurpose annealing furnace from ATV Technologies GmbH 

(Vaterstetten, Germany). The pyrolysis protocol included four steps: (i) temperature ramping 

from room temperature (RT) to 200°C for oxygen residual removal, (ii) temperature ramping 

from 200°C to 900°C with a rate of 2°C/minute, (iii) 1-hour dwelling time at 900°C for 

carbonization of the polymer and (iv) ramping down temperature to RT at a rate of 2°C/minute. 

 

Dimensional analysis of CNG structures 

Scanning electron microscopy (SEM) on cross-sectional samples obtained by laser dicing from 

the backside of the wafer was used to examine the height of the nanograss structures. For 

interspace measurements, top-view SEM images were analyzed to determine the distance 

between the bright spots that represent the nanograss clusters. The results are presented as 

average height and interspace with ± standard deviation for n=15, assessed using Fiji image 

analysis software by NIH. 

 

O2 plasma treatment  

Carbon structures and glass samples were treated with oxygen plasma (TEPLA-600 Plasma 

Asher, Semi-Auto RF Plasma System) to modify the surfaces from purely hydrophobic to 

hydrophilic. Initially, the chamber was pumped out entirely to maintain a vacuum. Then oxygen 
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was supplied and plasma was generated at 50W of power for 1 minute. Samples were used for 

cell-culture experiments immediately after plasma treatment.  

 

Water contact angle (WCA) measurements 

The WCA of all samples including FC and all four heights of CNG were analyzed before and 

after oxygen plasma treatment. OCA-20 with a software package (DataPhysics Instruments 

GmbH, Germany) was used to measure WCA and results are presented as average with ±  

standard deviation for n=4.  

 

Preparation of surfaces for cell-based experiments 

After oxygen plasma treatment the carbon and glass surfaces were sterilized by rinsing with 

96% ethanol three times and then completely dried. One set of all carbon and glass substrates 

was then coated with 20µg/ml poly-L-lysine (PLL, 1g/mL; Sigma, St Louis, MO, USA) in PBS 

and the TCP control with 10µg/ml PLL in PBS for 4 hours prior to cell seeding. Another set of 

all substrates used for cell culture experiments directly without any bio-coating, was treated 

similarly except for the PLL coating step. All samples (controls, glass and carbon surfaces) 

were prepared in parallel for all experimental conditions i.e., scanning electron microscopy and 

immuno-cytochemistry. 

 

Cell culture and differentiation.  

The cell experiments in the present study were conducted with hVM1-Bcl-XL cells. These 

human neural stem cells (hNSCs) are derived from ventral mesencephalic tissue of a 10-weeks 

old aborted human fetus. The cells were immortalized with v-myc, subsequently modified to 

enhance Bcl-XL expression levels to preserve their neurogenic capacity.[8,47,48] A hNSCs study 

on all topographies was conducted at two sets of conditions; 1) Three independent experiments 

with PLL coated topographies for proliferation (3 days) and differentiation (10 days), and 2) 
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three independent experiments of topographies without PLL coating for proliferation and 

differentiation. Cells were seeded with the same cell density i.e., 50,000 cells/cm2 for all 

substrates in both coated and uncoated conditions. For cell culture, hVM1 cells were first 

thawed and cultured for 3 passages on TCP. hNSCs were then seeded on all experimental 

substrates including CNG topographies and flat surfaces, and were supplied with 6 mL of basic 

medium containing DMEM/F12 + GlutaMAX (Gibco), and additionally added 6 g/L glucose 

(Sigma Aldrich), 5mM HEPES (Thermofisher Scientific) and 0.5% m/m AlbuMAX 

(Thermofisher Scientific). This basic medium was then supplemented with 100x diluted N-2 

supplement (Gibco), Non-essential amino acids (NEAA, Thermofisher Scientific), 

penicillin/streptomycin mix (R&D systems) and growth factors; 20 ng/mL recombinant human 

epidermal growth factor (EGF, R&D Systems, Minneapolis, MN, USA) and 20 ng/mL 

recombinant human basic fibroblast growth factor (bFGF, R&D Systems). For the 

differentiation of hVM1 cells, growth medium was replaced with differentiation medium. The 

differentiation medium contained the same components as growth medium besides EGF and 

bFGF, which were replaced by differentiation factors; 2ng/mL glial cell-line derived 

neurotrophic factor (GDNF, PeproTech) and 100µM dibutyryl-cyclic adenosine 

monophosphate (dbcAMP, Sigma Aldrich) factor. The differentiation protocol started with 24h 

of cell culture with growth medium and after 24h, growth medium was replaced with a fresh 

differentiation medium. The differentiation medium was then replaced with a 2/3 fresh 

differentiation medium every other day. The differentiation was carried out for 10 days and 

cultures were then analyzed with ICC and SEM. 

 

Scanning electron microscopy of hNSCs on carbon nanograss 

Carbon structures and cells growing/differentiating on different substrates were imaged with a 

Carl Zeiss Auriga microscope. 3D-views of the CNG structures were captured at a tilting angle 

of 30°. Cells were fixed in 2% of glutaraldehyde diluted in phosphate buffer saline (PBS) 
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solution for 1-hour and were rinsed once with phosphate buffer (PB) for 15 mins and twice with 

PBS followed by one-time water rinsing for 15 mins. Samples were then dehydrated with a 

sequence of ethanol-water solutions ranging from 10% to 100% of ethanol.  

 

Immunocytochemistry (ICC) 

The differentiated hNSCs were immunostained for b-III-tubulin (represented as TUBB3: a 

biomarker that identifies neuronal cytoskeleton proteins), Tyrosine Hydroxylase (represented 

as TH; the rate-limiting enzyme of catecholamine biosynthesis, identifying DAn) and the cell 

nuclei (represented by DAPI, a DNA intercalating probe).  

Cells were fixed for 20 mins with 4% paraformaldehyde in PBS solution (ICC buffer, 

Thermofisher Scientific) 3-days after plating in case of growing cell cultures, and 10-days in 

case of differentiating cell cultures. Samples were then rinsed thrice for 15 minutes with PBS 

and blocked for 2-hours in 5% goat (Gibco) and 5% horse serum (Gibco) with 0.5% Triton (X-

100, Merck) in PBS to permeabilize cell membranes and block unspecific binding of antibodies. 

This was followed by overnight incubation at 4°C with primary antibodies: rabbit polyclonal 

antibody against Tyrosine Hydroxylase, TH (1:500; Pel-Freez #P40101-0) and mouse 

monoclonal antibody against b-III-tubulin, TUBB3 (1:500; Sigma #T8660). Next day, samples 

were rinsed thrice with 0.5% Triton in PBS solution followed by 2-hours incubation with 

secondary antibodies: (i) anti-rabbit Alexa-647 (1:500; Life Tech #A21245), (ii) anti-mouse 

Alexa-546 (1:500; Life Tech #A11030) and DAPI (1:1000; Thermofisher Scientific #D1306) 

at room temperature. The choice of fluorochromes was made to avoid interference with the 

endogenous GFP expression in the hVM1-BclXL cells.[48] Finally, the samples were rinsed with 

0.5% Triton in PBS, 0.3% Triton in PBS and last with PBS, mounted with Mowiol antifading 

reagent, and dried for 24 hours prior to fluorescence microscopy.  
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Image and data analysis of cell-cultures and differentiation 

Microphotography of immuno-stained cultures and differentiation samples on all substrates was 

carried out on an upright fluorescent microscope (Zeiss: Axiovert200 inverted microscope in-

vivo system coupled to a monochrome sCMOS camera) with 20x objective (20x /0.5: Plan-

Neofluar. Field clear (H) and Nomarski (DIC II) using Metamorph software. Image analyses 

were performed using Fiji NIH image analysis software. Statistical tests were run using 

GraphPad Prism statistics software, with results shown as the mean ± standard error of the mean 

(S.E.M) of data with n=3 for three independent experiments. 

 

Quantification of cell morphology 

Five independent trials with three replicates each were assessed using Fiji image analysis 

software for individual cell morphology of hNSCs that were seeded and differentiated for ten 

days. FC substrates were used as the control for this analysis. Three different morphological 

parameters were taken into consideration for quantification of cell morphology: (i) area, (ii) 

elongation and (iii) circularity. Elongation and circularity were measured as [aspect ratio: i.e., 

(major axis /minor axis)] and [4π (area / (perimeter)2)] respectively, calculated by Fiji.[54] 

 

RNA extraction and expression analysis 

Total RNA extraction was carried out with Direct-zol RNA MiniPrep Plus kit (ZYMO 

Research) following manufacturer’s instructions. RT reactions were performed using Super 

Script IV VILO Master Mix (ThermoFisher-Invitrogen). SsoFast™ EvaGreen® Supermix, 

(Bio-Rad) reagent was used for qPCR expression profiling, carried out in a CFX384 Real Time 

System C1000 Thermal Cycler (Bio-Rad), in hard-Shell® 384-Well PCR Plates White Well 

Clear shell (Bio-Rad). ValidPrime® assay was performed to control the presence of genomic 

DNA background signal during qPCR expression profiling (Figure S1A-C (Supporting 

Information)). Relative quantification was performed using the 2-ddCq method (Figure S1D 
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(Supporting Information)), using as reference gene HPRT and as calibrator TCP sample. 

Statistical analysis was carried out with GraphPad Prism statistical software (n=3 biological 

replicates). The same cDNA samples used for qPCR profiling were analyzed by endpoint RT-

PCR. PCR was carried out using Platinum™ Taq DNA Polymerase (Invitrogen) in a 2720 

Thermal Cycler (Applied Biosystems).  

 

Western blot analysis 

Denatured total protein extract from the different samples was loaded on Any KD precast 

polyacrylamide gel (Bio-Rad) and transferred to nitrocellulose membranes using Trans-Blot 

Turbo Mini Nitrocellulose ready-to-use transfer Packs (Bio-Rad). Blots were incubated 

overnight at 4°C with primary antibodies dilution, for 2 hours at room temperature with HRP-

conjugated secondary antibodies (1:2000), (Figure S2 (Supporting Information)). Detection 

was carried out using ECL™ Western Blotting Reagents (GE Life Sciences) and signal 

detection and acquisition was carried out in an Amersham Imager 680 blot gel imager [AI680] 

(GE Life Sciences). The primary antibodies used are as follows: 1) Rabbit Anti-Tyrosine 

Hydroxylase Antibody (TH), 1:1000 (Pel-Freez #P40101-0), 2) Rabbit Anti- Glial Fibrillary 

Acidic Protein (GFAP), 1:2000 (Dako #Z0334), 3) Goat Anti-Doublecortin antibody (C-18) 

(DCX), 1:1000 (Santa Cruz #sc-8066), 4) Mouse monoclonal Anti-β-Actin antibody (ACTB), 

1:1000 (Sigma #A5441). For western blot quantitation, data from bands and their background 

acquisition was performed using ImageJ software. Blots were normalized to the loading control, 

and final results were calculating using TCP as control sample. Statistical t-test analysis was 

carried out with GraphPad Prism statistical software (n=3 biological replicates). 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author.  
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Figure 1. Schematic view of fabrication process of carbon nanograss (CNG) structures using 
three main steps; A) one step UV photolithography, B) etching polymerized resist layer by 
reactive ion etching to obtain SU-8 nanograss, C) pyrolyzing the polymer grass patterns into 
their respective CNG patterns by pyrolysis. Scanning electron microscopy images of all four 
designs of fabricated CNG structures with 5, 10, 15 and 20 mins etch time from left to right 
(CNG5, CNG10, CNG15, and CNG20), (D-G) tilted view, (H-K) top view, and (L-O) cross-
sectional view. Scale bars 5 µm. 
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Table 1. Physical characteristics of flat carbon (FC) and CNG structures. Data are shown as the 
mean with ± standard deviation n=15 for height, interspace, and bottom bulk layer thickness 
and n=4 for water contact angle (WCA) measurements.  
 

Topographies CNG Height 

 

[µm] 

CNG Cluster 

Interspace 

[µm] 

Bulk Carbon 

Thickness 

[µm] 

WCA before 

plasma 

[°] 

WCA after 

plasma 

[°] 

FC N. A N. A 2 ± 0.03 74.5 ± 0.5 NDa) 

CNG5 1.5 ± 0.06 0.7 ± 0.14 1.5 ± 0.01 117.0 ± 0.9 ND 

CNG10 3.5 ± 0.06 1.2 ± 0.10 0.9 ± 0.01 124.5 ± 0.6 ND 

CNG15 5.5 ± 0.17 1.5 ± 0.13 0.6 ± 0.01 125.6 ± 0.8 ND 

CNG20 7.5 ± 0.13 2.0 ± 0.10 0.1 ± 0.15 129.9 ± 0.5 ND 

a) ND: Not detectable 
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Figure 2. Representative SEMs of hNSCs cultured for 3 days in presence of growth factors 
(GFs) on: A) PLL coated TCP (the control), B) PLL coated glass (control), C) PLL coated FC, 
D) uncoated FC, E-H) PLL coated CNG5-20 (representing 5, 10, 15, and 20 min etching time), 
and, I-L) Uncoated CNG5-20. Scale bars 50 µm. Comparative analysis of hNSCs viability on 
all topographies with and without PLL coating for hNSCs; M) growth after 3 days and N) 
differentiation after 10 days, showing total cells counts obtained from DAPI stained nuclei. The 
statistical significances (****P < 0.0001, ***P < 0.001) after performing two-way ANOVA; 
Fisher LSD post-hoc test, indicate significant differences between coated and uncoated 
substrates, while (ns) represents no significance in total cell counts. Error bars show standard 
error of the mean, n = 3 independent biological experiments. 
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Figure 3. Representative SEM microphotographs of hNSCs differentiated for 10 days in 
presence of differentiation factors (DFs) on: A) PLL coated TCP (the control), B) PLL coated 
glass, C) PLL coated FC, D) Uncoated FC showing no cell attachment, E-H) PLL coated 
CNG5-20 representing 5,10,15, and 20 mins etch time, and I-L) Uncoated CNG5-20 
representing 5,10,15, and 20 mins etch time, from left to right respectively. Scale bars 10 µm. 
Quantified comparative analysis of cellular morphological parameters in terms of M) cell area, 
N) cell elongation and O) cell circularity. The statistical significances (****P < 0.0001, ***P 
< 0.001, **P < 0.01 and *P < 0.05) after performing one-way ANOVA; Dunnett’s multiple 
comparisons test, indicate significant difference for both with and without PLL coated CNGs 
compared to PLL coated and uncoated FC controls respectively. Error bars represent standard 
error of the mean, n = 3 independent biological experiments. 
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Figure 4. Immunocytochemistry (ICC) characterization of hNSCs differentiated for 10 days in 
presence of differentiation factors (DF) on A) PLL coated TCP, B) PLL coated glass, C) PLL 
coated FC, D) Uncoated FC, E-H) PLL coated CNG5-20 representing 5,10,15, and 20 mins 
etch time, and, I-L) Uncoated CNG5-20 (representing 5,10,15, and 20 mins etch time). 
Different colors represent TUBB3 (neurons), TH (DAn), and DAPI (nuclei). Scale bars 100 
µm. Enhanced generation of neurons (M and P), DAn from the overall cell population (N and 
Q), and DAn from the overall neuronal population (O and R) after 10 days of hNSCs 
differentiation, measured by quantification of cells in immunostained images. The upper row 
represents results from PLL coated topographies (M-O), and the bottom row shows results for 
uncoated topographies (P-R). The statistical significance (****P < 0.0001 and ***P < 0.001) 
after performing one-way ANOVA followed by Dunnett’s multiple comparisons test, indicates 
significant differences for FC and CNG compared to TCP control, and CNG compared to FC. 
Error bars represent standard error of mean, n = 3. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

33 
 

The table of contents Caption 
The cover art shows the concept of the work presented in the paper that pyrolytic carbon 
nanograss (CNG) enhances hNSCs neurogenesis up to 2.3 folds and DAn differentiation up to 
3.5 folds as compared to the tissue culture plastic control. 
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Table S1. Water contact angles measurements before and after oxygen plasma on flat carbon 
(FC) carbon nanograss (CNGs). 
 
 

Topography WCA Before Plasma Treatment WCA After Plasma Treatment 
FC 

  
CNG5 

  
CNG10 

  
CNG15 
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CNG20 

  
 
 
 
 
 
 

 
Figure S1. ICC characterization of hNSCs differentiation (10 days) for neurogenesis and DAn 
generation for PLL coated flat surfaces (A-D), and uncoated flat surfaces (E-H). Results show 
that hNSCs do not adhere to flat substrates in absence of PLL, while hNSCs adhesion, viability 
and maturation on flat PLL coated substrates support hNSCs differentiation. Moreover, PLL 
coated FC clearly shows more DAn generation in comparison to PLL coated TCP control. Scale 
bars 100 µm. TUBB3 (neurons), TH (DAn), and DAPI (nuclei).  
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Table S2. Fold increase in neurogenesis (TUBB3), DA neurogenesis from entire population 
(TH+ /DAPI) and DA neurogenesis from entire neuronal population (TH+ /TUBB3) on PLL-
coated CNG topographies w.r.t PLL-coated TCP control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S3. Fold increase in neurogenesis (TUBB3), DA neurogenesis from entire population 
(TH+ /DAPI) and DA neurogenesis from entire neuronal population (TH+ /TUBB3) on PLL-
coated CNG topographies w.r.t PLL-coated FC control. 
 

 

 
 
 
 
 
 
 
 
 
Table S4. Shows fold increase in neurogenesis: TUBB3, dopaminergic differentiation from 
entire cell population TH+/Dapi, and dopaminergic neurons from neuronal population 
TH+/TUBB3. 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
PLL-coated 

Topographies 
 

 
TUBB3 

Increase 
[Folds] 

 

 
TH+/DAPI 
Increase 
[Folds] 

 

 
TH+/TUBB3 

Increase 
[Folds] 

 
TCP  - - - 
Glass 1.1 1.1 1.1 
FC 1.3 1.6 1.2 
CNG5 1.8 2.8 1.6 
CNG10 2.0 3.2 1.5 
CNG15 2.3 3.5 1.6 
CNG20 2.2 3.4 1.6 

 
PLL- coated 

Topographies 
 

 
TUBB3 

Increase 
[Folds] 

 

 
TH+/DAPI 
Increase 
[Folds] 

 

 
TH+/TUBB3 

Increase 
[Folds] 

 
FC - - - 
CNG5 1.3 1.7 1.3 
CNG10 1.5 1.9 1.3 
CNG15 1.7 2.1 1.3 
CNG20 1.6 2.1 1.3 

 
Uncoated 

Topographies 
 

 
TUBB3 

Increase 
[Folds] 

 

 
TH+/Dapi 
Increase 
[Folds] 

 

 
TH+/TUBB3 

Increase 
[Folds] 

 
TCP No cell adhesion No cell adhesion No cell adhesion 
Glass No cell adhesion No cell adhesion No cell adhesion 

FC No cell adhesion No cell adhesion No cell adhesion 
CNG5 N. A N. A N. A 
CNG10 N. A N. A N. A 
CNG15 N. A N. A N. A 
CNG20 N. A N. A N. A 
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Figure S2. Enhanced generation of neurons (A), DAn from overall cell population (B), and 
DAn from overall neuronal population (C) on uncoated CNG compared to PLL coated CNG 
after 10-days hNSCs differentiation show potential of uncoated CNG on hNSCs fate, measured 
by comparison of uncoated and uncoated substrates with quantification of cell-percentage in 
immunostained images. The statistical significance (****P < 0.0001, and **P < 0.01) after 
performing two-way ANOVA; Fisher LSD post-hoc test, indicates significant differences 
between coated and uncoated substrates. Error bars represent standard error of mean, n = 3. 
 
 
Table S5. Shows fold increase in neurogenesis: TUBB3, DA differentiation from entire cell 
population TH+/Dapi, and DA neurons from neuronal population TH+/TUBB3. 
 

 
 

 
 
Figure S3. qPCR analysis of: A) immature (DCX) and B) DA (GIRK2) neurons with hNSCs 
differentiated for 10 days on different PLL coated surfaces (n=3 biological replicates). C) 
Representative results for RT-PCR analysis of specific genes for DAn (GIRK2) and Non-

 
Topographies 
 

 
Coated Vs Uncoated 

TUBB3 
Increase 
[Folds] 

 

 
Coated Vs Uncoated 

TH+/Dapi 
Increase 
[Folds] 

 

 
Coated Vs Uncoated 

TH+/TUBB3 
Increase 
[Folds] 

 
TCP N. A N. A N. A 
Glass N. A N. A N. A 

FC N. A N. A N. A 
CNG5 1.5 1.2 0.8 
CNG10 1.3 1.1 0.9 
CNG15 1.3 1.2 0.9 
CNG20 1.3 1.2 0.9 
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Adrenergic (NAn) (DBH) neurons resulting from 10 days of differentiation of hNSCs on PLL 
coated CNG surfaces with TCP as a surface control (n=3 biological replicates). The SH-SY5Y 
cell line was used as control for the expression of DBH gene. 
 

 
Figure S4. Representative results for western blot (WB) analysis of: A) DAn (TH), and B) 
immature neuron (DCX) markers, with PLL coating (left columns) and without coating (right 
columns), as a result of 10-days of hNSC differentiation on FC and CNG surfaces with TCP as 
a surface control (n=3 biological replicates). The ACTB gene was used as loading control. 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure S5. Characterization of hNSCs on SU8 nanograss after 10 days of differentiation 
followed by immunostaining (TUBB3, TH, and DAPI) and fluorescent imaging for 
neurogenesis and DAn generation is shown in A) PLL coated SU8 nanograss with 15 mins etch 
time (SU8 NG15-PLL), and B) uncoated SU8 nanograss with 15 mins etch time structures (SU8 
NG15). Results show that hNSCs do not adhere to SU8 nanograss structures in the absence of 
PLL (Figure B), while in case of a PLL coating, the hNSCs can adhere, grow and differentiate 
into neurons (Figure A). Due to the potential toxic nature of SU8 material, they cannot generate 
similar amounts of DAn as on the CNGs and flat substrates. Scale bars 100 µm.  
 
 
 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

40 
 

 
Table S6. Statistical significance analyses among PLL coated CNG for DAn:  TH+ Neurons / 
Dapi. 
 

 
 
Table S7. Statistical significance analyses among uncoated CNG for DAn: TH+ Neurons / Dapi. 
 

 
 
Table S8. Statistical significance analyses among PLL coated CNG for neurons: TUBB3. 
 

 
 
Table S9. Statistical significance analyses among uncoated CNG for neurons: TUBB3. 
 

 

Topographies Mean Diff 95% CI of Diff Significant? Summary P-Value 

CNG5 vs. CNG10  -4.583 -6.244 to -2.923 Yes **** <0.0001 

CNG5 vs. CNG15  -8.417 -10.08 to -6.756 Yes **** <0.0001 

CNG5 vs. CNG20  -6.5 -8.16 to -4.84 Yes **** <0.0001 

CNG10 vs. CNG15  -3.833 -5.494 to -2.173 Yes *** 0.0002 

CNG10 vs. CNG20  -1.917 -3.577 to -0.2564 Yes * 0.0267 

CNG15 vs. CNG20  1.917 0.2564 to 3.577 Yes * 0.0267 

Topographies Mean Diff 95% CI of Diff Significant? Summary P-Value 

CNG5 vs. CNG10  -3.167 -4.325 to -2.008 Yes **** <0.0001 

CNG5 vs. CNG15  -8.083 -9.242 to -6.925 Yes **** <0.0001 

CNG5 vs. CNG20  -6.333 -7.492 to -5.175 Yes **** <0.0001 

CNG10 vs. CNG15  -4.917 -6.075 to -3.758 Yes **** <0.0001 

CNG10 vs. CNG20  -3.167 -4.325 to -2.008 Yes **** <0.0001 

CNG15 vs. CNG20  1.75 0.5917 to 2.908 Yes ** 0.0059 

Topographies Mean Diff 95% CI of Diff Significant? Summary P-Value 

CNG5 vs. CNG10 -6.75 -9.759 to -3.741 Yes *** 0.0003 

CNG5 vs. CNG15 -11.33 -14.34 to -8.324 Yes **** <0.0001 

CNG5 vs. CNG20 -9.5 -12.51 to -6.491 Yes **** <0.0001 

CNG10 vs. CNG15 -4.583 -7.592 to -1.574 Yes ** 0.0056 

CNG10 vs. CNG20 -2.75 -5.759 to 0.259 No ns 0.0702 

CNG15 vs. CNG20 1.833 -1.176 to 4.842 No ns 0.2123 

Topographies Mean Diff 95% CI of Diff Significant? Summary P-Value 

CNG5 vs. CNG10 -1.75 -4.265 to 0.765 No ns 0.1578 

CNG5 vs. CNG15 -7.167 -9.682 to -4.652 Yes **** <0.0001 

CNG5 vs. CNG20 -7.083 -9.598 to -4.568 Yes **** <0.0001 

CNG10 vs. CNG15 -5.417 -7.932 to -2.902 Yes *** 0.0004 

CNG10 vs. CNG20 -5.333 -7.848 to -2.818 Yes *** 0.0005 

CNG15 vs. CNG20 0.08333 -2.432 to 2.598 No ns 0.9443 
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Abstract 
 
Carbon microelectrodes are being used extensively in numerous applications due to their intriguing and 
promising material properties. This work presents the optimized fabrication of carbon nanograss (CNG) 
electrodes and investigates the effects of fabrication optimization on the electrochemical response of the 
electrodes. The primary objective of this work is to utilize high aspect-ratio CNG as a highly sensitive surface 
to detect dopamine electrochemically.  For this purpose, the single-step UV lithography process of SU-8 
photoresist was optimized followed by reactive-ion etching and the pyrolysis process. With this process, the 
CNG microelectrodes were developed and characterized using cyclic voltammetry (CV) to identify the 
influence of optimized fabrication. The electrochemical impedance spectroscopy (EIS) characterization was 
used to evaluate and characterize the differences among the four types of the CNG electrodes. Finally, the 
CNG electrodes were utilized to sense the dopamine electrochemically. The highest aspect-ratio CNG 
microelectrodes, i.e., CNG15 and CNG20 displayed 2-folds enhanced peak current compared to the 2D 
electrodes. 
 
 
1. Introduction 
 
Carbon can interact with almost all the elements to form organic molecules and compounds with vast physical 
and chemical properties,1 and it is present in all different allotropes, including diamond, graphene, graphite, 
fullerene, carbon nanotubes, amorphous and glassy carbon.2 Carbon materials possess several exciting 
properties relevant for electrochemical applications of advanced microfabricated electrodes such as good 
electrochemical surface activity, broader potential window, chemical stability, and a large number of options 
for surface functionalization.3,4  
 
Typically, two-dimensional (2D) carbon electrodes commonly used as standard platforms in electrochemical 
sensing are produced by simple fabrication processes such as screen printing or inkjet printing.5–8 These 
methods are associated with relatively low cost and flexibility to print a large number of different materials. 
However, these processes might lead to issues such as low-quality surfaces, organic residues, and less control 
over intricate features. Alternatively, the carbon microelectromechanical systems (CMEMS) process provides 
the opportunity to develop conductive carbon-based micro and nano patterns from polymer precursor templates 
using pyrolysis as a reproducible, cost-effective, and readily available method first pioneered in the 1970s.9,10 
In the typical pyrolysis process, the polymer template is gradually heated and carbonized at high temperatures 
(i.e., 900°C and above) in nitrogen or argon inert atmosphere to achieve unique carbon microelectrodes.11,12 
The 2D pyrolytic carbon electrodes fabricated with the typical CMEMS process are extremely flat and non-



 
 

porous. Therefore, the surface area available for electrochemistry can be considered as equal to the projected 
area of the electrode.13 
 
A large number of studies have proposed the fabrication of 3D pyrolytic carbon microelectrodes, potentially 
providing higher sensitivity due to their larger surface area available for electrochemical detection.14–16 
However, fabrication of actual 3D microelectrodes requires multiple steps of photolithography and expensive 
microfabrication equipment, thereby severely limiting the simplicity and ease of microfabrication process.17,18  
 
Another approach to increase the electrode surface area compared to 2D is the introduction of nanostructures. 
The optimal nanostructured carbon electrode can provide ample surface area, porosity, high conductivity, 
electroactive sites, low material costs, good reproducibility, and excellent mechanical, thermal and chemical 
stability.19 Furthermore, for cell monitoring and characterization, random micro and nano-roughness of 
substrates is of great interest to promote cell adhesion and differentiation.20–24  
 
Recent advancement in fabrication of pyrolytic carbon nanostructures with the CMEMS process demonstrated 
sub-10 nm carbon nanogaps in suspended glassy carbon nanofibers (GCNFs), a process in which GCNFs are 
thinned using electrical heating of fibers up to their breaking point.25 The fabrication of micro and nanopillars 
from pyrolytic carbon (PyC), and tetrahedral amorphous carbon (ta-C) based materials has recently been 
achieved using UV-embossing and etching followed by thin film deposition processes, respectively. These 
structures were investigated as substrates for growth of mouse neural stem cells.26 The electrospinning process 
of multi-walled carbon nanotubes (MWCNTs) combined with Au nanoparticles, and synthesis of MWCNTs 
on Si/SiO2 micro and nanopatterned pillars has been evaluated for applications of dopamine neurotransmitter 
release, and guided growth of neural stem cells, respectively.27,28 In addition to this, the superelastic graphene 
aerogel-based nanostructures have been utilized for high-performance supercapacitors.29 Despite the 
promising potential of these new fabrication methods for carbon nanostructures, most of them are multistep 
techniques and predominantly include an interplay of complex materials. Carbon nanomaterials such as carbon 
nanodots (CNDs), carbon quantum dots (CQDs), graphene quantum dots (GQDs), CNTs and CNF composites 
have also been explored for electrochemical and biosensing applications.30–32 However, those materials are 
mostly suitable for surface modification and functionalization techniques for already developed nanostructured 
carbon electrodes.  
 
Previously, the highly aligned pyrolytic carbon nanowires have been fabricated using plasma-assisted etching 
and have been chemically functionalized to bind DNA.33 Herein, we adapted the simple fabrication process to 
achieve high aspect ratio pyrolytic carbon nanograss (CNG) electrodes for electrochemical sensing 
applications. The CNG electrodes were fabricated using a one-step lithography with SU-8 resist followed by 
reactive ion etching and pyrolysis. The four types of CNG topographies and the thickness of the bulk electrode 
were optimized based on electrochemical characterization using cyclic voltammetry and electrochemical 
impedance spectroscopy techniques. Finally, the CNG electrodes were applied for electrochemical detection 
of the dopamine, and the results are compared to the ones obtained with 2D planar pyrolytic carbon electrode. 
The highly aligned, branched, and hierarchical nanostructured electrodes provide a straightforward and 
scalable alternative to the use of complex microfabricated 3D electrodes, displaying a low production cost and 
high electroactive surface area for electrochemical sensing applications. 
 
 
 
2. Experimental Section 
 
2.1. Carbon nanograss electrode chips    
 
Carbon nanograss electrode chips (10 mm ´ 30 mm) containing a pyrolytic carbon electrode with CNG 
structures on its top surface were designed and fabricated as shown in Fig.1. The central circular area of the 
electrode chip with a diameter of 4 mm served as a working electrode (WE) for electrochemical sensing.  The 
fabrication process of CNG structures mainly involved UV photolithography using SU-8 photoresist, reactive-ion 



 
 

etching (RIE) of the patterned SU-8, and pyrolysis of the etched SU-8 grass.  Once the CNG structures were 
formed after pyrolysis, a 200 nm thick Au metal film was deposited defining the lead and contact pad of the 
WE. Finally, the entire chip except the sensing area and the contact pads was covered with a 5 µm thick SU-8 
passivation layer patterned by a second step of photolithography. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Design and fabrication process flow for the CNG electrodes. A) dispensing SU-8 2035, B) SU-8 spin coating 
with soft bake, C) UV exposure and soft bake, D) development to obtain patterned planar SU-8 layer, E) maskless 
RIE of patterned SU-8 film to fabricate SU-8 nanograss, F) pyrolysis to convert SU-8 nanograss into CNG, G) e-
beam Au deposition using shadow mask, H) second lithography step to define passivation layer of SU-8 2005. 
 
 
2.2. Fabrication of the pyrolytic carbon nanograss electrodes 
 
The entire fabrication process flow is illustrated in a cross-sectional view in Figure 1A-H and top-view in 
Figure 1I. The UV lithography process starts with the growth of a 0.6 µm thick insulation layer of SiO2 by 
low-pressure chemical vapor deposition (LPCVD) on a 4-inch silicon wafer. Approximately 5 ml of negative epoxy 
photoresist SU-8 (SU-8 2035, MicroChem, USA) were manually dispensed and spin-coated on the SiO2 substrate 
using an RCD8 T spinner (Süss Micro-Tec, Germany), Fig. 1A-B. A two-step process consisting of a spread cycle 
at 1000 rpm for 10 s with an acceleration of 200 rpm/s, followed by a thinning cycle at maximum speed of 
5000 rpm for 120 s with an acceleration of 1000 rpm/s was used to deposit a uniform SU-8 layer with a thickness 
of 15.5 µm. The soft bake process of 30 minutes was performed at 50°C with a temperature ramping rate of 2°C/min 
using a programmable hotplate ((Harry Gerstigkeit GmbH, Germany).  The soft baked SU-8 layer was then exposed 
to UV light with an energy dose of 2x250 mJ/cm2 with a MA6/BA6 aligner (MA6-001320, Süss Micro-Tec, 
Germany), followed by 2 hours of post-exposure bake at 50°C with a ramping rate of 2°C/min (Fig. 1C). The 
uncrosslinked SU-8 was developed in PEGMEA for 5 min (Fig. 1D). An additional step of UV flood-exposure with 
an energy dose of 2x250 mJ/cm2 followed by a long hard bake of 15 hours at 90°C on a hotplate was performed to 
completely crosslink the SU-8 layer. 
For fabrication of the nanograss patterns, the crosslinked SU-8 layer was etched by a high power RIE method using 
oxygen plasma in an Advanced Silicon Etcher (ASE, STS MESC Multiplex. ICP serial no. 30343).34 The ASE was 
operated with parameter settings of 2000 W of coil power, 30 W of platen power, and 20 mTorr process pressure 
with an oxygen gas. The etching time was varied systematically with values of 5, 10, 15, and 20 minutes to 
investigate four different types of SU-8 nanograss in terms of height and interspacing. 
 



 
 

Next, the hairlike nanograss structures in SU-8 precursor material were carbonized in an inert nitrogen atmosphere 
at 900°C in a PEO604 annealing furnace from ATV Technologies GmbH (Vaterstetten, Germany). The pyrolysis 
process included mainly three steps; (i) temperature ramping to 200°C with a rate of 10°C and a hold time of 30 
min (ii) temperature ramping with 10°C/min from 200 C to 900°C for thermal decomposition and pyrolysis of the 
polymer, and (iii) followed by a dwelling time of 1 hour at 900 °C for further annealing of the carbon followed by 
cooled down to room temperature with a rate of 10 °C/min. After pyrolysis, the contact leads were fabricated using 
a 200 nm layer of Au on top of a 20 nm Ti layer using e-beam evaporation followed by a second lithography step 
for a passivation layer deposition using a 5 µm SU-8 layer. The passivation layer was UV exposed with an energy 
dose of 2x250 mJ/cm2 with a MA6/BA6 aligner and was baked for 2 hours at 50°C with a ramping rate of 2°C/min, 
followed by the development of SU-8 layer in PEGMEA for 5 min. A flood exposure and a hard bake process was 
performed using the same parameters as described above. Finally, the CNG electrode chips were diced from the 
backside of the wafers with a 355 nm laser on a laser micromachining tool (microSTRUCT vario from 3D-
Micromac AG) to a trench depth of 300 µm in order to prevent the CNG structures from the front. 
 
 
2.3. Structural characterization 
 
The CNGs are high aspect-ratio random nanostructures that were easily destroyed during measurements using 
characterization tools such as atomic force microscopy (AFM) and stylus profilometry. Therefore, to carry out 
height analysis of CNG, scanning electron microscopy (SEM) on cross-sections was performed after laser-dicing 
of the wafers from backside with a 355 nm laser on a laser micromachining tool (microSTRUCT vario from 3D-
Micromac AG) to a trench depth of 300 µm. The structural interspaces were measured by analyzing top-view SEM 
images, and determining the distance between CNG clusters appearing as bright spots. The dimensions for height 
and interspace are presented as mean value with ± standard deviation for n=15. 
 
 
2.4. Optimization of CNG electrodes 
 
In an initial series of CNG fabrication, the etching time of the SU-8 film with a thickness of tSU8-i = 15.5 µm was 
varied with values of 5, 10, 15, and 20 min to investigate the influence of this parameter on the height and 
interspacing. Accordingly, four different types of carbon nanograss were defined as CNG5, CNG10, CNG15, and 
CNG20. Additionally, SU-8 films without nanograss were prepared and pyrolyzed, serving as flat carbon (FC) as 
2D control with a final carbon thickness tC0 = 2.2 µm. This value was used to estimate the shrinkage of the film 
thickness during pyrolysis which here is expressed as a proportional shrinkage factor: 
 
𝑠 = #$%&'(

#)*
= 7.0       (1) 

 
The cross-sectional SEM images acquired as described above and were used to measure the initial thickness of the 
residual bulk carbon layer tCres-i for the four types of CNG after completed etching and pyrolysis. In a next series of 
experiments, the initial thickness of the SU-8 films tSU8-f for fabrication of each of the four types of CNG electrodes 
was adjusted to achieve a uniform thickness of the bulk carbon electrode layer equal to tC0 of the 2D FC control 
according to: 
 
𝑡/0123 = 𝑡/0124 + 𝑠(𝑡78 − 𝑡7:;<24)	   (2) 
 
This estimation is done with the assumption that shrinkage of bulk and residual SU-8 films during pyrolysis is 
independent of thickness in the investigated range of thin films. To achieve the calculated thicknesses of the SU-8 
layer before etching, the spin coating process was optimized by tuning the spin speed during the thinning cycle. 
First, spin coating with predefined values was performed and the thickness values were interpolated to obtain the 
spin curve for SU-8 2035 (Fig. S1. Supporting Information). Based on this, the final spin coating speed was adjusted 
to be 3500 rpm, 2800 rpm, 2550 rpm, and 2200 rpm for CNG5, CNG10, CNG15, and CNG20, respectively. The 
other processing parameters were identical as described above. The optimized final thickness of the residual bulk 
carbon layer tCres-f was measured again using cross-sectional SEM. 
 



 
 

2.5. Electrochemical characterization 

All reagents for electrochemical characterization were purchased from Sigma Aldrich/ThermoFischer. Prior 
to electrochemical characterization, all the electrodes were treated with oxygen plasma (Diener plasma surface 
technology, Zepto, Germany) with a 50 W power at a 0.6mbar pressure for 60 s. A custom-made electrode 
chips holder was fabricated using micromilling technique to carry out electrochemical measurements in a 
controlled environment (Fig. S2. Supporting Information). The electrochemical measurements were performed 
on 2D and all four types of CNG electrode chips using 10 mM potassium hexacyanoferrate (III/II) (K3[Fe 
(CN)6] / K4[Fe (CN)6]) redox couple. The cyclic voltammetry (CV) measurements were performed using a 
CHI 1010 potentiostat (CH Instruments, Austin TX), while the electrochemical impedance spectroscopy (EIS) 
measurements were performed using a Multi PalmSense4 potentiostat (PalmSense; compact electrochemical 
interfaces, the Netherlands). The fabricated CNG electrode chips were employed as a working electrode (WE), 
a standard 500 µm diameter platinum wire (Advent Research materials Ltd., Oxford, England) as a counter 
electrode (CE), and a DRIREF-L Ag|AgCl with saturated KCl (WPI, Sarasoata, FL) as the reference electrode 
(RE). After the fabrication of CNG electrodes was optimized, CV measurements with 2D and CNG electrodes 
were repeated using 300 mL volume of 10 mM and 250 µM concentrations of [Fe (CN)6]3−/4− at a scan rate of 
50 mVs-1. The CNG and 2D electrodes were also characterized with EIS using 10 mM [Fe (CN)6]3−/4−, and was 
scanned for the frequency range of 100 mHz to 1 MHz with 50 mV sinusoidal AC signal. The PSTrace 5.8 
software was used to devise a modified Randles equivalent circuit and for extracting the fitted EIS parameters.  

2.6. Dopamine detection 
 
The 2D and CNG electrodes were evaluated for dopamine oxidation using CV measurements at a scan rate of 
50 mVs-1, using dopamine hydrochloride solutions with concentrations ranging from 1.25 µM to 250 µM 
prepared in phosphate buffered saline (PBS, pH 7.4) under constant purging with nitrogen gas. The 
electrochemical setup used for these measurements was as same as described above. The solutions were 
utilized immediately after preparation to prevent uncontrolled oxidation of dopamine. 
 
 
 
3. Results and Discussion 
 
3.1. Optimization of the CNG fabrication 

 
The CNG structures were obtained by three main process steps; (i) one-step UV photolithography with SU-8 
photoresist, (ii) maskless reactive ion etching (RIE) of the SU-8 layer in oxygen plasma to form the SU-8 
nanograss structures, and (iii) pyrolysis of the SU-8 nanograss in inert nitrogen atmosphere at 900°C converting 
it into pyrolytic carbon nanograss. The reason for the formation of these random high aspect ratio hairlike 
nanograss structures of SU-8 layer is reported previously to be an accumulation of antimony present in the 
photoinitiator of SU-8 that acts as a micro-masking component during the etching process in oxygen 
plasma.33,34 Four different types of CNGs were fabricated by varying the etching time systematically from 5 
to 20 min (CNG5, CNG10, CNG15, and CNG 20) to achieve four variants of heights and interspaces. Fig. 2. 
shows the cross-sectional SEM images of these four CNGs. The results showed that longer etching times led 
to larger CNG heights and interspaces between CNG clusters (Fig. 2. and Fig. 3A; values are tabulated in 
Table S1. Supporting Information). Finally, this SU-8 nanograss templates were carbonized at 900°C in a 
nitrogen-inert atmosphere to convert into CNGs. To perform electrochemical measurements, these CNGs were 
then patterned on an electrode chip format as shown in Fig. 1A-I.  
 
After the RIE etching process and pyrolysis, in addition to the formation of CNG, there was a residual bulk 
carbon layer left below the CNG. As etching time was varied to achieve different heights of CNGs, the initial 
thickness of the residual bulk carbon layer in the initial experiments (tCres-i) also varied in an inversely 
proportional relation to the etching time, as shown in Fig. 2A-D and Fig. 3B. Hence, it was observed that 



 
 

CNG5 with the lowest nanograss displayed the highest tCres-i of approx. 1.5 µm. This value decreased 
significantly for higher etching times to a minimum of 0.1 µm for CNG20. For the application of the CNG as 
electrodes, the residual bulk carbon layer has the important function of a current collector, electrically 
connecting the carbon nanostructures together and allowing interfacing with the external measurement setup. 
Therefore, the significant differences in thicknesses of the carbon bulk layers for different CNGSs affected the 
electrochemical behavior as discussed in detail in section 3.2. Thus, a specific optimization in the fabrication 
process of CNGs was required to maintain the thickness of the residual carbon bulk layer identical for all CNG 
electrodes.  
 
For the optimization of the thickness of the residual carbon layer, the SU-8 film thickness tSU8-f prior to etching 
and pyrolysis was adjusted for all CNG electrodes using Equation 2. The adjusted values of tSU8-f and 
experimentally measured values of tCres-f are shown in Fig. 3B and C, with the values provided in Table S1 
(Supporting Information). After the optimized fabrication process, an identical thickness of the residual bulk 
carbon layer tCres-f, was obtained for all four types of CNGs, as is shown in Fig. 2E-H. 
 

 
Fig. 2. Representative cross-sectional SEM images of the four types of fabricated CNG structures on CNG 
electrodes with 5, 10, 15 and 20 minutes of etch time from left to right respectively; (A-D) initial unoptimized CNG 
electrodes obtained from 15.5  µm thick SU-8 film with resulting in variable thickness of the residual bulk carbon 
layer below the CNGs (red-arrows); (E-F) final optimized fabrication with adjusted SU-8 film thicknesses resulting 
in CNG electrodes with uniform residual bulk carbon layer below CNGs, (red-arrows). Scale bars 5 µm. 
 
 

 
 
Fig. 3. A) Dimensional analysis of the four types of CNG electrodes in terms of CNG height and CNG cluster 
interspace. B) Initial SU-8 thickness tSU8-i and final adjusted SU-8 thickness tSU8-f, C) Initial variable residual carbon 



 
 

thickness tCres-i resulting from tSU8-i and final uniform residual carbon layer thickness tCres-f resulted from adjusted 
tSU8-f. 
 
 
3.2. Electrochemical characterization with cyclic voltammetry 
 
All four types of CNG electrodes were characterized as working electrodes (WE) in a three-electrode setup 
with cyclic voltammetry (CV) using [Fe (CN)6]3−/4− redox couple. The primary aim of this characterization was 
to evaluate the electrochemical performance of the four CNG structures on the WE and to compare them with 
the planar 2D carbon electrodes. Two main parameters were considered to identified the best electrochemical 
behavior of the electrodes: (i) a higher peak current demonstrates a higher electron-transfer on the surface of 
an electrode, and (ii) a DEp that is inversely proportional to the kinetics of electron transfer on the surface of 
electrode. Initially, 2D and the unoptimized CNG electrodes (Fig. 2A-D) were characterized with 10mM [Fe 
(CN)6]3−/4− solution by performing CVs without O2 plasma treatment, and it was observed that O2 plasma 
treatment is crucial to obtain a hydrophilic CNG surface (Fig. S3A. Supporting information). The 2D and CNG 
electrodes were then treated with 60 s of O2 plasma before CV characterization. Although, the O2 plasma 
improved the electrochemical behavior of the CNG electrodes significantly, the electrochemical behavior of 
the four CNG electrodes was inconclusive (Fig. S3B. Supporting information). 
 
The fabrication of the CNG electrodes was then optimized to provide the same thickness of the residual bulk 
carbon layer for all four types of CNG. The optimized CNG electrodes were characterized with CV 
measurements using 250 µM [Fe (CN)6]3−/4− at 50 mVs-1, shown in Fig. 4A. The electrochemical response of 
CNGs was clearly improved, indicating a peak current rising trend among CNG electrodes from lower to 
higher CNG electrodes. The CNGs exhibit approx. 2 folds increment both in anodic and cathodic peak currents 
compared to the flat 2D electrode.   
 
In addition to the 2 folds increase in ipa, and ipc of CNG electrodes compared to 2D, it was observed that the 
peak currents increased with the increase in the height of the CNGs, indicating higher surface area (Table 2, 
and Fig. 4B). Moreover, the DEp, which is 59 mV for the ideal case, was noticed to decrease with the increase 
in the height of the CNGs, indicating a quasi-reversible redox peak confirming electrochemical activity on the 
surface of all CNG electrodes.  
 
 
3.3. Electrochemical characterization with electrochemical impedance spectroscopy 
 
EIS characterization with 10 mM [Fe (CN)6]3−/4− was performed to investigate the differences in charge transfer 
resistance among the four types of CNG electrodes and to further confirm the previous observation with respect 
to the electrode surface area. 
 
In EIS characterization, all the CNG electrodes and the 2D control electrode exhibited a similar general 
behavior with impedance spectra by showing a small capacitive semi-circle in the high-frequency region and 
a large semi-circle leading to the straight line in the end (Fig. 4C). To analyze the EIS behavior of the CNG 
electrodes, an equivalent circuit was devised (Fig. 4C. inset circuit) based on the Randles model, where Rs is 
the electrolyte solution resistance, Rct is the charge transfer resistance, and W is the Warburg impedance. To 
account for the double layer capacitor, the Randles model was modified using a constant phase element CPEdl, 
represented by Q (magnitude of 1/ZCPE at w =1 rad s-1, and n (exponent with a value between 0 and 1). The 
equivalent circuit model was then used to fit impedance spectra for all four CNG electrode designs and the 2D 
electrode serving as control of our experiment. The extracted parameters of equivalent circuit model are 
summarized in Table S2 (Supporting Information). 
 
The first high frequency part of the impedance spectra is modeled by resistance R1, and capacitance C1 that is 
related to the properties of bulk pyrolytic carbon material and additional contributions from the electrochemical 
setup such as parasitic capacitances.14 This distributed resistance and capacitance are mainly due to the sp2 



 
 

and sp3 regions inside the material of the pyrolytic carbon that act as conducting and insulating areas, 
respectively. The large semi-circle in the low frequency region represents the electron charge transfer kinetics 
of the redox couple at the electrode surface, while the straight line shows the diffusion-limited mass transfer 
process.35 For the low frequency region, it was observed that the large semi-circles were suppressed. This 
response demonstrated that the electrode interface required a constant phase element (CPE) to accommodate 
double-layer capacitance and probable surface inhomogeneity. The values of Q increased and n decreased 
mainly due to the overall increase in the roughness and inhomogeneous electron transfer resulting from the 
increased surface areas for higher CNG electrodes.3 
 
The most relevant output value of EIS characterization in our case was the charge transfer resistance Rct, which 
was observed to decrease gradually from CNG5 to CNG20 (Fig. 4D). As the resistance typically is inversely 
proportional to the electrode area, this result indicates an increase in the area of the highest CNG, i.e., CNG20, 
in comparison with our 2D control electrode. The obtained results indicate that the higher etching times lead 
to the higher electrode surface areas, which is an advantage in many electrochemical applications.  

 
Fig. 4. A) The characteristic CVs of 250 µM [Fe (CN)6]3−/4− solution acquired with the optimized CNG electrodes 
compared to the control 2D electrode at a scan rate of 50 mVs-1. B) The measured oxidation (black bars) and 
reduction (red bars) peak currents for the CNG electrodes compared to the 2D, C) The typical EIS Nyquist plots of 
10 mM [Fe (CN)6]3−/4− solution acquired for all four CNG electrodes and is compared with 2D electrode (the 
symbols show the experimental data points of EIS spectra and the solid lines indicate the fit of the data) with the 



 
 

equivalent circuit (inset). D) The represented Rct of the CNG electrodes vs. 2D electrode showing the significant 
decrease in Rct from the control of 2D to the CNG5, and from CNG5 to the CNG20.  
 
 
 
3.4. Electrochemical detection of dopamine 
 
Dopamine (DA), a neurotransmitter in the central nervous system, is responsible for modulating the functions 
of, for instance, motor neurons, and regulating many critical functions, e.g., emotions and reward. The 
detection of DA is relevant in electrochemical detection of DA release from an exocytosis of neural stem 
cells.36,37 Therefore the fabricated and characterized electrodes were applied for the electrochemical detection 
of DA. More specifically, the oxidation of DA was investigated using CVs. The CVs acquired in 250 µM DA 
solution showed a significant increase in the anodic peak current ipa of the CNG electrodes compared to the 
2D control. The increase in the anodic peak currents was observed to be almost 2 folds for CNG15 and 20 
(Fig. 5A, and Table S3. (Supporting Information)). This is explained with an increase in the surface area of 
CNGs as their height increases confirming the observations in CVs and EIS with [Fe (CN)6]3−/4− (Fig. 4D). 
However, when comparing CNG15 and CNG20 electrodes, the increase is only marginal (Fig. 5A and B). The 
increase in cathodic peak currents was also observed to be more pronounced on the CNG electrodes compared 
to the 2D control (Fig. 5A and B). 
 
Thus, the CNG15 was selected for further analysis using DA for direct comparison with the 2D electrodes.  
The ipa of the CNG15 electrode was found to be approx. 2 times higher with a value of 19.0 ± 0.6 µA than the 
one obtained for the 2D control electrode with a value of 10.8 ± 0.6 µA, (Fig. 5B and Table S3. (Supporting 
Information)). On the other hand,  DEp was observed to decrease from 2D to the CNG15 electrode with a value 
of 69.2 ± 0.8 for 2D, and 49.9 ± 0.8 for CNG15, (Table S3. (Supporting Information)). The DEp of the CNG15 
was evaluated at a range of scan rates and was compared with the values obtained for 2D electrodes (Fig. S4. 
(Supporting Information), resulting in constant behavior for CNG15, where it increased almost linearly with 
the increase in the scan rates for the 2D electrode. 
 
First, CNG15 electrodes were then characterized in a wider range of scan rates by using 250 µM DA 
hydrochloride solution (Fig. 5C). The linear relationship of the peak current vs. the square-root of the scan rate 
(up to 500mVs-1) for CNG15 and a control 2D electrodes were observed, with higher signals on the CNG15 
electrode compared to the 2D electrode, explaining the excellent conductivity of pyrolytic carbon material at 
higher scan rates (Fig. 5D). The sensitivity of the CNG15 electrode for the DA detection was determined by 
acquiring CVs in solutions with a range of DA concentrations (Fig. 5E), and comparing the measured values 
to those acquired on the 2D electrode, with a PBS control (Fig. 5F). The results in Figure 5F showed a linear 
increase in the anodic peak currents with increasing concentrations. For CNG15 the peak currents were almost 
twice the ones obtained for 2D throughout the concentration range. The slope of the fitted linear function in 
ipa vs. concentration graphs was examined to determine the sensitivity of CNG15 electrodes compared to 2D, 
and was calculated to be 96.7 mA M-1 and 46.5 mA M-1 for CNG15 and 2D electrodes, respectively. Overall, 
the results demonstrate the outstanding electrochemical properties of the CNG15 electrodes and show that the 
etching process does not deteriorate the electrochemical response. The limit of detection for CNG15 and 2D 
electrodes were calculated to be 623.25 nM and 838.71 nM, respectively for a 0 µM concentration using the 
ratio of 3 times the standard deviation to the slope of the concentration graph. 
 
 
 
 
 
 



 
 

 
Fig. 5. Characteristic CVs of 250 µM DA hydrochloride solution acquired with the optimized CNG electrodes and 
a control 2D electrode. B) The ipa and ipc of the four types of CNG electrodes compared to the 2D electrode for 250 
µM DA. C) Multiple CVs of the CNG15 electrode with 250 µM DA hydrochloride solution acquired at different 
scan rates. D) The relation of ipa vs. the square root of scan rate for the CNG15 and 2D electrodes. E) Multiple CVs 
acquired using different concentrations of the DA at 50 mVs-1. F) The relation of the ipa vs. the different 
concentrations of DA for the CNG15 and 2D electrodes. 
 
 



 
 

4. Conclusions 
 
We have optimized the fabrication process of the CNG structures in a single step UV lithography process by 
estimating the shrinkage of the SU-8 photoresist during the pyrolysis process and tuning the final speed in the 
RPMs of the spin-coating step. The optimization resulted in an identical thickness of the bulk carbon layer for 
all four types of CNGs (i.e., CNG5, CNG10, CNG15, and CNG20) to prevent any artifact in the 
electrochemical measurements. The CNG electrodes were then developed on a sing-electrode chip format to 
simplify the electrochemical characterization process.  
 
The CV measurements of the optimized CNG electrodes were performed with [Fe (CN)6]3−/4− redox couple, 
and the obtained results showed an almost 2 folds increase in peak currents for the highest CNGs (i.e., CNG 
15 and CNG 20) compared to a 2D electrode that served as our control. The optimization resulted in an evident 
increase of peak currents from lower to higher CNG electrodes due to an increase in their surface areas. The 
EIS analysis of the CNG electrodes demonstrated a significant decrease in charge transfer resistance with the 
increase in the height of the CNGs.  This is in excellent agreement with the assumption based on SEM 
inspection that the electrode surface area increases with an increase in the etching time of SU-8. 
 
Finally, the electrochemical detection of DA on the CNG electrodes was tested using detailed CV 
measurements. The CNG15 and CNG20 electrodes displayed twice the peak current for DA detection 
compared to the 2D electrode. This also resulted in an almost 2 folds increase in sensitivity of the CNG 
electrodes compared to the 2D control. The CVs of DA in the wide range of scan rates using the CNG15 
electrode showed the excellent electrochemical properties of the etched and pyrolytised SU-8, and thus 
describe that etching does not deteriorate the electrochemical properties of pyrolytic carbon material fabricated 
with the CMEMS approach. Moreover, the CV measurements with a range of lower concentrations of DA 
showed the suitability of the CNG15 electrode to obtain high current values compared to the 2D electrode.  
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Supporting Information 
 
Fig. S1.  The characteristic spin curves for two experiment series performed for optimization of residual bulk carbon 
layers under the CNG structures on the CNG electrodes. A) the spin curve first experimental cycle, B) the spin 
curve for the final experimental cycle that resulted in uniform thickness of carbon bulk layer.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

Fig. S2. a) The micromilled chip holding setups fabricated for the CNG electrodes for the easy electrochemical 
characterization. A) tilted-view and B) top-view. 
 

 
 
 
 
Table S1.  The dimensional parameters of the control 2D electrode and four CNG electrodes including, 
thickness for initial non-uniform residual carbon layer, adjusted SU-8 films for fabrication optimization, and 
final uniform residual carbon layer. 
 
 

 
Electrodes 

 
Height 
(µm) 
 

 
Interspac
e (µm) 

 

 
tCres-i 

(µm) 

 
tSU8 

(µm) 

 
tCres-f 
(µm) 

2D N. A. N. A. 2.20 ± 
0.052 

 

15.71 
± 0.15 

 

2.23 ± 
0.08 

 
CNG5 1.52 ± 

0.07 
0.72 ± 
0.14 

 

1.53 ± 
0.024 

 

19.95 
± 0.21 

 

2.22 ± 
0.023 

 
CNG10 3.50 ± 

0.05 
1.43 ± 
0.13 

 

0.90 ± 
0.011 

 

23.76± 
0.23 

 

2.23 ± 
0.017 

 
CNG15 5.5 3± 

0.19 
1.90 ± 
0.17 

 

0.62 ± 
0.01 

 

25.68 
± 0.17 

 

2.21 ± 
0.022 

 
CNG20 7.51 ± 

0.14 
2.24 ± 
0.16 

 

0.10 ± 
0.11 

 

31.21 
± 0.31 

 

2.23 ± 
0.028 

 
 
 
 
 



 
 

Fig. S3. a) The CVs of 10 mM [Fe (CN)6] 3−/4− solution acquired at a scan rate of 50 mVs-1, A) before O2 plasma, 
B) after O2 plasma treatment on unoptimized CNG electrodes, and C) after O2 plasma treatment on optimized CNG 
electrodes. D) The ipa and ipc of the four types of CNG electrodes compared to the 2D electrode using 10 mM [Fe 
(CN)6] 3−/4− . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2.  The CV and EIS parameters of 10 mM [Fe (CN)6]3−/4− solution acquired from experimental 
electrochemical measurements for pyrolytic CNG electrodes compared to the control 2D electrode, presented 
as average ± standard deviation for n = 3. 
  
 

 
Electrodes 

 
ipa 

(µA) 
 

 
ipc 

(µA) 
 

 
DEp 
(mV) 

 
R1 
(W) 

 
C1 

(nF) 

 
Rs 
(W) 

 
Rct 
(W) 

 
Q 

(µmho) 

 
n 

 
W  

(S s1/2) 

2D 253.5 
± 3.4 

228.9 
± 1.2 

 

181.2 
± 1.3 

 

51.4 ± 
1.0 

 

3.2 ± 
0.3 

 

72.1 ± 
0.7 

 

582.5 
± 9.2 

2.6 ± 
0.2 

 

0.88 
± 

0.02 

216.7 ± 
0.7 

 
CNG5 365.9 

± 2.6 
360.0 
± 2.7 

 

156.3 
± 1.4 

 

53.3 ± 
0.7 

 

4.5 ± 
0.5 

 

65.1 ± 
0.5 

 

291.4 
± 9.4 

7.1 ± 
0.1 

 

0.85 
± 

0.02 

205.7 ± 
0.7 

 
CNG10 386.4 

± 2.6 
341.2 
± 2.9 

 

151.4 
± 1.6 

 

56.0 ± 
0.9 

 

5.1 ± 
1.0 

 

65.7 ± 
0.9 

 

171.9 
± 9.2 

8.4 ± 
0.1 

 

0.85 
± 

0.01 

203.5 ± 
0.7 

 



 
 

CNG15 396.9 
± 3.1 

331.0 
± 2.7 

 

148.2 
± 1.2 

 

71.8 ± 
1.4 

 

5.3 ± 
1.1 

 

58.3 ± 
0.8 

 

128.6 
± 5.9 

9.8 ± 
0.1 

 

0.83 
± 

0.01 

194.3 ± 
0.8 

 
CNG20 400.3 

± 3.4 
324.1 
± 3.4 

 

146.9 
± 1.6 

 

72.7 ± 
1.6 

 

5.4 ± 
1.4 

 

58.6 ± 
1.0 

 

115.3 
± 7.8 

12.5 ± 
0.2 

 

0.81 
± 

0.01 

190.4 ± 
0.4 

 
 
 
Table S3. The electrochemical parameters acquired from CV experimental data of 250 µM DA hydrochloride 
solution at a scan rate of 50 mVs-1 using pyrolytic CNG electrodes compared to the control 2D electrode, 
presented as average ± standard deviation for n = 3. 
 
 

Electrodes 

 
ipa 

(µA) 
 

 
ipc 

(µA) 
 

DEp 
(mV) 

FC 10.8 ± 0.6 -4.0 ± 0.2 69.2 ± 0.8 
CNG5 14.7 ± 0.5 -4.6 ± 0.3 61.3 ± 1.0 
CNG10 17.6 ± 0.8 -6.5 ± 0.3 52.5 ± 0.5 
CNG15 19.0 ± 0.6 -7.0 ± 0.2 49.9 ± 0.8 
CNG20 19.6 ± 0.3 -8.5 ± 0.2 46.6 ± 0.5 

 
 
 
 
Fig. S4. a) The DEp vs. scan rate relation of the CNG15 electrode compared to the 2D electrode from CVs of 250 
µM DA solution. 
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