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Abstract 

The research carried out in this thesis aimed to develop two-dimensional (2D) and three-

dimensional (3D) carbon-based micro –and nano- electrodes to improve the electrochemical 

measurements in a wide range of applications. These electrode structures can, for instance, be 

used to run measurements on cells or as a part of the bio-fuel cells. Specifically, the research has 

focused on three distinct but interrelated areas: (1) The fabrication of 2D and 3D of carbon -

based micro -and nano- electrodes and the characterization of their physical, electrical and 

electrochemical properties. ( 2 ) The surface treatment of these electrode structures to enhance 

their electrochemical performance, but also to make it possible to change the electrode surface 

properties so that small or large chemical / biological molecules can be attached onto them, e.g. 

for bio-sensors that may be developed, or to make them more compatible with cell biological 

applications ( biocompatibility). (3) The study and application of functionalized 3D carbon 

electrodes for measuring the neurotransmitter dopamine emitted from neurons derived- stem 

cells that are clinically relevant in research on Parkinson's disease. 

   



Résumé 

Forskningen som er udført i denne afhandling havde til formål at udvikle todimensionelle (2D) 

og tredimensionelle (3D) kulstof baserede mikro- og nanoelektroder for at forbedre 

elektrokemiske målinger i en lang række af applikationer. Disse elektrodestrukturer kan f.eks. 

bruges for at lave målinger direkte på celler eller som en del af biobrændselsceller. Konkret har 

forskningen haft fokus på tre forskellige men indbyrdes afhængige områder: (1) Fabrikationen af 

2D- og 3D kulstofs baserede mikro- og nanoelektroder og undersøgning af deres fysiske, 

elektriske og elektrokemiske egenskaber. (2) Overfladebehandling af disse elektrodestrukturer 

for at forbedre deres elektrokemiske præstation, men også for gøre det muligt at forandre 

elektrodernes overfladeegenskaberne så at små eller store kemiske/biologiske molekyler kan 

bindes fast på dem, f. eks for at biosensorer kan konstrueres, eller for at de skal blive mere 

kompatible med cellebiologiske applikationer (biokompatibilitet). (3) Undersøgelse og 

anvendelse af overfladebehandlede 3D kulstofelektroder til måling af neurotransmittorn dopamin 

som afgives fra neurale stamceller som er klinisk relevante indenfor forskning omkring 

Parkinson’s sygdom 
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Introduction 
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Conductive substrates and scaffolds (e.g. based on metal1,2, carbon3–5, conductive 

polymers6,etc.) offer the possibility for electrical sensing, and can thus provide a micro-

environment for real-time monitoring of cell population dynamics7. Several methodologies 

have enabled fabrication of two-dimensional (2D) and three-dimensional (3D) electrodes. 

However, fabrication of 2D and especially 3D electrodes still poses limitations for high-

throughput, reproducibility, and large-scale production, which are very important for both 

fundamental and more application-oriented studies. For instance, 3D metal electrodes may 

require complex processing and the use of expensive metal electroplating, sputtering or 

evaporation equipment, which often restrict high-yields and could result in more expensive 

electrodes, not amenable for mass-production8,9. Additionally, microfabricated electrodes 

using e.g. noble metals can only operate in a limited electrochemical potential window10–12 

and are prone to fouling13,14, thus restricting their electrochemical applications. For these 

reasons, carbonaceous materials15 such as graphene, graphene foam16, CNTs, diamond-like 

carbon17, carbon composites18 and pyrolysed carbon are emerging for development of 2D and 

3D electrodes. The carbon MEMS technique is a very simple, high-yield, and cost-effective 

method for electrode fabrication, and consists of heat treatment of a patterned polymer in 

presence of inert atmosphere, leading to production of pyrolysed carbon electrodes19. This 

process enables easy and reproducible fabrication of 2D and 3D carbon electrodes with novel 

custom-made designs and unique sensitivities, and may even be suitable for mass production. 

Pyrolysed carbon electrodes exhibit a wide electrochemical potential window11,12, chemical 

inertness towards a range of solvents and electrolytes20, good biocompatibility21, and the 

possibility to tune the electrical22–24 and mechanical25 properties of the electrodes. These 

properties have already facilitated several applications of 2D and 3D pyrolysed carbon 

electrodes, such as chemical sensing26, heavy metal detection27, biosensors28–31, cell 

substrates21,32,33, and microbatteries34–36. 

2D and 3D pyrolysed carbon electrodes have great potential as sensing substrates and sensing 

scaffolds for cells, which could e.g. help to understand mechanisms of diseases, as well as 

improve screening and testing of drugs. Moreover, electrical activity of pyrolysed carbon 

electrodes could be explored in nerve tissue regeneration studies, like it has been already 

done for other conductive scaffolds37–41. Compared to other scaffolds, the advantages with 

pyrolysed carbon scaffolds are several: (1) Organised42 and random43 structured scaffolds can 
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be fabricated in a simple process at small or semi-large scale with high-reproducibility, high-

yield and cost-effectiveness. Micro/nanostructures can be placed in precisely defined 

positions without restrictions in shape or cross section and the features and scale depend on 

the process used for making the polymer precursor44. (2) By changing the chemical 

composition of the polymer precursor and the pyrolysis conditions, the carbon conductivity 

can be tailored23,45. (3) Similarly, the mechanical properties of the scaffold can be tuned44 to 

match the stiffness cells experience in vivo46. This fabricational degree of freedom provides 

possibilities for mass production, facilitating novel custom-made designs with unique 

properties to support various biomedical and pharmaceutical applications. 

 

1.1. Objectives of the thesis 

 

The research conducted for this thesis was aimed at developing 2D and 3D carbon micro and 

nano-electrodes for bioelectrochemistry in general and for biological applications, such as 

conductive substrates and scaffolds for cell biology, biofuel cells, etc. Specifically, the 

research has focused on three areas: (i) fabrication of 2D and 3D carbon micro- and 

nanostructures and their subsequent interfacing with external measurement setups (chapter 

2); (ii) characterization of the microfabricated carbon electrodes before and after surface 

modification for their bulk microstructure, surface and electrical properties, and their 

electrochemical performances (chapter 3 and 4); (iii) investigation and application of the 3D 

carbon electrodes for measuring exocytosis of dopamine events from clinically relevant stem 

cells derived neurons (chapter 5). 
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Chapter 2 

Fabrication of Carbon-Based 
Micro and Nanostructures 

 

 
This chapter starts by describing the structural properties of different carbon allotropes that 

have been used for fabrication of various 2D and 3D electrode materials. Then, the steps 

leading to production of pyrolysed carbon structures and the different variables affecting the 

pyrolysis process are discussed. Finally, the pyrolysed 2D and 3D electrode structures 

fabricated for this thesis are presented, and the different electrode interfacing used during 

the work will be illustrated.   
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2.1. Carbon Allotropes and Their Structural Properties 

 

Carbon has many allotropes15,47, such as graphite, diamond, fullerene, and glass-like carbons. 

The latter are carbons obtained through pyrolysis, which means carbonization of organic 

polymers15 at high temperature in inert atmosphere, a process that will be described in more 

details in the following sections. The structural properties of the above mentioned allotropes 

are briefly reported below. 

The graphite structure consists of ideally infinite sheets of graphene stacked in parallel and 

bound through weak Van der Waals forces (Fig. 2.1A). Graphene has a polycrystalline 

structure, consisting of several crystallites. It is characterized by the atomically ordered 

hexagonal surface containing the “a” axis known as the “basal plane” (Fig. 2.1B), and the 

irregular plane parallel to the “c” axis known as “edge plane” (Fig. 2.1C), where La and Lc 

are the characteristic dimensions of the basal plane and edge plane, respectively15,48.  

The carbon atoms in graphite are all sp2 hybridized, with an intra-planar C-C bond length of 

0.14 nm (Fig. 2.1B) and inter-planar spacing (d002) of 0.34 nm (Fig. 2.1C). The conductivitya 

of graphite is 2 - 4 × 105 S/m49. 

In diamond, carbon is sp3 hybridized and tetrahedral, with a C-C bond length of 0.15 nm 

(Fig. 2.1D). Diamond has a very low conductivity (σ = 1 × 10-18 S/m) and is thereby an 

electrical insulator. It usually contains dopants, such as boron, to provide sufficient 

conductivity when being used as an electrode material15,50.  

Among the fullerenes, carbon nanotubes (CNTs) are very commonly used as an electrode 

material. CNTs are “rolled up” single or multiple layers of graphene sheets15, which form 

single-walled CNTs (SWNTs) or multi-walled CNTs (MWNTs), respectively (Fig. 2.1E). 

 

                                                           
a
 Graphite conducts electricity preferentially in the plane parallel to the covalently bonded graphene sheets (basal 

plane), due to delocalization of one of the outer electrons of each atom to form a π-cloud. This results in lower bulk 
conductivity for graphite (σ = 2 × 105 - 4 × 105 S/m) than for most metals (i.e. for Au, σ = 4.1×107 S/m; for Pt, σ = 

9.4×106 S/m). The conductivity of graphite on the c-axis is 333 S/m49. 
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Figure 2.1. A) Graphene sheets stacked in parallel to form graphite. Characteristic dimensions of the 
graphite crystallite, La on the basal plane (B), and Lc on the edge plane (C), adapted from48. (D) 
Tetrahedrically bonded carbon atoms in the diamond structure. (E) Rolled up single and multilayers 
of graphene forming SWCNT and MWCNT, adapted from51. 
 

Glassy carbon (GC) electrodes are obtained by pyrolysis between 1000-3000 °C of 

polyacrylonitrile (PAN) or phenol/formaldehyde polymeric resin precursors. GC electrodes 

exhibit excellent electrochemical properties, thus are often used as the ‘gold standard’ to 

compare the electrochemical behavior of other electrodes. The microstructure of GC 

comprises a mixture of carbon atoms, sp2 (graphitic regions) and sp3 hybridized (disordered 

regions)52–55. In the 1970s, the structure of GC was considered to have a ribbon-like 

geometry with entangled graphitic planes56 (Fig. 2.2A). High-resolution transmission 

electron microscopic (TEM) analysis of commercially available GC (Fig.2.2B) showed that 

carbons derived from pyrolysed polymers contain small isolated crystals of graphite. During 

carbonization, the C-C bonds of the polymer precursor backbone do not break, thus the 
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graphitic regions cannot fully develop into graphene sheets. The carbon can form graphitic 

regions of only limited size, with La and Lc in the range of 3-7 nm, and inter-planar spacing 

(d002) larger than 0.34 nm15,48.  

 

 

Figure 2.2. (A) Structural model for glassy carbon proposed by Jenkins-Kawamura57. (B) TEM 
images of glassy carbon prepared at 3000 °C58. Models for the structure of glassy carbon prepared by 
(C) low-temperature and (D) high- temperature treatment58. 
 

Based on these observations, Harris58 suggested that GC consists of sp2 hybridized carbons 

(such as those found in fullerenes) forming six-membered rings as well as five and seven 

membered rings. According to this ‘fullerene-related structure’, GC prepared at different 

temperatures results in different amount of dispersed graphene sheets (Fig. 2.2C-D). The 

amount of graphitic regions in the carbon matrix, i.e. the degree of microstructural disorder, 

can be evaluated with Raman spectroscopy (discussed in Chapter 3).  
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2.2. 2D and 3D Carbon Electrodes 

 

Different carbon materials, such as graphene, CNTs, and pyrolysed carbon, have been used 

to develop various types of electrodes. Due to their structural properties, not all of them are 

suitable for fabrication of 2D and 3D micro and nano-electrodes. For instance, finely 

patterned 3D electrodes in graphene and CNT-based materials are difficult to achieve. For 

graphene electrodes, this is due to its ‘two dimensional’ structural properties.  

 

 

Figure 2.3. SEM images of a) graphene foam16 and b) graphene composite hydrogels15. 

 

Recently, graphene foam16 (Fig 2.3A) and graphene composite hydrogels59,60 (Fig. 2.3B) 

have enabled fabrication of 3D electrodes61. However, these materials are difficult to pattern 

and are utilized as fabricated entities of bulk material instead of 3D micro- and 

nanostructures based on e.g. lithographic patterning.  

CNTs have been the basis of various kind of structures, such as 2D substrates62, forests63, 

bundles64, finely patterned multi-electrode arrays65, nanostructured sponges66 (Fig. 2.4), and 

CNT-composite hydrogels67.  

 



 

9 

 

 

Figure 2.4. SEM images of different CNTs-based structures. (A) 2D substrates62, (B) forests63, (C-D) 
bundles64, (E) finely patterned multi-electrode arrays65, (F) nanostructured sponge66. 
 

Compared to fabrication of other carbon-based electrodes, pyrolysis of 2D and 3D polymeric 

micro- and nanoscale template structures is a very attractive method for obtaining, in a facile 

and cost-effective manner, various 2D and 3D carbon micro- and nanostructures. The 

advantage of using polymers as starting material for carbon microfabrication is that they can 

be very finely patterned by micromachining techniques. Hence, a wide variety of shapes and 

cross-sections in the macro to the nano length scale can be obtained for the entire fabricated 

system. Different polymer micromachining techniques (e.g. microcontact printing, 3D 

printing, e-beam lithography, photo- and soft lithography, moulding, embossing, etc.) enable 

nano- and micropatterning of polymeric precursor, which may then be pyrolysed to obtain 

the corresponding carbon structures24,68–70  

Different considerations need to be made when developing pyrolysed carbon electrodes 

depending on the desired electrode size, dimensionality (i.e. 2D or 3D), and the final 

application. The characteristics of the pyrolysed product e.g. in terms of conductivity (related 

to carbon yield b, ratio of sp2 to sp3 carbon atoms, and heteroatom contents), as well as 

                                                           
b
 Carbon yield is the ratio of the weight of carbon to the weight of the original polymer sample 
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surface properties, vary greatly with fabrication parameters and process conditions. Some of 

these variables will be dwelled on in the following sections.  

 

2.3. What Happens During Pyrolysis? 

 

The pyrolysis process involves step-wise carbonization of organic polymers at different 

temperatures, atmospheres (e.g. nitrogen, argon, forming gasc) and pressures (e.g. ambient, 

vacuum). Initially during the process, intra-molecular reactions occur within the C-C chain of 

the polymer. Depending on the kind of polymer, different reactions take place, resulting in 

one of the following possibilities for the C-C chains57: 

 

1. Degradation into small molecules which are eliminated as gases, thus leaving very little 

or no carbon behind. This happens e.g. during pyrolysis of polyethylene57. 

2. Collapse and pass, at least partly, through a liquid or liquid-crystalline state, leading to 

formation of coke, which upon heating to 2700 °C will develop graphitic regions 

approximately parallel to each other (graphitizing carbon)71 (Fig. 2.5A). The 

transformation of such a structure into crystalline graphite may be expected relatively 

facile (graphitization)71. An example showing this behavior is polyvinylchloride71.  

3. Remain intact without passing through a fluid state. The final product will retain the 

characteristic shape of the precursor, albeit smaller in size. Due to the difficulty of 

breaking C-C bonds, homogeneous development of graphitic regions is inhibited (non-

graphitizing carbon)71 (Fig. 2.5B). An example of this behaviour is pyrolysis of 

thermosetting polymers, such as polyfurfuryl alcohol and phenolic polymers72 (e.g. SU-8 

based materials). 

 

                                                           
c Forming gas is composed of 95% N2 and 5% H2. 
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Jenkins and Kawamura57 elucidated the different steps leading to the formation of carbon 

from pyrolysis of thermosetting resins (case 3 above). During pyrolysis, many reactions take 

place concurrently in a multi-step process (Fig. 2.6), including dehydrogenation, cyclization, 

condensation, hydrogen transfer and isomerization. During the pre-carbonization phase 

(below 300 °C), unreacted monomers and molecules of solvent are eliminated from the 

polymeric precursor structure. Removal of halogens (e.g. Cl) and heteroatoms (e.g. oxygen, 

nitrogen) occurs during the carbonization phase I (between 300°C and 500°C), leading to a 

rapid polymer mass loss, while a network of conjugated carbon systems is formed. Towards 

the end of this phase, removal of hydrogen atoms starts to take place (dehydrogenation 

stage). During carbonization phase II (from 500 °C to 1200 °C), remaining hydrogen, oxygen 

and nitrogen atoms attached to carbon atoms are completely cleaved off and removed, thus 

forcing the aromatic network to become interconnected. Finally, at the so-called ‘annealing 

stage’ (above 1200 °C) most of the remaining impurities are eliminated. The final pyrolysis 

temperature ultimately determines the residual content of foreign material, and thereby the 

final carbon content, as well as the conductivity of the carbonization product, as will be 

discussed in section 2.3.2. 

 

Figure 2.5.  
Schematic representation of the 
structure of (A) a graphitizing 
carbon – the graphitic regions are 
approximately parallel to each 
other; (B) non-graphitizing carbons 
– the graphitic regions are oriented 
randomly, and their cross-links are 
sufficiently strong to impede 
movement of the layers into a more 
parallel arrangement. Modified 
from71. 
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Figure 2.6. Schematic of the multi-step carbonization process taking place during pyrolysis. 

 

2.3.1. Choice of Polymer Precursor 

Not all polymers are suitable for obtaining glass-like carbon structures. Different precursors 

for carbonization have been used, including epoxy resins73, phenolic resins74, polyfurfuryl 

alcohols74, furfuryl alcohol resins75, polyimides54, polyvinyl chloride76, polyvinylidene76, 

polyacrylonitrile76, parylene77, as well as various block copolymers (such as polystyrene-

block-poly(2-vinylpyridine)78, poly(ethylene oxide)-block-polystyrene79). Depending on the 

polymer precursor, different carbon yields are obtained. For instance, polyfurfuryl alcohol 

and phenol-formaldehyde resins result in more than 80% carbon yield72.  

It is also possible to “dope” the polymer precursor as well as the final product with various 

heteroatoms (e.g. silicon80, halogens81,82) and metal catalysts83, or to combine the pyrolysed 

carbon structure with other carbon materials, such as CNTs84 or graphene85 (Fig. 2.7). 
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Figure 2.7. Pyrolysed carbon structures combined with (a) CNTs84 and (b) graphene85. 

 

The choice of polymer also depends on the technique used for patterning of the polymer 

precursor, which in turn is dictated by the desired electrode dimensions. Due to the structural 

reproducibility and the availability of standard processing equipment, photoresists such as 

acid-catalyzed phenol formaldehyde resins and novolac-epoxy resins have during the past 15 

years become the preferred materials to derive carbon structures with micro- and nanometer 

dimensions. The first reports on patterned pyrolysed carbon microstructures concerned 

carbon features of very low aspect ratiod derived from micromolded resin (such as poly 

furfuryl alcohol)24,75, UV patterned positive52,86,87 and negative photoresists22,52–54. 

Moreover, the nature and chemical structure of the polymer precursor, in this case the 

photoresist, affects the formation of graphitic zones in the pyrolysed carbon. For instance, in 

positive photoresist (such as AZ resists from Clariant), graphite-like areas begin to form at 

lower temperatures than in negative photoresist films52,54. In AZ resist precursors, the 

monomer units have a hexagonal benzene ring structure. Hence the bond rearrangement that 

is needed to form graphite-like areas is not drastic54. However, due to difficulties in 

designing a thick positive photoresist with low UV absorption (to easily control exposure 

dose) and necessary transparency to UV light88, the carbon structures derived from them are 

low aspect ratio (1:1 – same height and width). To meet the challenging demands posed by 

fabrication of high aspect ratio (HAR) carbon structures, a photoresist with excellent 

transparency, wide range of viscosities (to enable different resist film thicknesses), and high 

                                                           
d
 The ratio between the height and the width of a structure is referred to as the ‘aspect ratio’. 
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contrast is needed. SU-8, an epoxy based negative photoresist, developed by IBM, meets all 

these requirements, and is commonly used to fabricate HAR micro- and nanostructures31,89–

93
, which can be achieved using, e.g. X-ray, e-beam and two-photon lithography. However, 

for high-throughput fabrication of arrays these methods require long processing times, are 

very costly, and therefore have limited applicability. Therefore, standard UV 

photolithography is preferred if possible. 

In this thesis, SU-8 was used as precursor materials for the fabrication of micro- and 

nanostructured electrodes. Additionally, a study with polystyrene (PS) and polystyrene-

blockpolydimethylsiloxane (PS-PDMS) copolymers, obtained from the Nanoporous group at 

DTU Nanotech, was performed. Fig. 2.8 shows the structures obtained after pyrolysis of PS 

and PS-PDMS. Our results show that PS-PDMS contains an atomic percentage of 29% 

silicon in the corresponding pyrolysed material (as will be discussed more in Chapter 3.1). 

The silicon content may be a limiting factor for obtaining high-conductive structures due to 

lower carbon content (19%) compared to polystyrene (96%) and SU-8 photoresist (98%), but 

at the same time the silicon is functioning as support for the 3D structure, shown in fig. 2.8B. 

 

Figure 2.8. SEM images of pyrolysed PS (A) and PS-PDMS (B). 

 

2.3.2. Pyrolysis Temperature  

The final pyrolysis temperature significantly affects the properties of the carbonized product. 

For instance, carbon films from both positive22,52,53 and negative27,54 photoresists prepared at 

pyrolysis temperatures at 1000 °C or higher exhibit lower resistivity and better 

electrochemical behavior than those prepared at lower temperatures. Lyons et al.22 have 

attributed this phenomenon to the increasing degree of graphitization with higher 
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temperature: the volume fraction of the conductive graphitic regions increases, and thereby 

the material as a whole becomes more conductive when treated at higher temperatures22.  

Since aromatization and film densification take place at higher heat treatment temperatures54, 

weight loss and thereby shrinkage depend on the final temperature, i.e., higher film shrinkage 

will occur at higher pyrolysis temperatures. Although this lead to higher conductivity, 

extensive shrinkage may result in distortion of the carbon structures. This might jeopardize 

the outcome of the process, as observed in the case for SU-8 based carbon nanopillars 

obtained by colloidal lithography (Fig. 2.9, see also section 2.4.2). During my experiments, 

the pyrolysis temperature was 900°C, due to limited performance of the furnace available at 

the DTU Danchip facilities. 

 

 

Figure 2.9. Effect of the pyrolysis temperature on the structure shrinkage: At 1000 °C, distortion of 
the nanopillars takes place. Tests at 1000 °C were performed at Marc Madou’s Lab, UC Irvine (CA). 
 

2.3.3. Furnace Atmosphere  

Pyrolysis of photoresist in presence of inert environment (N2, H2, forming gas, or vacuum) 

leads to surfaces with low oxygen content. For pyrolysis in forming gas or vacuum52, the 

produced carbon surfaces have the lowest oxygen to carbon ratio (O/C) of all. In vacuum, 

however, removal of gaseous by-products tends to be faster, and can result in the formation 

of micro-cracks in SU-8 structures, which may corrupt the sample11. During our experiments, 

N2 atmosphere was used.  

Due to air leakage in the furnace at DTU Danchip, several tests were performed to optimize 

the N2 flow to avoid complete oxidation of the precursor polymer structures during pyrolysis 

(some results of these tests are shown in Fig. 2.10). At flow rates below 24 L/min no 
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pyrolysed carbon was left on the samples. In the available furnace, one sample with a 

maximum size of a 4-inch-wafer could be processed in one experimental run. 

 

 

 

 

 

 

Fig. 2.10. Optical microscope images of carbon microstructures resulting from pyrolysis conducted in 
presence of two different N2 flows, 11L/min and 24L/min. This indicates that the higher flow reduces 
structure oxidation, which is instead taking place with a flow of 11L/min.  

 

2.4. Micro and Nanostructures Fabricated Using Pyrolysis in This Thesis 

 

2.4.1. Standard UV Lithography 

Part of the research conducted for this thesis was aimed at optimizing the SU-8 processing 

for SU-8 micropillar arrays, with dimensions close to the resolution limit of standard UV-

lithography (paper I) (Fig. 2.11).  

During optimization, different pillar diameters were obtained, which then were pyrolysed to 

obtain the corresponding carbon micropillars (Table 1) (paper II). The smallest dimensions of 

carbon micropillars were 1.4 µm in diameter, 11 µm in height, and ~6 µm in spacing. These 

dimensions are much smaller compared to micropillar arrays reported previously, which have 

spacing and diameters higher than 10 µm31,88,93.  
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Figure 2.11. Fabrication of carbon micropillars. (A) Schematics of the process flow. (B-C) Result of 
the SU-8 processing before (B) and after (C) optimisation (paper I). (D) Micropillars obtained after 
pyrolysis of (C) (paper II).  
 

Table 2.1 – Dimensions (average +- sem (n=48) of micropillars before and after pyrolysis; 
ND=Nominal diameter on the lithographic mask; C=Carbon 

 Pillar diameter Pillar height 

ND [µm] SU-8 [µm] C [µm] SU-8 [µm] C [µm] 

3 3.07 ± 0.02 1.44 ± 0.02 23.44 ± 0.07 11.07 ± 0.10 

3.5 3.49 ± 0.03 1.66 ± 0.02 23.49 ± 0.21 11.37 ± 0.04 

4 4.16 ± 0.03 1.98 ± 0.04 24.48 ± 0.17 11.69 ± 0.06 

5 4.97 ± 0.04 2.50 ± 0.03 24.40 ± 0.15 11.77 ± 0.06 

10 9.35 ± 0.06 5.08 ± 0.03 24.13 ± 0.08 11.98 ± 0.06 

15 13,68 ± 0.10 7.58 ± 0.05 24.01 ± 0.14 11.20 ± 0.08 

 

Furthermore, 2D structures using SU-8 and AZ photoresists as precursor were 

photolitographically defined to obtain the corresponding carbon electrodes with different 

designs (Fig. 2.12).  
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Figure 2.12. SEM images of three-electrode systems in two different carbon electrodes designs 
derived from SU-8 patterned with photolitography. (A) Interdigitated structures; (B) 54 individually 
addressable micro-electrode arrays. 
 

Moreover, micropillar arrays were finely patterned on the interdigitated structures (shown in 

Fig. 2.12A) to obtain 3D interdigitated carbon microelectrodes (Fig. 2.13) (paper II).  

 

 

Figure 2.13. SEM images of pillars interconnected on interdigitated structures (A) before and (B) 
after pyrolysis. (C) Photograph of a silicon chip with the pyrolysed carbon electrode arrays structures 
(12 three-electrode systems at the centre with surrounding contact pads).  
 

2.4.2. Colloidal Lithography 

For fabrication of large areas of carbon nanopillar arrays, a method combining colloidal 

lithography and pyrolysis, was developed (Fig. 2.14). This was done in collaboration with the 

Company Plasmore S.r.l. (Milano, Italy). Colloidal lithography has been previously used for 

nanostructuring polymer films94, metal95,96 and silicon surfaces97,98. However, by combining 

colloidal lithography and pyrolysis, we were able to achieve fabrication of SU-8 nanopillar 

arrays with different aspect ratios (Table 2.2) and the corresponding carbon nanopillars.  
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During the process, a monolayer of polystyrene beads (nominal diameter: 500 or 1000 nm) 

were deposited99 on SU-8 film substrates (5µm thick SU-8 on Si wafer) (Fig. 2.14 A). The 

beads are then used as etching mask during O2 plasma treatment, similarly to a previously 

described method99 (Fig. 2.14 B). After etching, the residual beads are removed with 

ultrasonication in isopropanol as a lift-off technique (Fig. 2.14 C). Combination of etching 

time, plasma etching parameters and nanoparticle size resulted in SU-8 nanopillar arrays with 

different aspect ratios (Table 2.2). Finally, the SU-8 nanostructures were carbonized to obtain 

the corresponding carbon nanopillar arrays (Fig. 2.14 D-E).  

This method can easily be scaled-up to generate wafer-scale carbon nanopillar arrays, by 

using equipment suitable for larger scale fabrication. 

 

  

Figure 2.14. (A-D) Process flow of the fabrication of carbon nanopillar arrays via colloidal 
lithography and pyrolysis. (E) SEM image of carbon nanopillar arrays. 
 
Table 2.2 Different dimensions of polystyrene nanoparticles and etching time during O2 plasma 
treatment used for obtaining SU-8 nanopillars with different height and width. 

Nanoparticle diameter  
[nm] 

etching time  
[min] 

height 
[nm] 

width 
[nm] 

aspect ratio 

1000 3x5' 1470 420 3.5 
1000 4x5' 1900 250 7.6 
500 4' 283 406 0.7 
500 2x4' 450 321 1.4 
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2.4.3. Deep UV Lithography 

For high-throughput fabrication of carbon nanostructures, deep UV (DUV) lithography is a 

promising technique. SU-8 photoresist is compatible with DUV lithography. However, SU-8 

is not optimal for this kind of technique due to high-absorption of the photo-initiator in the 

SU-8 formulation at the operational wavelength of DUV (248 nm). This makes the 

fabrication of SU-8 nanostructures with DUV lithography challenging. By changing the 

exposure dose (100 – 600 mJ cm-2), baking temperatures (room temperature, 40 °C, 50 °C, 

60°C) and baking times (1-4 minutes), we successfully optimized the fabrication of SU-8 

nanostructures with 300 nm in width. The processing parameters are reported in Table 2.3. 

Briefly, 150 nm thick SU-8 films were spin coated on top of 4-inch silicon wafer with a 2 µm 

thick thermal silicon dioxide layer. This was followed by solvent evaporation at room 

temperature (RT) and mask-exposure with DUV radiation (100 mJ/cm2). The exposed 

samples were subjected to a post-exposure-bake (PEB) on a hotplate (1 min at 40 °C) and the 

uncrosslinked SU-8 was developed in Propylene Glycol Monomethyl Ether Acetate.  

 

Table 2.3 Processing parameters for obtaining SU-8 nanostructures with DUV lithography 

Soft bake Exposure PEB Development 

 
5 minutes at RT 

(solvent evaporation) 
100 mJ/cm2 1 minute at 40 °C 

 
1 minute 

    
The obtained structures were pyrolysed to obtain the corresponding carbon nanostructures 

(Fig. 2.15). This work was done in collaboration with two bachelor students, Henrik 

Teglborg and Joachim Thomsen, and DTU Danchip. 
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Figure 2.15. SEM image of carbon nanostructures of different width (from 700 nm to 250 nm), 
obtained with DUV lithography of SU-8 films and subsequent pyrolysis. The smallest well-resolved 
carbon nanostructure was 300 nm in width. 
 
 
2.5. Interfacing Electrode Chip for Electrochemical Measurements 
 

For electrochemical characterization of microfabricated electrodes, three different set-ups 

were employed for interfacing with external measurement apparatus. 

 

2.5.1. Glass Electrochemical Cell  

The electrodes were mounted horizontally between a metal base plate, insulated with a PTFE 

rubber pad, and a glass cell. A Viton O-ring and four springs from the base plate to the glass 

cell sealed the solution above the electrode, while defining the working area of 0.34 cm2 (Fig. 

2.16).  
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Figure 2.16. (A) Conceptual drawing of the electrochemical cell used to interface the pyrolysed 
carbon chips. (B) Photo of the electrochemical cell mounted with the chip. (C) Close up of the chip 
with a copper wire bonded using silver-saturated epoxy connections. 
 

This setup configuration was developed and obtained from the Downard’s group (Canterbury 

University, New Zealand)100,101, where I spent 2 months in one of my external research stays 

at the start of my PhD. The carbon film layer served as the working electrode (WE). The 

contact to the carbon layer was made from the top with a copper wire bonded with silver-

saturated epoxy connections to minimize parasitic capacitances and which served as lead to 

the potentiostat102,103 (Fig. 2.16C). The setup facilitated preliminary characterization of the 

electrochemical properties of pyrolysed material, such as SU-8, PS, and PS-PDMS block-

copolymer. The measurements were performed using a three-electrode configuration with a 

commercial Ag/AgCl reference electrode (RE) and a Pt wire serving as counter electrode 

(CE). This set up was not convenient for patterned electrodes or for experiments with 

biological samples and, thus a different setup had to be developed, as will be described 

below.  

 

2.5.2. Glued Electrochemical Cell 

For patterned electrodes, the area of the carbon working electrode was defined with a piece 

of plastic tubing (inner diameter 3.5 mm; length 6 mm), glued on the carbon chip with epoxy 

glue and serving as a vial102 (Fig. 2.17). In this way, the projected areas for all types of 

electrode arrays were identical. Similarly to the previous setup, the contact to the working 

electrodes was a copper wire bonded with silver-saturated epoxy. In this configuration, a 
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500-µm diameter chlorinated Ag pseudo RE and a 500-µm diameter Pt CE were used, by 

placing them in the vial.  

This setup had several drawbacks: i) it was not convenient when surface modification on the 

assembled setup (e.g. plasma treatment) needed to be performed since the silver epoxy would 

contaminate the surface during the plasma treatment; ii) electrode interfacing became very 

time consuming and cumbersome when multiple areas needed to be glued and contacted. For 

these reasons a third final set-up was fabricated, as will be described below. 

 

 

 

 

 

 

 

 

 
Figure 2.17. Photograph of a patterned carbon electrode chip, described in figure 2.12, with vials 
defining the working electrode area, and copper wires bonded with silver-saturated epoxy. 
 

2.5.3. Micromilled Electrochemical Cell 

For electrochemical evaluation of different surface modifications and for detection of 

dopamine from different types of cells, a different chip was designed and fabricated (Fig. 

2.18A). This chip consisted of four areas with carbon micropillars to be used as WE 

interconnected by a carbon film. The micropillar dimensions were 1.4 µm in diameter for the 

x and y squares (Fig 2.18A) and 5.1 or 7.6 µm for the z and w squares (see other dimensions 

in Table 2.1). Cr/Au pads on the flat part of the carbon chip served as electrical contacts for 

easy interfacing with the external set-up (Fig. 2.18A). The Cr/Au metal layers (20/200nm) 

were patterned by sputtering through a shadow mask made by micromilling of polycarbonate 

(Fig. 2.18B).  
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Figure 2.18. Photograph of (A) a carbon chip having four squares with carbon micropillar structures 
for use as WE interconnected by a carbon film. On the carbon film Cr/Au contacts were made; (B) a 
shadow mask in polycarbonate used for depositing metal contacts on the carbon chips seen in (A). 
 

For this chip a new electrochemical set up was designed and fabricated. The carbon electrode 

chips were placed in a micromilled polymethyl methacrylate (PMMA) holder (Figs. 2.19), 

which formed a 70-µL vial on top of the electrode chip to facilitate liquid handling during 

experiments. Interconnections between the electrode chip and the potentiostat were obtained 

using a tailor-made PCB having gold plated spring loaded pins. Similarly to the previous 

configuration, in this setup a chlorinated Ag pseudo RE and a 500-µm diameter Pt CE were 

used, by placing them in the vial. This electrochemical cell was used in papers II, III and IV. 
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Figure 2.19. Conceptual drawing of the micromilled electrochemical cell: (A) Exploded view of the 
different parts ((1) bottom plate with place for (2) the electrode chip with 4 different WE areas, mid-
plate defining 4 WE vials with (4) o-rings on top, and (5) a PCB as a top plate with spring loaded pins 
for connection to Cr/Au pads connected to the WEs)) fully assembled in (B). Photographs of the 
assembled electrochemical cell: (C) Side view and (D) top view. 

  



 

26 

 

 

 

 
Chapter 3 

Methods for Material 
Characterization and Analysis 

 

 
 

 

 

 

This chapter is an overview of the methods used for characterization of the micro and 
nanostructures developed in this thesis.    
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The surface characteristics of a material (i.e. topography, roughness) as well as its 

chemical/physical properties (chemical composition, surface energy, wettability, and surface 

reactivity) can affect its interaction with e.g. a biological element104,105. In the case of a 

conducting material used as an electrode, characterization of the bulk composition and 

microstructure, surface- and the electrical properties are also of great importance. For this 

project, the surface morphology was characterized using scanning electron microscopy 

(SEM), atomic force microscopy (AFM), and profilometry. The chemical/physical surface 

and bulk properties were evaluated by X-ray photoelectron spectroscopy and Raman 

spectroscopy. For studying surface hydrophobicity/wettability, contact angle measurements 

were performed. Four-point probe measurements allowed electrical characterization of the 

electrode materials. Finally, the electrochemical properties were evaluated using 

voltammetric methods (cyclic voltammetry and amperometry) and electrochemical 

impedance spectroscopy. 

 

3.1. X-Ray Photoelectron Spectroscopy (XPS) 

 

A XPS spectrum is derived from the binding energies of electrons characteristic of atoms, 

and can thus give information about the atomic composition of surfaces106. The XPS 

technique analyses the composition of the most external atomic layer of a surface (1-10 

nm)106. Upon irradiation of a solid surface with X-rays, the core electrons have the highest 

probability to match the X-ray energy, and thereby gain enough energy to be ejected from the 

surface (Fig 3.1). The core electrons are close to the nucleus and have binding energies 

characteristic of the particular element. The emitted electrons have characteristic kinetic 

energies, which are proportional to the radiation energy, according to eq.1:  

 

�� � �� � �� �  	                Equation 1 

 

where KE is the kinetic energy of the electron, hν is the photon energy (h is Planck’s constant, 

ν is the frequency of the incident radiation, which is related to the X-ray source), Eb is the 

binding energy, and φ is the work function, a constant dependent on the spectrometer.  
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By measuring the kinetic energies of the emitted electrons, their binding energies in the 

atomic orbitals can be evaluated and plotted as a spectrum. Since each element has its own 

unique set of binding energies, it is possible to identify elements that contribute to a XPS 

survey spectrum, and determine the relative concentration of the atomic elements in the 

surface layer.  

XPS survey spectra were used to evaluate the atomic percentage composition of various 

pyrolysed materials derived from different polymer precursors. Table 3.1 shows the atomic 

percentage of pyrolysed carbon derived from PS-PDMS, PS, and the SU-8, which were 

analysed during the work done for this thesis. Moreover, survey spectra gave information 

about changes in surface composition of electrodes caused by e.g. oxygen plastma treatment, 

as shown in Fig. 3.2A. 

 

Table 3.1. Atomic percentage composition of pyrolysed carbon derived from polystyrene-block-
polydimethylsiloxane (PS-PDMS), polystyrene (PS), and the negative photoresist SU-8 (SU-8). The 
results indicate that the C content is higher in PS and in SU-8 compared to PS-PDMS. 
 
 

 

 

 

 

 

Moreover, survey spectra gave information about changes in surface composition of 

electrodes caused by e.g. oxygen plasma treatment, as shown in Fig. 3.2A. 

 PS-PDMS PS SU-8 

C1s 19 96 98 

O1s 52 4 2 

Si2p 29   

Figure 3.1. A schematic illustration 
of the emission process of electrons 
from an atom excited by X-rays  
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Figure 3.2. (A) Characteristic XPS survey spectra of flat pyrolysed carbon before (untreated) and 
after oxygen plasma treatment (O2 plasma). (B) Curve fit to the C1s spectra of pyrolysed carbon 
derived from SU-8 photoresist (sum of spectra-dotted line), resulting in four individual peaks.  
The main peak corresponds to sp2-hybridized graphite-like carbon (C=C) atoms and sp3-hybridized 
carbon (C-C) atoms. C-O are e.g. alcohol, ether species; C=O are e.g. ketone, aldehyde species; π–π* 
are shake-up satellite peaks due to π–π* transitions in the aromatic rings of the graphitic 
areas107. 
 

In addition to the identification of elements in a material surface layer, it is possible to obtain 

information about the functional groups present on a surface. For any given element, the 

binding energy of the core electron depends on its chemical environment, caused by the 

chemical bonds the element is participating in. This phenomenon results in ‘chemical’ shifts 

in the binding energies of the elements, giving different peaks in high-resolution spectra for 

different compounds. For instance, the chemically shifted C1s peaks differ in their binding 

energies depending on whether they are linked to e.g. an oxygen atom by a single bond (e.g. 

alcoholic group), a double bond (e.g. carbonyl group), or two oxygen atoms (e.g. carboxylic 

group)108. These peaks will often overlap to produce a spectrum, which is the sum of the 

individual peaks. Extraction of information from such spectra requires curve fitting. For 

instance, in high-resolution C1s spectra of pyrolysed carbon films derived from SU-8 

photoresist, the C1s signal exhibits an asymmetric tailing, due to the intrinsic asymmetry of 

the graphite peak and to the contribution of oxygen functionalities on the surface, see Fig. 

3.2B.  
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XPS was used in this work for determining elemental composition of electrode surfaces 

(Papers II, III, and IV), as well as for monitoring the changes in surface composition, e.g. 

during electrode modification (Papers III and IV). 

 

3.2. Raman Spectroscopy 
  

Raman spectroscopy is used for elucidating the microstructure of materials109. Pyrolysed 

carbon consists of a mixture of graphite-like regions and disordered carbon and its 

microstructural disorder ranges between that of amorphous carbon and graphite. A Raman 

spectrum can give an indication of the relative amount of graphitic and amorphous regions, 

i.e. it can provide information about the degree of disorder of pyrolysed carbon109. 

Molecules are excited to a higher energy state by light and the following relaxation causes 

emission of light, which is referred to as scattering. When light with frequency ν0 interacts 

with the molecular vibrations in a system, the molecule passes from the ground state of 

energy through an intermediate level, called ’virtual energy state’ (Fig. 3.3).  

 

 

The virtual state does not correspond to a real energy level of the molecule, however the 

closer its energy is to the energy of a real excited state, the higher the scattering probability. 

Upon relaxation, the molecule emits photons via two different scattering processes: 

Figure 3.3. The energy level 
diagram and transitions, which are 
responsible for Rayleigh, Stokes, and 
Anti-Stokes scattering 
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• Elastic scattering (Rayleigh scattering), where the scattered radiation is at the 

same frequency as the incident radiation (νR=νo). In this case both the photon 

energy and molecular energy are conserved. Rayleigh scattering has the highest 

probability of taking place109. 

• Inelastic scattering (Raman scattering), where the frequency of the scattered 

radiation differs from the frequency of the incident radiation. In this case the total 

photon plus molecular energy is conserved but the vibrational energy changes and 

the frequency in the scattered radiation is altered by a shift, ∆ν, from the excitation 

wavelength109.  

 

There are two types of Raman scattering phenomena, which differ by whether the frequency 

of incident light is shifted up (ν0 + ∆ν) or down (ν0 - ∆ν) (Fig. 3.3). If the final vibrational 

state of the molecule is more energetic than the initial state, then the emitted photon will be 

shifted to a lower frequency (νS) (Stokes shift), in order for the total energy of the system to 

remain balanced. If the final vibrational state of the molecule is less energetic than the initial 

state, then the emitted photon will be shifted to a higher frequency (νA) (anti-Stokes shift).  

 

At room temperature most of the molecules are in the ground vibrational state (v = 0) with a 

much lower population in the first vibrationally excited state (v = 1). Since there is much 

higher probability that the molecule is in the ground vibrational state, the Stokes lines in the 

Raman spectrum are much more intense than the anti-Stokes lines. The wavelengths close to 

the one of the exciting laser (Rayleigh scattering) are removed by filtering, while the 

remaining wavelengths (Raman scattering) are collected by a detector.  

In pyrolysed carbon, the E2g vibrational mode at 1582 cm-1 (also present in graphite) and the 

A1g vibrational mode at 1360 cm-1 are Raman active110. Fig. 3.4 shows the Raman spectra 

obtained from pyrolysed films derived from PS-PDMS, PS, and SU-8. 
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Figure 3.4. Raman spectra of pyrolysed films derived from PS-PDMS, PS, and SU-8. The spectra 
show the D and G peaks, due to the A1g and E2g modes, respectively.  
 

The E2g mode at 1582 cm-1 results in a peak, called “G” peak, where G stands for “graphite”. 

The G peak is caused by bond stretching of all sp2 hybridized C atoms in rings (e.g. aromatic 

molecule) as well as in chains (e.g. olefinic moleculese)111. When the symmetry in the 

graphite lattice is broken due to presence of disordered regions, the A1g mode becomes 

active111. This results in a new peak near 1360 cm-1, called the “D” peak where D stands for 

disordered111. For instance, in Raman spectra of pyrolysed carbon derived from SU-8 

photoresist both D and G peaks are present (Fig. 3.4), which means that both amorphous and 

graphitic regions are contributing. This phenomenon has been reported for other pyrolysed 

carbon materials as well as other kinds of amorphous and nanocrystalline carbon films111. 

It is known that the peak intensity ratio of the D and G peaks varies inversely with the 

crystallite size La (ID/IG ∝1/La)110 (see also Fig. 2.1C). Hence, the higher the microstructural 

disorder of the carbon matrix, i.e. the higher the number of defects, the higher the D peak 

intensity and, thus, the smaller La
110–112. From the Raman spectra in Fig. 3.4, the calculated 

ID/IG is higher for pyrolysed films of PS-PDMS (ID/IG = 1.1) compared to SU-8 and PS (ID/IG 

= 1), indicating higher microstructural disorder of pyrolysed PS-PDMS. 

                                                           
e
 Olefins are unsaturated hydrocarbon containing one or more pairs of carbon atoms linked by a double bond, 

C=C. 



 

33 

 

Raman spectroscopy was use to evaluate the microstructure of pyrolysed carbon derived 

from SU-8 with different thicknesses (Papers II). 

 

3. 3. Electrical Measurements 

 

Four point probe (4PP) measurements can be used to investigate the electrical properties of 

materials113. During 4PP measurements a known current (I) is applied between two outer 

probes using a current source while a potential drop (V) is measured between two inner 

probes (Fig. 3.5).  

 

 

Figure 3.5. (A) SEM image of the probe used for electrical measurements (courtesy of L. 
Gammelgaard; scale bar: 100 µm). (B) Conceptual illustration of the 4PP measurements on top of 
carbon pillar structures (RP = pillar resistance; RB = contact resistance between the pillars and the flat 
interface; RS = resistance of flat interface). (C) A micrograph of a micro 4PP during the measurement 
on micropillar carbon electrodes. 
 

The resistance of the sample is calculated using Ohm's law (R =V/I) with ohm (Ω) as unit. 

When measuring on a thin homogeneous sheet, the sheet resistance (RS), expressed in Ω/sq 

(ohm per squaref), can be obtained by considering a correction factor (k), which is dependent 

on the geometry of the sample and the probe, according to equation 2 and 3114,115. 

 

      �� � 
 � �
�     Equation 2 

                                                           
f
 Ohms per square is dimensionally equal to an ohm, but is exclusively used for sheet resistance. Sheet 
resistance of 1 Ω could be misinterpreted as bulk resistance of 1 Ω, whereas sheet resistance of 1 Ω/sq cannot be 
misinterpreted. 
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Based on knowledge of layer thickness, the resistivity of the material can be calculated from 

the sheet resistance using: 

 

      � � �� �  �    Equation 3 

 

Where ρ is the resistivity, RS is sheet resistance, and t is the layer thickness. Conventional 

4PP measurements are based on direct current, while the set-up employed in the work for this 

thesis was from the company Capres A/S, using alternating current, which can measure the 

phase shift (φ) of the electrical signal113. The alternating current has a sinusoidal waveform 

and can be expressed as:  

 

     ���� �  � sin ��� �  	�   Equation 4 

 

where I(t) is the current as a function of time (t), ω is the angular frequency, and φ is the 

phase shift. The phase shift is used by the Capres system to check that a good ohmic contact 

between the tips of the probe (in this case an L-shaped micro-machined cantilever, shown in 

Fig. 3.5A and C) and the surface is established. For φ < 1°, the contact is considered good.  

The Capres system was used for measuring the sheet resistance of pyrolysed carbon films as 

well as to evaluate the presence of contact resistance at the interface between 3D carbon 

structures and the flat interface carbon layer (Fig. 3.5B-C) (Papers II and IV). Resistance 

values were used to compare measurements of pillars versus measurements on a flat surface, 

since sheet resistance is not applicable when measuring on 3D structures, such as the carbon 

pillars. When measuring on the pillars, a bad ohmic contact can either be at the 

cantilever/pillar contact or at the pillar/flat interface. If the contact is bad at either of these 

sites, there will be a significant phase shift. However, it will not be possible to identify 

specifically at which site the contact is bad. If the ohmic contact is good in both places, there 

will be hardly any phase shift. For all measurements, the phase shift was 0.2 degree, which is 

below 1, and thereby considered good. This measurement does not directly give a value of 

the interface resistance, but it indicates that there is a good ohmic contact between the pillars 

and the flat interface, i.e. the interface has a negligible contact resistance, and should 

therefore not interfere with the electrode performance. 
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3.4. Contact Angle Measurement 

 

Analysis of surface wettability, expressed as the contact angle (CA) between the liquid and 

the surface enables functional and structural characterization of the surface. CA gives 

information about e.g. hydrophobicity, surface energy, roughness, contamination, and surface 

heterogeneity 116,117. For determination of CA, the Sessile drop method (Fig 3.6A)118 involves 

measuring the CA α directly from a liquid drop profile after placing it on the surface. α is the 

equilibrium CA, described by Young’s equation118:  

    ���cos��� � ���  � ���    Equation 5 

 

where γLV, γSV and γSL are liquid-vapor, surface-vapor and surface-liquid interfacial tensions, 

respectively.  

 

   

Figure 3.6. (A) Sessile drop method116 for measuring the static contact angle α where γLV is the 
liquid-vapor, γSV the surface-vapor and γSL the surface-liquid interfacial tension, respectively. (B) 
Contact angles for evaluating the advancing contact angle, αA, and the receding contact angle, αR

118. 
Static contact angle, using water as liquid on carbon pillar electrode arrays, before (C) and after (D) 
O2 plasma treatment. 
 

Young’s equation is only valid for ideal systems, e.g. chemically homogeneous, rigid, and 

smooth at an atomic scale. In these cases, a single unique CA exists119. The failure of the 

system to meet the ideal conditions is the theoretical basis for the hysteresis, which is defined 

as the difference between the advancing, αA, and the receding contact angle, αR , αA - 

αR
118,119

. The equilibrium CA is between the αAand αR contact angles. Hence, a drop on a 

surface has CA values ranging from the αA to the αR. 
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The αA and αR CAs are obtained by increasing and decreasing the liquid volume of a droplet 

on the solid surface until the drop-surface boundary starts to move over the surface. This is 

done by keeping a syringe needle immersed in the droplet, while adding or withdrawing 

liquid from it during the measurement (Fig. 3.6B). In Fig. 3.6C and D, static CA 

measurements on 3D carbon pillar electrodes are shown before (C) and after O2 plasma 

treatment (D) using water as liquid. Aside from the static CA, the CA hysteresis should also 

be measured to better describe the surface heterogeneity118,119, in terms of e.g. roughness, 

micro-and nanostructuring, as well as surface functionality Hence, CA measurements were 

used to evaluate the effect of surface modifications, such as plasma treatment (Papers III and 

IV in chapters 6) and electrochemical modification using diazonium salt (Paper III), on the 

wettability of 2D and 3D electrodes.  

 

3.5. Electrochemistry  

 

Electrochemical techniques can be used to study the characteristics of electrode surfaces, but 

also as a strict analytical detection tool. Both approaches have been used in this thesis. 

Among the electrochemical characterization techniques, cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) are the most widely used and described in this 

thesis. The electrochemical performance of carbon produced by pyrolysis of e.g. photoresists 

has been extensively studied27,52–54,86,87,120,121. Electrochemical reactions at pyrolysed 

photoresist electrodes exhibit electron transfer kinetics (the rate at which an electron can be 

transferred from the electron donor to the electron acceptor) very similar to those at 

commercial glassy carbon electrodes52. During the research for this thesis, applications of 

electrochemical techniques were explored for: 

 

• Characterization of the electrochemical behaviour of microfabricated 2D and 3D 

carbon electrodes, e.g. pyrolysed films with different thicknesses derived from SU-8 

photoresist. 

• Evaluation of surface modification of 2D and 3D carbon electrodes, e.g. CV for 

dopamine before and after oxygen plasma treatment; CV and EIS in presence of a 
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redox couple that has reversible behavior, such as ferri- and ferrocyanide, to compare 

the effect of plasma treatment and electrochemical grafting of carboxylic acids. 

• Amperometry monitoring of dopamine exocytosis from populations of a model cell 

line, pheochromocytoma (PC12) cells, as well as of human neural stem cells (hNSCs)  

 

3.5.1. General Introduction to Electrochemistry 

An electrochemical cell consists of two half-cells, one anode and one cathode, which are in 

contact through an external conductor and at least one electrolyte solution. A reduction 

always takes place at the cathode and an oxidation always takes place at the anode.  

 

3.5.1.1. Thermodynamic Cell Potential 

At equilibrium, when no current is flowing through the electrochemical cell, the 

thermodynamic cell potential or Nernst potential (ENernst) is referred to as the open circuit 

potential (OCP) for the electrochemical cell and is given by the expression, 

 

� !"#$% � �& �  �'     Equation 6 

 

where Ec is the electrode potential for the cathode reaction, and Ea is the electrode potential 

for the anode reaction. ENernst is the theoretically calculated cell potential for a galvanic cell 

or the theoretically calculated cell potential necessary to apply in order to drive an 

electrolytic cell.  

Conventionally, half-cell reactions are written as reduction reactions. For the general 

reaction (#) � *+, - (�.�, it is possible to write the Nernst equation, which relates the 

electrode potential to the concentration of electroactive species in solution, approximating 

that for dilute solutions, the activity for the ion Mn+, /012 3 4(#)5, and where aM(s) =1. 

 

�0 � �0
6  �  78

#9 ln ;
40125    Equation 7 

 

where EM
0 is the standard electrode potential at standard conditions (where the activity aMn+ 

= 1 and the temperature T = 298.15 °K), n is the number of electrons, R is the gas constant 
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=8.3145 (J/mol K), F is Faraday’s constant = 96485 (C/mol), T is the absolute temperature, 

and [Mn+]  is the concentration of the electroactive species in solution.  

Electrode potentials for half-cell reactions are defined as the thermodynamic cell potential 

(ENernst) in an electrochemical cell in which a theoretical standard hydrogen electrode (SHE) 

serves as the anode, where ESHE has been assigned the potential 0 V (at all temperatures) at 

standard conditions of aH+ =1, pH2 = 1 atm, and T = 298.15 °K. For the general reaction 

according to equations (6) and (7) this means that: 

 

� !"#$% �  �0 � ��<= � �0 � 0 �  �0
6  � 78

#9 ln ;
40125  Equation 8 

 

where ENernst becomes a direct measure of the EM, which at standard condition means that it 

becomes a measure of EM
0. E0 values for numerous half-cell reactions are available in the 

literature and are by definition a value for the tendency for reduction. The higher the E0 is, 

the higher is the tendency for reduction, and vice versa, the lower the E0 is, the higher is the 

tendency for oxidation. 

By converting the natural logarithm to the log10, a more commonly used expression for 

Nernst equation is obtained: 

 

 �0 � �0
6  – 6.6ABC

# log ;
40125     or     �0 � �0

6  �  6.6ABC
# log4(#)5  Equation 9 

 

The Gibbs free energy for a redox reaction (∆G) is related to ENernst through the expression 

∆G = -nFENernst, where ∆G =∆G° + RT lnK. Here, K is the equilibrium constant for the redox 

reaction, and ∆G° is the Gibbs free energy at standard conditions, giving an indication 

whether the reaction will take place spontaneously or not.  

 

A true SHE does not exist since it is virtually impossible to obtain a condition that provides a 

pH=0. Instead a well-defined reference electrode, e.g. Ag/AgCl (EAg/AgCl = 0.198 V vs. SHE) 

or saturated calomel electrode (SCE, ESCE = 0.245 V vs. SHE), is employed as a reference 

point to obtain the OCP or to measure a current at an electrode.  
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The standard electrode potential E0 is often replaced in the Nernst equation by the formal 

electrode potential E0’. The latter can be used for any set of conditions, not just when all 

activities are at unity. This is an important entity when, e.g. protons take part in the redox 

reaction, which is the case for the oxidation of dopamine and many other biochemical 

reactions. Biochemists therefore define the formal potential at physiological pH. 

 

At equilibrium conditions without current flow in an electrochemical cell, when a redox 

couple is present in solution, the concentration of the oxidised ([Ox]) and reduced ([Red]) 

species at the electrode surface is equal to the corresponding bulk concentration. Nernst 

equation can be written as: 

� � �6E �  6.6AB
# log 4FG5

47!H5              Equation 10 

For a redox couple present in equimolar concentration the corresponding form of equation 10 

is: 

� � �6E �  6.6AB
# log 4FG5

47!H5              Equation 11 

In this case, the logarithmic concentration-dependent term becomes zero and thereby E = E0’. 

 

3.5.1.2. Currents in Electrochemical Cells 

When a potential (deviating from ENernst) is applied across the electrode/solution-interface, it 

drives the transfer of electrons between the electrode material and the electroactive species in 

the electrolyte, thus generating a current. The processes taking place at the electrode-

electrolyte interface can be divided into faradaic and non-faradaic processes. Faradaic 

processes are governed by Faraday’s law of electrolysisg, which states that the current is 

directly proportional to the number of molecules reduced or oxidised. Hence, faradaic 

processes involve electron transport across the electrode-electrolyte interface, whereas the 

non-faradaic processes comprise modulation effects of charge distributions at the interface.  

The poised potential at the electrode shifts the energy level of the free electrons, resulting in 

electron transfer between the conductive material and the molecular orbitals of the redox 

species in solution energetically favourable (Fig. 3.7). By applying a negative potential to an 
                                                           
g
 Faraday’s law of electrolysis: � �  I

%  �  #9#J
%  where Q is the total charge carried by electrons that are accepted or donated, 

t is the time during which the current is recorded, n is the number of accepted or donated electrons, F is the Faraday constant 
(96.485 C mol-1), and nx is the number of moles of the chemical species oxidized or reduced. 

1 
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electrode, the energy of the electrons in the electrode material increases, resulting in a flow 

of electrons from the electrode to the Lowest Unoccupied Molecular Orbital (LUMO) of the 

species in the electrolyte. Consequently, reduction of the oxidised species (Ox) in solution 

takes place (Ox + e- � Red; reduction or cathodic current). Similarly, when the electron 

energy in the electrode material is decreased upon application of a positive potential 

electrons from the Highest Occupied Molecular Orbital (HOMO) are transferred from the 

reduced species in the solution to the conductive electrode material. This leads to oxidation 

of the reduced species in solution (Red � Ox + e -; oxidation or anodic current) (Fig. 3.8) 

 

Figure 3.7. When the equilibrium potential is perturbed, applying a positive or negative potential to 
the WE, oxidation or reduction, respectively, will occur at the electrode/electrolyte interface. 
 
For an electrochemical reaction to take place at the electrode surface, a positive or negative 

potential step must be applied deviating from the formal potential E0’. The applied positive 

or negative potential difference with respect to the E0’ is called the overpotential η, and 

serves as a driving force for the electrochemical reaction to occur. The values of potentials 

able to activate reduction and oxidation processes depend on several factors, such as: (i) the 

junction potential due to the construction of the electrochemical cell; (ii) the potential drop 

due to presence of the double layer and ohmic resistance; (iii) adsorption and reaction 

polarizations related to adsorption effects and intermediate limiting reactions, and (iv) charge 

transfer resistance due to the material properties. 
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Figure 3.8. The concentration profile before (A) and after (B) application of a potential step: When 
no potential is applied, the concentration of Red and Ox species is uniform in the system and equal to 
the bulk concentration. Upon application of a potential to the electrode surface, a stagnant layer called 
the Nernst diffusion layer (δox for the oxidized species and δred for the reduced species) is present. The 
consumed redox species are replenished through this layer by diffusion, regardless of the overall 
mode of mass transfer in the bulk solution. During reduction [Ox]x=0 decreases with the time, whereas 
during oxidation [Red]x=0 decreases. Modified from h. 
 

The amplitude of the obtained cathodic or anodic current is directly related to the amplitude 

of the negative or positive potential applied until a limiting current is reached. The limiting 

current is regulated by the mass transfer of the redox species in the bulk solution e.g. by 

diffusion. Assuming for simplicity that diffusion of the redox species is equal (DOx=DRed and 

and δOX= δRED), the measured current (i measured) can be related to the applied η through the 

equation:  

K �  78
#9  ln LM,O, LPQRSTUQV

 LPQRSTUQV,LM,R              Equation 12 

 

where il,c is the cathodic limiting current for reduction of the oxidized species, and il,a is the 

anodic limiting current for oxidation of the reduced species. Fig. 3.9 depicts a current-

overpotential curve, where the measured current is plotted as a function of the applied η. In 

the curve, η = 0 indicates the equilibrium position. 

 

                                                           
h
 http://www.chem.uoa.gr/applets/AppletDiffus/Appl_Diffus2.html 
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3.5.2. Inner and Outer Sphere Redox Systems 

Depending on the mechanism of electron transfer taking place between the electrode and the 

electroactive species122,123 (Fig. 3.10), it is possible to distinguish different classes of 

reactions: 

 

• Outer sphere redox system - the electron transfer occurs through a solvent layer, 

which is in contact with the surface. The chemical interaction between the 

electrode and the electroactive species can be considered as non-existent.  

• Inner sphere redox system - the electrode and the electroactive species are in direct 

contact and therefore the electron transfer occurs directly.  

 

The first generally accepted theory of inner and outer sphere systems was initially elaborated 

by R. Marcus124 to explain different rates of electron transfer reaction. McCreery and co-

workers intensively studied inner and outer sphere redox systems in relation to their 

electrochemical behaviour at carbon material surfaces125,126, distinguishing between inner-

sphere reactions, which depend on the electrode surface chemistry, and outer-sphere routes, 

which are essentially insensitive to it123. An example of inner sphere redox system is Fe3+/2+, 

whose redox reaction is facilitated by transient interactions with surface oxides15. Hence, this 

redox system is inhibited significantly if surface oxides are absent or obscured by 

adsorbates126.  

 

Figure 3.9 An arbitrary current-overpotential 
curve for a redox couple having equivalent 
mass transfer for both Ox and Red. 
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The Ru(NH3)6
3+/2+ redox system is considered as outer sphere and should not be influenced 

by impurities and different surface characteristics of electrodes, since it does not interact with 

any surface sites or functional groups on the electrode123,126,127. The Fe(CN)6
3-/4- couple is 

considered a ‘non-ideal’ outer sphere system15, due to its sensitivity to impurities and 

negatively charged surface oxides (e.g. carboxylates)15,123,126,127. When surface carboxylates 

are present and deprotonated at neutral pH, electrostatic effects take place, affecting electron 

transfer kinetics of the Fe(CN)6
3-/4- couple126. This phenomenon was observed at pyrolysed 

carbon electrode surfaces after modification with oxygen plasma and electrochemical 

grafting of diazonium salt (paper III). The Ru(NH3)6
3+/2+ couple was used to compare carbon 

electrodes derived from different polymer precursors for electron transfer reactivity, as 

reported in section 3.5.4.  

 

3.5.3. Measurements with Two and Three-Electrode Systems 

During electrochemical experiments, where techniques such as cyclic voltammetry and 

amperometry are used, a three-electrode setup is a common configuration. In this setup, one 

of the electrodes is utilized for controllable electrochemical processes, and is defined as the 

working electrode (WE). The potential of the WE is adjusted to a desired value versus a 

Figure 3.10. Mechanisms of electron transfer. 
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reference electrode (RE), such as a Ag/AgCl electrode, which has a stable and known 

potential. The RE is connected to a lead of the potentiostat having high impedance, thus 

eliminating the possibility of current flowing through this lead. A third electrode, the counter 

electrode (CE), closes the electrical circuit, and current passes between CE and WE through 

the electrolyte.  

When small currents are flowing in the system, a two-electrode configuration can be used, 

consisting just of a WE and a CE. This configuration was applied during electrochemical 

impedance spectroscopy (EIS) measurements (section 3.2.6). 

 

3.5.3.1. The Working Electrode (WE) 

Different materials, such as a metal or carbon, can constitute the WE, and can be used as it is 

or modified in different ways. Reactive sites, surface functionalities, modifications and 

electronic properties of an electrode can affect the electrode kinetics127. Moreover, electron 

transfer at semiconductor electrodes is often much slower than on metals, because of a low 

density of electrons (charge carriersi)127. The conductivity of different carbon allotropes 

varies greatly due to their different structures, ranging from insulators (such as diamond) to 

semimetals (graphite)15. For pyrolysed carbon materials, derived from different polymers and 

at various pyrolysis temperatures, the electrical properties range from an insulator to a 

semiconductor and semimetal22.  

 

3.5.3.2. The Reference Electrode (RE)  

In micro- and nanofabricated systems, pseudo-reference electrodes (pseudo-REs), such as a 

Ag wire coated with a layer of solid silver chloride (AgCl), or a plain metal electrode (e.g. 

gold or platinum), are used as reference electrodes (REs). Pseudo-REs are common in 

microfabricated systems due to their possibility of being miniaturized and to their simplicity 

of manufacture128. Contrarily to conventional REs, pseudo-REs do not have an internal 

electrolyte to ensure the stability of the reference electrode potential. The electrochemical 

potential of a pseudo-RE is not defined, and may thereby be affected by contaminating 

species (such as adsorption of proteins in solution) or variation of the conditions in the 

                                                           
i Electrons that are free to move and carry charges within e.g. metal electrodes, are responsible for conduction 
of electric current. 
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electrochemical cell. These effects are eliminated in conventional REs by using highly 

concentrated filling solutions, e.g. saturated KCl in the Ag/AgCl reference electrode128. Due 

to this, it is important to check the pseudo-REs potential regularly and adjust the potential 

accordingly. A pseudo-RE, i.e., Ag wire coated with AgCl, was used for most of the 

experiments performed for this thesis. Due to toxicity of Ag/AgCl electrodesj on biological 

systems129, a Pt wire was used as pseudo-RE in paper IV. 

 

3.5.3.3. The Counter Electrode (CE) 

Typically, no reactions under study occur at the surface of the counter electrode (CE) to not 

adversely influence the reactions occurring at the WE. The same number of electrons is 

transferred at the CE as is transferred at the WE. Due to this a fast electron transfer as well as 

a larger area than the WE are important in order for the CE not to become a limiting factor in 

an electrochemical system. Platinum is one commonly used material for the CE, due to its 

inertness and the fast electron transfer kinetics occurring at its surface. Platinum was also 

used during the experiments performed for this thesis. However, less expensive materials 

may also be used, such as carbon, other metals, etc.  

 

3.5.4. Cyclic Voltammetry 

In cyclic voltammetry, the current response is measured upon application of a linear potential 

with a triangular waveform (Fig. 3.11). This triangular potential excitation signal sweeps the 

electrode potential between two extreme values (switching potentials Eλ1 and Eλ2). Important 

parameters, such as the peak currents (ipa – anodic and ipc – cathodic) and the peak potentials 

(Epc - cathodic and Epa – anodic) can be extracted from the cyclic voltammogram (CV).  

 

For a diffusion controlled and reversible electron transfer process at 25°C (298 K), the peak 

current (ip) is given by the Randles-Sevcik equation20: 

 

     WX � �2.687 ] 10A� *_/C �;/Ca;/Cbc             Equation 13 

 

                                                           
j
 Ag ions are toxic for cells. 
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where n is the number of electrons exchanged in the redox reaction, v the potential scan rate 

in Vs-1, D the diffusion coefficient of the reduced or oxidized species in cm2s-1, A is the area 

in cm2, C the concentration in mol cm-3.  

 

 

Figure 3.11 Principles of cyclic voltammetry. (A) Triangular potential waveform. (B) A typical 
cyclic voltammogram (CV) recorded at an SU-8-derived pyrolysed carbon film electrode in the 
presence of a redox couple that has reversible behaviour, e.g. Ru(NH3)6

3+/2+. The figure shows the 
parameters that can be derived from a CV. Eλ1 and Eλ2 are the switching potentials; ipa and ipc are the 
anodic and cathodic peak currents, respectively; Epc and Epa are the cathodic and anodic peak 
potentials, respectively. 
 

From the peak potential values it is possible to estimate the degree of electrochemical 

reversibility of the redox process by analysing the difference between the cathodic and 

anodic peak potential (∆Ep = |Epa – Epc|), where ∆Ep is close to 59/n mVk at 25 °C for a 

reversible redox reaction130,131. Moreover, it is possible to estimate the formal potential (E0’) 

of the redox couple involved in the reaction through the expression E0’
≈ E1/2 = (Epa+Epc)/2. 

Cyclic voltammetry is therefore a very useful tool to characterize the electrochemical 

behaviour of novel electrode materials or surface modifications. Another important 

parameter that can be derived from cyclic voltammetry is the ipa/ipc ratio that for nernstian 

systems is equal to unity, regardless of scan rate, Eλ, and diffusion coefficients.  

By studying the behaviour of a chosen redox compound, different electrode modifications 

can be compared (as was done for dopamine in Paper III and ferri-ferrocyanide in Paper IV). 

Aside from electrochemical properties, other factors can affect parameters such as ∆Ep and 

                                                           
k For a fully nernstian system the value 59/n mV is related to Nernst equation (equation 7) (n is the number of 
electrons involved in the reaction). 
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peak current. Examples are increased resistance due to: (i) thin carbon film (Paper II) (Fig. 

3.12), (ii) thin leads from the WE to the electrical contacts, and (iii) bad external contacts, all 

resulting in an increased ∆Ep and lower peak currents.  

 

  

Figure 3.12 Representative CVs at pyrolysed carbon films of 0.4 µm and 1.6 µm thickness (in 10 
mM potassium hexacyanoferrate (II/III) in PBS pH7, scan rate 100 mV s-1 versus Ag/AgCl pseudo-
reference electrode). The acquired CVs showed lower ∆Ep values for 1.6 µm carbon films compared 
to 0.4 µm films as well as an increase in peak current for the 1.6 µm film. The decrease in ∆Ep values 
and increase in peak current with increased film thickness are likely due to decreased resistivity for 
thicker films, which are thus more favourable for electron transfer at the electrode surface. 
 
 

Cyclic voltammetry also facilitates evaluation of kinetic parameters of a redox reaction at an 

electrode surface. The method of Nicholson allows to determine the standard rate constant 

for electron transfer (k0) from the experimental ∆Ep
131,132. Knowing the scan rate v, k0 can be 

calculated from: 

    
6 � ψ  �a6ef�½  h#9
78i

½ 
�jk 

jl
� α/2             Equation 14 

 

where values of the numerical charge transfer parameter, ψ, can be obtained from the 

working function introduced by Nicholson132 that relates the variation of ∆Ep with ψ (Fig. 

3.13). DR and D0 are the diffusion coefficients for the reduced and oxidized form of the redox 

couple, respectively. α is the charge transfer coefficient, which for most general cases is 0.5. 
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Figure 3.13 Working curve relating ∆Ep with ψ132  

 

For evaluation of k0 at pyrolysed carbon electrodes derived from different polymer precursor 

templates, the Ru(NH3)6
3+/2+ redox couple was used. In this case, DR is the diffusion 

coefficient of Ru(NH)6
2+ (6.7x10-6 cm2 s-1)133, and D0 is the diffusion coefficient of 

Ru(NH)6
3+ (8.4x10-6 cm2 s-1)134. Table 3.2 shows k0

 values for different pyrolysed carbon 

materials, calculated from ∆Ep values obtained at a scan rate of 10 mVs-1. 

 

Table 3.2. k0 values calculated with equation 14 from the experimental ∆Ep of the CVs obtained in 
1mM Ru(NH3)6

3+/2+, scan rate 10 mV s-1. SU-8 – 0.5 µm and SU-8 - 11 µm indicate two different 
thicknesses of the analysed carbon film, PS is polystyrene, and PS-PDMS is polystyrene-block-
polydimethylsiloxane. 

Electrode ∆Ep (mV) k0 (cm s-1) 

PS-PDMS 109 8,0E-02 

PS 78 3,3E-01 

SU-8 - 0.5 µm 92 1,2E-01 

SU-8 - 11 µm 72 5,4E-01 

 

The increased electron transfer kinetics of a pyrolysed SU-8 film with 11 µm thickness 

compared to the one with 0.5 µm thickness is in accordance with the lower resistivity for 

thicker carbon films (paper II). Moreover, the slower electron transfer kinetics of PS-PDMS 

compared to PS and SU-8 films may be related to its lower carbon content (as shown by XPS 
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analysis in Table 3.1), as well as to its higher microstructural disorder (as shown by Raman 

spectroscopy in Fig. 3.4).  

Moreover, electron transfer kinetics are very useful for determination of the surface 

characteristics of an electrode, e.g. after surface modification. For instance, compared to 

untreated carbon surfaces for surfaces modified with O2 and H2O/O2 plasma higher ∆Ep 

values (derived from the CVs) and hence slower electron transfer of the Fe(CN)6
3-/4- redox 

were observed (paper III). This is caused by increased electron density conveyed by 

increased oxygen functionalities introduced by the plasma. 

 

3.5.5. Amperometry 

In amperometry, the measured current is dependent on an applied constant potential. The 

necessary applied constant potential value can be determined from a CV, based on the 

obtained anodic and cathodic peak potential. The overpotential at which the desired 

electrochemical reaction, i.e. reduction or oxidation, is driven must be high enough to ensure 

rapid depletion of the electroactive species at the electrode surface, such that the process is 

controlled by diffusion to the electrode. For example, if the formal potential of the redox 

couple is 0 mV vs. Ag/AgCl, the WE needs to be poised at a more negative potential value in 

order to follow the reduction, or at a more positive potential value for the oxidation. The 

recorded current includes contributions from:  

 

• The faradaic current due to oxidation or reduction of a species, caused by the shift in 

the electrode potential from the equilibrium position;  

• The charging current due to charging of the electrical double layer capacitance on 

the electrode surface. After the initial potential step, the charging current level 

reaches a maximum value (at t ≈ 0) and then decays exponentially; the magnitude of 

which is essentially determined by the magnitude of the potential step and the 

resistance of the solution according to Ohm’s law. 

 

The exponential decay of the charging current is completed in a period of microseconds. 

After that the registered current (i) primarily comprises a contribution of the faradaic current, 

which decays with time asymptotically approaching zero when large electrodes with linear 
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diffusion pattern are used. This behaviour is valid under diffusion-controlled conditions, 

where the current is limited by diffusion of the analyte to the electrode surface (unstirred 

solution) and follows the Cottrell equation: 

     W ��� � #9njo
½po

q  
r½%½     Equation 15 

 

where A is the electrode area (cm2), Ci*  is the bulk concentration (mol cm-3) of the reduced or 

oxidized component i of a redox couple, depending on whether an oxidation or reduction 

reaction, respectively, is being studied, n is the number of electrons involved, F is the 

Faraday constant (C mol-1), Di is the diffusion coefficient for the electroactive species i (cm2 

s-1), and t is the time (s).  

 

When amperometry is used for detecting an electroactive analyte that for instance is released 

by cells, the sample electrolyte does not initially contain the electroactive species in question. 

An applied potential step causes, nevertheless, an initial decay of current comprised of the 

double layer charging current and the ionic current in the electrolyte. When the current has 

decayed to a constant level a baseline is obtained for the subsequent measurements of the 

released electroactive species. Upon release its oxidation or reduction results in formation of 

a current-time trace (peak) as seen in Fig. 3.14. Amperometric detection was used to evaluate 

the capabilities of 3D-carbon scaffolds for monitoring dopamine exocytosis from two 

different cell lines grown on the scaffolds (paper IV). 

 

 

 

Figure 3.14 Typical current-time trace 
recorded during exocytosis measurements. 
(A – peak area) 
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3.5.6. Electrochemical Impedance Spectroscopy (EIS) 

3.5.6.1. General Introduction to EIS 

Electrochemical impedance spectroscopy (EIS) is a useful technique for characterization of 

materials as well as for evaluation of electrode surface modifications135. In EIS a small-

amplitude sinusoidal excitation potential, E(t), is applied to a two-electrode system (a WE 

and CE) in a chosen frequency (f) range. The applied potential, E(t), can be expressed as 

function of time t: 

 

����  �  �6 .W* �2es��  �  �6 .W* ����                Equation 16 

 

where ω is the radial frequency of the applied potential and E0 is the amplitude of the 

potential. The sinusoidal potential E(t) results in a sinusoidal current response, I(t), with the 

same frequency but shifted in phase (φ), which can be expressed as a function of time:  

 

���� � �6 sin�ωt �  φ�              Equation 17 

 

where I0 is the amplitude of the current. In analogy to Ohm’s law, the total impedance of the 

system Z can be expressed as:  

 

   w��� � =�%�
��%� � =l xyz�{%�

�l xyz�{% ) |� �  |Z| xyz�{%�
xyz�{% ) |�             Equation 18 

 

Hence Z is expressed in terms of a magnitude |Z| and a phase shift φ. The phase shift is 

determined by the resistive and capacitive components of the system: 

 

• The sinusoidal potential across a resistor generates a sinusoidal current response that 

has the same phase angle as the applied potential (φ = 0° - purely resistive 

behaviour) (Fig. 3.15A).  
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• The sinusoidal potential across a capacitor results in a current that is delayed by 90°l 

(φ = -90° - purely capacitive behaviour) (Fig. 3.15B). 

 

Figure 3.15 (A) A sinusoidal potential (solid line) across a resistor generates a sinusoidal current 
response (dashed line) that has the same phase angle as the potential (φ=0). (B) The same sinusoidal 
potential across a capacitor results in a current that is delayed by a phase angle of φ=-90°. 
 

Using Euler’s relationship, ejφ = cosφ + jsinφ, where � �  √�1, the impedance Z can be 

written as a combination of a real (ZRE) and an imaginary (ZIM) component:  

 

w���  � ����
���� � � +�{%

 � +�{%,�| � |Z| +�| �  |Z| ���.	 �  �.W*	� � w�����  � �w����� 

          Equation 19 

 

Where Z(ω)RE (in-phase) results from the resistive components of the system, and Z(ω)IM, 

(out-of-phase) from the capacitive onesm.  

 

3.5.6.2. Electrical Double Layer 

The structure that describes the charge distribution at the electrode-electrolyte interface at 

atomic level is called electrical double layer. The solution side of the double layer consists of 

multiple layers, schematically represented in Fig. 3.16. The layer closest to the electrode is 

called inner Helmholtz layer and is composed of solvent molecules and specifically adsorbed 

ions. The Inner Helmholtz plane (IHP) contains these specifically adsorbed ions define. The 

next thicker layer of solvated ions, the outer Helmholtz layer, covers the transition of ionic 
                                                           
l
 Impedance of a capacitor decreases as the frequency increases. The impedance behaviour of a capacitor versus 
frequency is opposite to that of an inductor.  
m

 If the descriptive equivalent circuit is very complex, as is often the case in electrochemistry for real systems, 
both real and imaginary components comprise contributions of resistive and capacitive properties. 
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concentration from the electrode surface to the bulk solution. The solvated ions are 

nonspecifically adsorbed, and since they are shielded by the first layer, they interact more 

weakly by long-range electrostatic forces with the charged electrode surface. The Outer 

Helmholtz Plane (OHP) comprises these nearest solvated ions. Due to thermal agitation in 

the solution, the nonspecifically adsorbed ions are distributed in the region that extends from 

the OHP into the bulk of the solution, called the diffuse layer131. 

Since the charged electrode is separated from the charged ionsn, the electrical double layer 

resembles a parallel-plate capacitoro. 

 

The overall impedance of an electrochemical cell, consisting of a WE, a CE, and an 

electrolyte, has three main contributions: (1) Impedance of the electrolyte Rs, (2) interface 

impedance of the WE, and (3) interface impedance of the CE. Usually, the CE has a larger 

dimension than the WE. Thus, the CE interface impedance is much smaller and thereby 

negligible compared to the WE interface impedancep.  

                                                           
n
 The separation distance is in the order of Angstroms. 

o
 Charges separated by an insulator form a capacitor. In a normal case there is no insulator in a double layer 

capacitance but due to electrode modifications this is exactly what can be the consequence. 
p Impedance is directly proportional to resistance (Z ∝ R) and inversely proportional to capacitance (Z ∝1/C). 
Since capacitance is proportional to the area of a capacitor (C ∝ A), and the resistance is inversely proportional 
to the area of a resistor (R ∝ 1/A), the total impedance of the system is inversely proportional to the area of the 
system (Z ∝ 1/A). 
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Figure 3.16. An interfacial electrochemical reaction with diffusion- and double layer component with 
the Randles electrical equivalent circuit describing the interface. Abbreviations: CDL, double-layer 
capacitance; CE, counter electrode; IHP, Inner Helmholtz Plane; OHP, Outer Helmholtz Plane; Rct, 
charge transfer resistance; RS, solution resistance; WE, working electrode; W, Warburg impedance  
 

EIS data are commonly analysed by fitting them to an equivalent electrical circuit model 

using non-linear regression. The circuit elements in the model are electrical elements such as 

capacitors, resistors, and inductors. The simplest general equivalent circuit for an 

electrode/electrolyte interfaceq comprises the series of the double layer capacitance CDL and 

the solution resistance RS
r (Fig. 3.17). 

 

 

 

                                                           
q
 The impedance of a series circuit containing a resistor and a capacitor is: w��� � � � � �/c �� 

r
 The RS depends on the ionic concentration, type of ions, temperature, and the geometry of the area in which 
current is carried, while the value of the CDL depends on electrode potential, temperature, ionic concentrations, 
types of ions, oxide layers, electrode roughness, and impurity adsorption. 

Figure 3.17 Equivalent circuit for 
electrode/electrolyte interface.  
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For low frequencies the capacitive term dominates and the impedance is determined by the 

charged interface, while for high frequencies the impedance is purely resistive and determined by 

the bulk solution. Hence, by varying the frequency, different individual contributions to the 

overall impedance of an electrochemical system can be investigated. This facilitates, e.g. 

understanding and troubleshooting of anomalous results, which can be related to problems with 

an electrode surface or contacts to external instrumentation, whereas the same information cannot 

be obtained by CVs.  

 

If the electrolyte also contains a redox couple, the occurring redox reactions lead to charge 

transfer and thus mass transfer affects the electrochemical behavior of the system. The WE 

interface impedance includes two main components and is described by Randles equivalent 

circuit model shown in Fig. 3.16136, describing the contribution of the system to the total 

impedance:  

 

• Non-faradaic - due to the contribution of the electrical double layer capacitance (Cdl) 

• Faradaic - due to (i) redox reactions taking place across the interface by overcoming 

an activation barrier, namely the charge transfer resistance Rct (kinetically controlled 

property of the system), (ii) mass transfer of the redox species, affecting the rate of 

electron transfer at the electrode surface (mass transfer resistance), defined as 

Warburg impedance W (diffusion controlled property of the system). 

 

3.5.6.3. Representation of EIS Measurements 

Recorded data from EIS measurements can be plotted in different ways, such as: 

 

• Bode plot: The magnitude of impedance (|Z|) and the phase angle (φ) are plotted as a 

function of the frequency (f) on a logarithmic scale. 

• Nyquist plot: The negative of the imaginary impedance (-ZIM) is plotted as a function 

of the real impedance (ZRE) (Fig. 3.18). 

 

A Nyquist plot provides a clear visualization of the system characteristics. It consists of a 

semicircle and a linear portion (Fig. 3.18). 
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Figure 3.18 A Nyquist plot, resulting from measurement in a solution containing redox active 
compounds, showing the relationship between the phase angle (φ), and the real- and imaginary- 
component of the impedance.  
 

The semicircle portion at higher frequencies (increasing in direction  of the plot) represents 

the capacitive behaviour. The semicircle diameter represents the charge-transfer resistance, 

RCT, i.e. the electron transfer limitation. The highest point of the semicircle gives the 

electrical double layer capacitance. The intercept of the Nyquist plot at the real-axis indicates 

the magnitude of the solution resistance. However, in systems where external contacts have 

significant resistances, these are also included in the resistance indicated by the intercept of 

the semicircle, RTOT. The linear portion at lower frequencies (decreasing in direction � of the 

plot) corresponds to the diffusion-limited process and is characteristic of systems with mass 

transfer control properties. The linear part forms ideally a 45° angle (phase angle, φ
s) with 

the ZRe-axis, i.e. mass transfer related properties cause a 45-degree phase shift in the response 

signal. 

On solid electrodes, such as carbon electrodes, the non-faradaic component of the interface 

(the double layer capacitor) does not behave purely as a capacitor, but instead as a constant 

phase element137 (CPE). This indicates the presence of non-uniform current distribution, 

which in carbon electrodes is originated by, e.g. the presence of both edge and basal 

planes138. The electron transfer reaction rates of redox systems at basal planes are more 

sluggish compared to the ones at the edge plane48, resulting in inhomogeneous reaction rates 
                                                           
s φ �   tan,;�w�0  /w7=  � 
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and hence giving rise to non-ideal capacitive behaviour, modelled as CPEt. The centre of the 

obtained semicircle of a Nyquist plot is often situated below the real-axis (Fig. 3.19). By 

rotating the Nyquist plot, corresponding to an “ideal” behaviour (solid line in Fig. 3.19), by 

an angle φ �  α π/2 it is possible to represent the “CPE” behaviour (dotted line). α is an 

empirically derived constant that for CPE is < 1 and can give an idea of the degree of 

resistive and capacitive properties: α = 1 indicates a purely capacitive interface (i.e. the CPE 

resembles a pure double-layer capacitance); α = 0 indicates the presence of a pure resistance.  

Generally, for increased surface inhomogeneity, such as roughness and inhomogeneous 

reaction rates, alfa decreases. For pyrolysed carbon films the decreasing α value seems to be 

related to the roughness increase for thicker films (paper II). Moreover, for untreated 

pyrolysed carbon films, α is quite low (0.74) in comparison with smooth e-beam evaporated 

gold surfaces (~0.9)139 and increases upon modification with diazonium salt (0.91), 

indicating that the degree of inhomogeneity decreases (paper III).  

 

 

If the acquired impedance spectra of a system are better described using a CPE instead of 

CDL, the CDL value can be obtained using the relation135,137: 

 

cj� �  hI 7� 7��
7� ) 7��

i
;/α 7� ) 7��

 7� 7��
             Equation 20 

 

                                                           
t
 CPE is an empirical quantity given by: CPE �  �����,α , where Q is the magnitude of CPE at ω = 1 and α is 
the multiplication factor of the phase angle. 

Figure 3.19 Nyquist plot with α = 1 
(solid line) and 0< α <1 (dashed line).  
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Where Q is the magnitude of CPE at frequency ω=1, and the other parameters are the same 

as previously described. The CDL value can also be obtained from the Hsu and Mansfeld 

formula140: 

cj� � � ���'GEE �α�1              Equation 21 

 

Where ��'GEE  is the angular frequency at which the absolute value of ZIm reaches its 

maximum (Fig. 3.17), Q is the magnitude of CPE at frequency ω=1, and α is the 

multiplication factor of the phase angle.  

Aside from the Nicholson method, which allows to evaluate the kinetic parameters k0 from 

∆Ep derived from CV (section 3.2.6), estimation of k0 can also be done by considering the 

electrochemical basis of the RCT, as indicated in eq.22131: 

 

�p8  � 78
pq#�9�n�l              Equation 22 

 

where R is the molar gas constant, T is the absolute temperature of the system, C* is the 

equal concentration of the oxidized and reduced form of the used redox probe, n is the 

number of electrons involved in the redox process, F is Faraday’s constant, A is the area of 

the electrode surface available for the redox process, k0
 is the apparent standard rate constant 

of the redox process at a very small sinusoidal potential which only causes a small 

perturbation of the system from the equilibrium, characterized by the OCP.  

EIS facilitated characterization of pyrolysed carbon films derived from SU-8 of different 

thicknesses in relation to their resistance (paper II). Moreover, evaluation of different surface 

modifications (plasma treatment and electrochemical modification with diazonium salt) was 

possible (paper III).  

 

3.3. Immunocytochemistry and Image Analysis 

 

Immunocytochemistry is used to detect specific molecules or proteins (antigens) in cells or 

tissues. This is done by exploiting antibodies that can bind specifically to the target 

molecules, allowing unique detection of molecules and proteins of interest in a sample141. By 
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tagging the antibody to, e.g. a fluorophore, the antibody-antigen interaction can be visualised 

with a fluorescent or a confocal laser-scanning microscope. For immunocytochemistry 

detection, antibodies are classified as primary or secondary (Fig. 3.20A). A primary antibody 

(first layer) specifically recognises and binds to the target antigen and is typically unlabelled. 

The secondary antibody (second layer) is usually labelled with a tag and reacts with the 

primary antibody, enabling detection of the target antigen. 

In the work performed for this thesis, immunocytochemistry was used to label tyrosine 

hydroxylase (TH) and beta tubulin in neural stem cells. TH is the rate-limiting enzyme for 

production of the neurotransmitter dopamine, and beta tubulin is the characteristic 

cytoskeletal component of neuronal axons. This was done to indirectly confirm dopaminergic 

phenotype of stem cell-derived neurons growing and differentiating on commercial 

plasticware, as well as on different 3D carbon scaffolds (Paper IV). The staining of the nuclei 

allows estimation of the number of cells expressing TH out of the total number of cells 

(example shown in Fig. 3.20 B). 

 

 

Figure 3.20 (A) Conceptual drawing of immunocytochemistry. (B) Confocal laser scanning image 
showing differentiated neural stem cells on carbon scaffolds. Nuclei are blue, beta tubulin positive 
cells are green, and TH positive cells are red.  
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Chapter 4 

Surface Modification of Carbon 

Structures for Biological 

Applications 

 

 
 

 

 

This chapter describes the treatment methods that have been investigated to modify the 

surface of 2D and 3D carbon electrodes during the work performed for this thesis. 
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The surface chemistry of pyrolysed carbon electrodes is important for their electrochemical 

behaviour and application126,142. Modification prior to their use is therefore often a necessity. 

To introduce specific surface functionalities, which confer properties suited for a desired 

application, carbon materials can be modified with different physical and chemical 

treatments. Moreover, functionalization of the surfaces can facilitate physisorption or 

covalent tethering of molecules, such as enzymes, antibodies, DNA, and cell adhesion factors 

that are required for biological applications143–146. For instance, increasing the surface 

functionalities on pyrolysed carbon material is necessary when using it as a substrate21 or 

scaffold for cell growth (paper IV). 

 

4.1. Surface Characteristics of Pyrolysed Carbon Electrodes 

 

Similarly to GC electrodes126,147126,147, the surface of pyrolysed carbon materials is 

heterogeneous and consists of basal and edge planes of graphene sheets which is not 

graphitized108. The atoms on the edge plane of the graphene sheets are much more reactive 

than the atoms on the basal plane, the latter of which are atomically ordered. Hence 

chemisorbed foreign elements, such as oxygen, are predominantly located on the 

edges48,108,142. 

Generally, the pyrolysis process conditions as well as the precursor polymer material 

strongly affect the nature and the distribution of surface functional groups and heteroatoms, 

which determine the surface chemistry of the pyrolysed carbon structures. For instance, an 

oxide terminated surface is produced when pyrolysis is conducted in non-reducing 

atmosphere (e.g. in presence of argon and nitrogen)52,121. Moreover, exposure of a pristine 

carbon surface to even trace amounts of oxygen results in a submonolayer coverage of 

carbon–oxygen complexes, which are thought to be located near the edges of polyaromatic 

sheets in carbon108,126,142. Figure 4.1 shows a representative but non comprehensive list of 

oxygen functionalities present on carbon surfaces48,126.  
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Figure 4.1. Oxygen functionalities that can be present on pyrolysed carbon surfaces108,126 

 

These functional groups have been extensively studied with different techniques, such as 

optical spectroscopy, XPS, thermal desorption mass spectrometry15, and infrared 

spectroscopy21,148,149. In this thesis, the functional groups on pyrolysed carbon were identified 

by XPS, which revealed that on untreated surfaces, phenolic (C-OH) and carbonyl groups 

(C=O) were the most abundant functionalities (Table 4.1) (paper III). 

 

Table 4.1. Relative percentage (average ± SD. n= 3) of functional groups obtained from 
deconvolution of C1s spectra for untreated samples of pyrolysed carbon surfaces derived from SU-8. 
Deconvolution gives four individual component groups that represent graphitic carbon (C=C) and 
sp3 hybridized C (C-C), phenolic (C-OH) and carbonyl (C=O) functionalities, and shake-up satelliteu  
 

Functional groups  

C-C & C=C 63.14 ± 0.76 

COH 12.05 ± 0.04 

C=O 8.77 ± 0.29 

shake up 16.05 ± 0.61 

 

The oxide coverage and the type of functional groups can vary widely with e.g. the original 

polymer material precursor used (Table 3.2). Moreover, the tendency of oxygen terminated 

surfaces to adsorb impurities leads to variable surface functionalities150. Contamination by 

adsorbates increases the oxygen/carbon atomic (O/C) ratio on samples exposed to the 

                                                           
u
 Shake-up satellite peaks are found in structures with conjugated π systems, such as aromatic rings in graphite. 



 

63 

 

ambient atmosphere in the laboratory (Fig. 4.2), a phenomenon that has been also observed 

for glassy carbon7 and pyrolysed positive photoresist52. Possible mechanisms responsible for 

adsorption of nonpolar adsorbates are the creation of e.g. induced dipole151.  

 

 

 

Pyrolysis in a reducing atmosphere (e.g. in presence of forming gas) minimizes carbon 

oxidation, leading to a low O/C ratio52. This may result in a hydrogen-terminated carbon 

surface, which is relatively stable towards oxidation in the ambient atmosphere during 

storage. The lower reactivity can be due to lower density of unsatisfied valences on hydrogen 

terminated surfaces52, similarly to hydrogen plasma treated glassy carbon151. Hydrogen 

terminated carbon surfaces tend to be both unreactive152 and hydrophobic151, properties 

which limit their further application. For obtaining reproducible coverage of surface 

functionalities as well as for rendering carbon surfaces with properties suitable for 

electrochemistry and biological applications, modification of the surfaces is needed.  

 

 

 

 

Figure 4.2. Survey spectra of pyrolysed 
carbon derived from SU-8 photoresist 
films. The O/C ratio increases from 0.02 
at day 1 to 0.1 at day 90 after pyrolysis. 
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4.2. Tailoring the Surface Chemistry of Pyrolysed Carbon Electrodes for 

Electrochemical Detection and Cell-Based Applications 

 

Different treatments have enabled modification of carbon materials, such as polymer 

coatings35,153,154, plasma modifications3,10,11,19, UV-assisted modification92,157,158, oxidation 

using strong acids (e.g. HNO3 or H2SO4)
148,159 or anodization160, and electrochemically-

assisted covalent modification161. Here, plasma treatment and electrochemical reduction of 

diazonium salt will be described. 

 

4.2.1. Plasma Treatment 

Plasma treatment of carbon surfaces is a rapid, effective, and versatile method that can easily 

be tuned to introduce a wide range of functional groups by varying the plasma parameters, 

such as power, pressure, gas mixture, and treatment time149. The excited species, i.e. 

electrons, radicals, and ions within the plasma, strongly interact with the pyrolysed carbon 

surface, breaking e.g. C=C bonds. The complex mixture of surface functionalities introduced 

by the plasma influence the physical and chemical properties of the surface. Specifically, it 

results in a dramatic change of the increased electron density (conveyed by e.g. increased 

oxygen functionalization) and roughness, which influences the wetting characteristics of the 

surface116. Moreover, the introduced functional groups on the pyrolysed carbon are active 

sites that can be further exploited for tethering molecules, such as antibodies162, proteins163, 

and DNA92. 

In this thesis oxygen plasma treatment was performed to increase the surface wettability of 

2D and 3D carbon electrodes (Paper IV), and hence resulted in enhanced physisorption of 

adhesion factors that are required for cell adhesion, spreading, growth, and differentiation 

(see section 4.3). Moreover, the effect of oxygen plasma and water vapour/oxygen plasma 

treatments on pyrolysed carbon electrodes was evaluated in terms of wettability, surface 

composition, and electrochemical behaviour (Paper III). 

 

4.2.2. Diazonium Salt Modification 

Although plasma treatment of carbon can generate different types of surface functionalities, 

and can be performed easily and on large areas, ultimately, the number of obtainable 
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functional groups is, nevertheless, limited (Fig. 4.1). Methods for electrochemically assisted 

modification of a carbon surface offer the possibility of selective grafting of functional 

groups161. The most commonly used electrochemically assisted modification of carbon 

materials are: (i) reduction of aryl diazonium salts, leading to aryl terminated carbon, and (ii) 

oxidation of aryl acetates or amines that graft aryl or amine groups covalently to the carbon 

surface161.  

In diazonium salt modification the molecule used during the reaction is commonly a 

substituted benzene ring (the substituent on the benzene is the aryl substituent)161. The 

presence of selected functional groups on the aryl substituent can lead to useful electrode 

surface properties161, facilitating further chemistry for immobilization of enzymes143,144, 

antibodies145, and electroactive groups146. Moreover, since the reaction is induced 

electrochemically, it is possible to limit and direct the modification specifically to e.g. only 

some electrodes in an array of individually addressable working electrodes. 

Electrochemical reduction of aryl diazonium salt was the modification used during the work 

in this thesis. This method was first applied to carbon electrodes (GC, carbon fibers, carbon 

powder, and highly oriented pyrolytic graphite) in 1992164 and has since then been 

extensively studied165. However, it has been also successfully used on silicon166,167, stainless 

steel168, copper, gold, and platinum169, CNTs170, graphite171, graphene172, and PC173,174. The 

method yields a very stable surface functionalization, requiring mechanical abrasion for its 

removal (indicative of the covalent nature of the attachment)175. The modification (Fig. 4.3) 

involves reaction of phenyl amines with sodium nitrite (NaNO2) to form a phenyl diazonium 

ionv, capable of undergoing electrochemically induced one-electron reduction on carbon 

electrodes, thus generating a phenyl radical and N2, the former of which reacts with the 

carbon surface by coupling to an unsatisfied valence or adding to a double bond176.  

 

 

                                                           
v The phenyl amine is first dissolved in hydrochloric acid, and then a solution of sodium nitrite is added. The 
reaction between the hydrochloric acid and the nitrite ions produces the nitrous acid HNO2. The positive ion, 
containing the -N2

+ group, is known as a diazonium ion. 
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Figure 4.3 Modification of carbon surfaces by phenyl amines reduction165,177. 

 

Similar to alkanethiol mixed layers on gold178, obtained from solutions of different 

alkanethiolsw, it is possible to use mixed layers of aryl diazonium salts179.  

During the research performed for this thesis, reduction of aryl diazonium salt with a 

carboxylic substituent was performed and compared to plasma modification in terms of 

electrochemical behaviour and wettability (Paper III). 

 

4.3. Biocompatibility 

 

The traditional concept of biocompatibility of materials implicates a “do not harm” 

mission180 (i.e. nontoxic, nonmutagenic, etc.) and is often evaluated using measurements of 

cell morphology, viability, and growth. However, these parameters are not sufficient to 

assess their effects on the molecular level, such as alterations of gene expression181. Due to 

the link between gene expression and disease mechanism, the impact of an experimental 

system on cellular functions should be minimal, or at least known181. Hence, the choice of 

investigated biocompatibility parameters for novel biomaterial as well as microfabricated 2D 

and 3D structures is vital. It has therefore been suggested that the concept of material 

biocompatibility should be modified, i.e., a material is biocompatible when it: (1) does not 

induce cell death, (2) supports cell proliferation, and (3) does not alter the transcriptome 

profile compared to a reference material such as polystyrene (biocomparability)182. In the 

work performed in this thesis, the biocompatibility and biocomparability of pyrolysed carbon 

electrodes were tested at different conditions (with and without oxygen plasma treatment as 

well as with and without polylysine coatings) (Fig. 4.4) and compared with polystyrene 

plastic ware (paper IV).  

 

                                                           
w

 Organic thiols adsorb onto gold surfaces from solution and form ordered monolayers (self-assembled 
monolayers). 
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Based on a more ‘positive’ concept of biocompatibility, materials bring an enhancement of 

the desired biological functions180, which in the case of neural stem cells can result in an 

increased manifestation of dopaminergic properties (paper IV). For instance, our 

immunocytochemistry experiments for the enzyme tyrosine hydroxylase (TH) have revealed 

that the obtained percentage of TH positive cells for growing cells on pyrolysed carbon is 

tremendously increased (>70%) compared to cells growing on common plasticware (~2%) 

(Fig. 4.5).  

 

Figure 4.4. Representative micrographs after 24-h culturing of human neural stem cells (hNSCs) on 
differently treated carbon surfaces. On untreated (A) or plasma treated (B) pyrolysed carbon surface, 
hNSCs adhere poorly, forming clusters that do not promote cell spreading to acquire the proper 
morphology. Oxygen functionalities on plasma treated surfaces provide anchoring points for 
improved physisorption of the primary amine groups of polylysine that mediate cell attachment (C) 
(paper IV). 
 

 

Figure 4.5. Confocal fluorescence images of immunostained growing neuronal stem cells (48h) on: 
(PS) PLL modified polystyrene (PS) and (C) oxygen plasma and PLL treated flat carbon surfaces. 
The images show that a much higher % of cells on C is TH positive. 
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Chapter 5 

Micro- and Nanostructures for 
Cell-Based Research 

 

 

 
 

In this chapter, a brief explanation of Parkinson’s disease and different ways of detecting 

dopamine is presented. Moreover, the mechanism of interaction between cells and the in vivo 

and in vitro environment will be described.   
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Micro and nano-engineering techniques are exploited in fabrication of biomaterials to obtain 

good interfaces and substrates where cells can adhere, divide, grow, and differentiate183. 

Different materials (e.g. hydrogels, polymers, ceramics, composites, silicon, carbon) are 

currently explored for building substrates and scaffolds for tissue engineering and biomedical 

research184–188. Micro and nanostructured surfaces may be able to tune the response of cells, 

which could be useful within technologies relevant to e.g. tissue engineering and regenerative 

medicine104,188. Recently, conductive 3D scaffolds (e.g. based on silicon nanowire field-effect 

transistors, conductive polymers, carbon nanotube (CNT)-doped hydrogels, graphene foam) 

have emerged as a new approach187,189–192 to provide both the necessary structural support for 

cell or tissue growth and a means for localized stimulation/monitoring of the functional 

dynamics in a cell population. These conductive scaffolds are of particular interest in 

neuroscience since neuronal functions are strongly influenced by electrical stimuli due to the 

inherent nature of signal transmission in nerve tissue. During the work done in this thesis, the 

suitability of conductive carbon scaffolds has been demonstrated for dopamine detection 

from a neural stem cell line that is clinically relevant for treatment of Parkinson’s disease 

(paper IV).  

 

5.1. Parkinson´s Disease 

 

In the central nervous system (CNS), dopamine is as a neurotransmitter, which belongs to the 

catecholamine family, modulating e.g. motor functions, memory and learning, feelings of 

reward and attention, as well as sleep193. In patients with Parkinson’s disease (PD), the 

dopaminergic neurons (able to produce dopamine) in substantia nigra of the CNS are 

dysfunctional or dying, causing a subsequent lack of dopamine, which is manifested as e.g. 

slow movement, tremor, rigidity, inability to initiate movement, as well as involuntary 

movement194–196. Treatments with, e.g. deep brain stimulation, enzyme inhibitors, L-3,4-

dihydroxyphenylalanine (L-DOPA), have been shown to be quite effective in alleviating the 

symptoms influencing motor functions197,198. However, therapies for treatment of non-motor 

symptoms, such as dementia, are still lacking, and disease progression cannot be 

counteracted197. Clinical trials within cell replacement therapy (CRT) with transplantation of 

neural fetal tissue into the brain (striatum area) have provided proof of principle that 
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neuronal replacement can result in clinical improvement of PD patients (Fig. 5.1)196,199–201. 

The fraction of dopaminergic neurons that form from the transplanted tissue can re-innervate 

the striatum and restore dopamine production, giving rise to clear symptomatic relief in some 

patients196,199,201. 

 

 

Stem cells are undifferentiated cells that are able to: (i) differentiate into many specialized 

adult cell types (e.g. hepatocytes, erythrocytes, neurons, etc.) in response to proper stimuli 

(potency); (ii) proliferate and reproduce themselves maintaining their potency (self-renewal). 

These cells can be classified according to their origin: embryonic stem cells (ES), neural 

stem cells (NSC) and mesenchymal stem cells (MSC)202. NSCs are multipotent cells, derived 

from the nervous system, with ability to give rise to cells of the three neural lineages: 

neurons (some of which can be dopaminergic), astrocytes, and oligodendrocytes198.  

In development of NSCs able to differentiate to a dopaminergic lineage, the main concern is 

how large a fraction of a cell population can show the manifestation of dopaminergic 

properties. For preclinical transplantation, dopaminergic neurons from stem cells have been 

Figure 5.1. Treatment of 
Parkinson’s disease by 
transplantation of dopaminergic 
neurons in the brain (cell 
replacement therapy (CRT)). 
Adapted from249.  
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produced in vitro from different sources and species203–219. Previous studies have shown that 

the human neural stem cell (hNSC) line hVMbcl-xL, derived from the ventral 

mesencephalon, after differentiation generates the highest obtained percentage of 

dopaminergic neurons, 17.2%219. This still imposes a limitation for effective implementation 

of CRT. Hence, novel substrates and scaffolds for directing the fate of hNSCs to 

dopaminergic neurons are essential for the field of stem cell research.  

The confirmation of a true dopaminergic property (phenotype) necessitates detection of the 

actually released dopamine. Dopamine is electrochemically active and thus detectable by e.g. 

amperometry or fast scan cyclic voltammetry220. Therefore, conductive substrates and 

scaffolds could enable e.g. evaluation of chosen differentiation conditions on the number of 

dopaminergic neurons in a cell population.  

Due to the clinical relevance of hVMbcl-xL NSCs, this cell line was used in the work 

presented in this thesis (paper IV). 

 

5.2. Neurotransmitter Exocytosis and its Detection  

 

Single-cell studies using fluorescence detection221 and electrophysiology222, have revealed 

the mechanism of dopamine release - exocytosis. Upon electrical, mechanical, and chemical 

stimulation of neurons (e.g. using an elevated concentration of K+ ions223,224) the Ca2+ ion 

channels present in the presynaptic neuron are depolarized, causing a Ca2+ ion influx223,225. 

This event triggers fusion of the vesicles that store neurotransmitters (e.g. dopamine) with the 

plasma membrane, causing opening of a fusion pore and leading to release of 

dopamine223,225(Fig. 5.2). 
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Figure 5.2. Within the nervous system, neurons transmit information to other nerve cells through 
dendrites, which extend from the neuron cell body, and receive messages from other neurons. 
Synapses are the contact points where one neuron communicates with another. Inset: mechanism of 
neurotransmitter release - When an electrical impulse arrives to the gap between two neurons 
(synaptic cleft), it causes opening of Ca2+ ion channels and increases the intracellular Ca2+ 
concentration. This event triggers fusion of the membrane of vesicles containing neurotransmitters 
with the plasma membrane of the pre-synaptic neuron, leading to release of neurotransmitter. In this 
way, the electrical signal is converted into its chemical counterpart. Modified from226

.  

 

Real-time monitoring of exocytotic release of dopamine and other catecholamines can be 

achieved only by electrochemical detection. This has been demonstrated on single cells 

belonging to different model cell lines (e.g. chromaffin and pheochromocytoma (PC12) 

cells), which have the Ca2+ dependent machinery for releasing catecholamines, such as 

dopamine. Chromaffin and PC12 cells are not neurons and hence in vivo the dopamine in 

their vesicles does not function as neurotransmitter, but the release mechanism is the same as 

the release of dopamine and other neurotransmitters from neurons. Hence, information about 

the process of neurotransmitter exocytosis originates from studies using these model cell 

lines. Amperometric measurements of catecholamine secretion have been conducted using 
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carbon fiber microelectrodes227,228 (placed immediately adjacent to these cells – Fig. 5.3A), 

and exhibit current spikes corresponding to packages of one vesicle at a time (quantal 

release)227,229 (Fig. 5.3B - C).  

 

 

Figure 5.3. (A) Illustration of amperometric measurements on a single-cell using a carbon fibre 
microelectrode (CFE)230. (B) Typical amperometric recording of current spikes from a single cell231. 
(C) Magnification of one current spike with different parameters that can be obtained to characterize 
exocytotic events, e.g. the spike amplitude (imax), the peak width half height (t½), the rise time (RT – 
time required for recording 25-75% of the imax), the total charge (Qx- integration of the current of each 
peak)231.  
 

In order to lower the cost of these types of experiments and to increase their throughput, 

amperometric recordings of exocytosis events using planar (2D) microelectrode chips232–238 

are becoming popular, and enable depending on the design dopamine detection from both 

single cell232–238 and cell populations237,238 (Fig. 5.4).  

 

The propensity of metal electrodes to fouling due to polymerization of dopamine on the 

electrode surface poses limitations for dopamine detection13. Therefore, microfabricated 

electrodes based on carbon represent a very good alternative, and have been employed during 

the work done for this thesis. 

 

                                                           
x
 From Q, the total charge, it is possible to derive the total number of released dopamine molecules227 with the following 

equation based on Faraday’s law of electrolysis: ���+���+. � �b /*�, where Q is the total charge, n is the number of 
electrons involved in the oxidative process (2 for dopamine), F is the Faraday constant (9.6485 x 104 C mol-1), and A is the 
Avogadro’s constant. 
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Figure 5.4. Amperometric detection of dopamine at planar microelectrodes from a cell population: 
the dopamine is immediately oxidized at the potential poised at the electrode. Inset: reaction of 
dopamine oxidation. 
 

Experiments on single cells have been very useful to elucidate the mechanism of dopamine 

exocytosis. However, single cell studies cannot be conducted to evaluate dopaminergic 

properties of cell lines such as hVMbcl-xL NSCs, due to their dependence on surface 

anchorage and cytokines produced by neighbouring cells in a population. Traditionally, their 

capability to release dopamine is determined by collecting samples of culture medium 

containing dopamine released by a cell population, followed by subsequent HPLC 

analysis219,239. During the work done for this thesis, electrochemical real-time detection of 

dopamine exocytosis from populations of stimulated NSCs has for the first time been 

demonstrated using 3D carbon pillar scaffolds (paper IV) (Fig. 5.5).  

 

 
Figure 5.5. Dopamine detection on 3D scaffold from population of differentiated neurons. 
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5.3. Interaction of Cells With the In Vivo and In Vitro Environment 

 

Typically in in vivo environment, cells interact and respond to features from the macro scale 

down to the molecular scale104. Cells sense most extracellular signals via transmembrane 

receptors (integrins) that recognize and tether the cell cytoskeleton by forming focal 

adhesions through motifs within proteins (for instance laminin, fibronectin and vitronectin) 

that constitute the fibers of the extracellular matrix (ECM)240. Upon binding, integrins elicit 

complex biochemical cascades of intracellular signaling, which together act to regulate cell 

physiology241. Consequently, topographies ranging from nano- to microscale, for instance 

topographies composed of networks of nanoscale pores, ridges, and fibers made by ECM 

molecules, affect cell physiology2. At the same time, cells are inherently sensitive to their 

surroundings, thus they are influenced by multiple cues (Fig. 5.6), including: (1) mechanical 

and biochemical-interactions with the ECM, (2) gradients of secreted signals (e.g. hormones, 

cytokines, and growth factors), and (3) cell–cell contacts242. These cues dynamically 

influence and regulate cell behavior, such as expression of ECM proteins, proliferation, 

activation of growth factors, maintenance of survival signals to prevent programmed cell 

death (apoptosis), and differentiation241,243–245. 

 

Figure 5.6. Different factors affect cell behavior and direct their fate: soluble and matrix bound 
factors, cell-cell contact, cell-matrix adhesion. Modified from 246. 
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Most in vitro studies with adherent mammalian cells are performed using standard 2D culture 

systems in which cells are plated onto commercial polystyrene cell culture plastic ware that, 

depending on the cell type, is treated or not with pre-coatings to initiate cell adhesion. 

Some cells e.g. fibroblasts, which are one of the main components of connective tissue, can 

grow directly on the plastic ware since they secret ECM components that coat the plastic thus 

mediating cell adhesion. Other cells, such as neural cells, whose capacity to secrete ECM 

proteins is essentially non-existent, requires pre-coating of the plastic ware with adhesion 

factors. However, 2D formats are poor mimics of the in vivo environment. Compared to cells 

on 2D plastic ware, cells growing in a more physiologically resembling environment, such as 

a 3D one, vary considerably in their morphology, their cell/cell and cell/matrix interactions, 

and their differentiation levels247. 

 

5.3.1. Interaction of Cells with Micro- and Nanotopographies 

It has been shown that micro- and nanotopographies, their order (e.g. pillars, grooves, ridges, 

steps, and pits), and their symmetry (e.g. hexagonal or orthogonal or packing of nanopits) can 

regulate cell behavior188. Therefore, structuring of nano- and microscale material to control 

cell behavior has important implications when designing new materials, which could be used 

e.g. for tissue engineering. 

 

 

Figure 5.7. SEM images of growing (A) PC12 cells on 1.4 µm pillar scaffolds, and (B) hNSCs on 5.1 
µm pillars. Scale bar: 2 µm. 
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One early response of cells to microtopographies is to increase the number of their ‘sensing’ 

organelles, such as filopodia and microspikes. Fig. 5.7A shows PC12 cells and Fig. 5.7B 

hNSCs grown on micropillar scaffolds developed during this thesis (paper IV). Regardless of 

cell type or substrate, cells exhibit filopodial and spindle shape protrusions, which serve as 

anchoring points to pull the cell body. This phenomenon has been shown before248. 
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Chapter 6 

Summary of the Papers 
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Paper I describes the process optimization of SU-8 for fabrication of high-aspect ratio 

micropillar arrays. Different process parameters were changed during the optimization 

related to the baking steps, temperature, ramping rate and duration, and the results were 

compared. Large areas of pillar arrays with various diameter and ~22 µm height were 

fabricated. The optimized process yielded pillars close to the resolution limit of UV 

photolithography with diameter 1.8 µm, AR = 11.  

 

Paper II presents the fabrication and thorough characterization of the micropillar arrays 

described in Paper I before and after pyrolysis. The carbon micropillar arrays and three 

carbon film thicknesses were characterized for their shrinkage, and different properties: 

electrical, electrochemical, bulk microstructure (i.e. disorder and crystallite formation). 

Finally, fabrication of high-aspect ratio micropillars on interdigitated electrodes and their 

electrochemical behaviour is described. Due to their good properties, the obtained 3D 

interdigitated electrodes can be further used for bioelectrochemical applications. 

 

Paper III shows the surface modification of pyrolysed carbon films and of micropillar arrays 

presented and characterized in Paper II. The carbon surfaces were modified with 

electrochemical reduction of diazonium salt, oxygen and a mixture of water/oxygen plasma 

treatments. The effect of the treatments was analyzed and compared using XPS, 

electrochemical impedance spectroscopy, cyclic voltammetry, and contact angle 

measurements.  

 

Paper IV presents the application of the micropillar electrodes as 3D scaffolds for growth 

and differentiation of clinically relevant neural stem cells developed for cell replacement 

therapy of Parkinson’s disease. The obtained results show that the pyrolysed carbon itself 

strongly increases the cells’ development to mature dopamine releasing neurons and the 3D 

environment enhances the growth of neurites. Due to the conductive properties of the 3D-

carbon scaffolds, these are optimal for electrochemical detection of exocytotic dopamine 

release from stem cell populations, functioning as a dopamine trap capable of detecting a 

much larger quantity of the released dopamine compared to conventional microchip-based 

systems relying on planar electrode configuration.   
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Chapter 7 

Conclusions and Outlook 
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2D and 3D scaffolds in pyrolysed carbon could represent a new direction in 

bioelectrochemical applications. The tailoring possibility of the scaffold in terms of shape 

and surface functionalization could facilitate the developments of novel biosensors. The 

surface treatment of these electrode structures enhances their electrochemical performance, 

but also to make it possible to change the electrode surface properties so that small or large 

chemical / biological molecules can be attached onto them, e.g. for bio-sensors that may be 

developed, or to make them more compatible with cell biological applications. Moreover, 3D 

carbon scaffold opens up new possibilities in stem cell research and therapy. The 

combination of a conducting 3D carbon scaffold and electrochemistry gives unique 

possibilities to enhance hNSCs differentiation into TH+ phenotype (material) and neurite 

elongation (3D topography), and at the same time enables direct confirmation of true 

dopaminergic phenotype and neuronal maturation (electrochemical dopamine trap). 
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a b s t r a c t

SU-8 is the preferred photoresist for development and fabrication of high aspect ratio (HAR) three dimen-
sional patterns. However, processing of SU-8 is a challenging task, especially when the film thickness as
well as the aspect ratio is increasing and the size of the features is close to the resolution limit of photo-
lithography. This paper describes process optimization for the fabrication of dense SU-8 micropillar
arrays (2.5 lm spacing) with nominal height P20 lm and nominal diameter 62.5 lm (AR P8). Two
approaches, differing in temperature, ramping rate and duration of the baking steps were compared as
part of the photolithographic processing, in order to evaluate the effect of baking on the pattern resolu-
tion. Additionally, during the post-processing, supercritical point drying and hard baking were intro-
duced yielding pillars with diameter 1.8 lm, AR = 11 and an improved temporal stability.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

SU-8 is a chemically enhanced, negative tone photoresist,
based on the EPON� SU-8 resin and composed of epoxy oligomers.
The resin contains the photo-acid generator (up to 10 wt%)
triarylsulfonium hexafluoroantimonate salt, and is dissolved in
an organic solvent to enable spin coating [1,2]. Typically, SU-8
processing comprises spin coating, solvent removal, UV-expo-
sure, polymerization, and development [3–5]. The lithographic
performance of SU-8 (resolution, delamination, cracking, etc.) is
affected by the parameters of every process step, each strongly
influencing the obtained results and requiring individual tailor-
ing for a desired application to obtain well-resolved and stable
microstructures [6–11]. Therefore, values of parameters
described in literature vary in a wide range depending on the
different structural features.

The goal of this work was to fabricate dense arrays of high-
aspect ratio (HAR) (P8) SU-8 micropillars with spacing and diam-
eter approaching the resolution limit of standard UV photolithog-
raphy. Possible applications of such SU-8 micropillars can
comprise superhydrophobic surfaces [12] and carbon MEMS [13].
However, to our knowledge, HAR (P8) micropillars fabricated with
UV photolithography have been reported only for diameters
P5 lm [13–15]. In the case of smaller diameters, the photolitho-
graphic resolution becomes critical, and lack of mechanical stabil-
ity of the structures leads to cracking, collapsing and delamination
from the substrate. Furthermore, the required thickness of an SU-8
layer to obtain a sufficient AR for small-diameter pillars causes a

challenge by significantly reducing the photolithographic resolu-
tion. Thereby, when approaching the resolution limit even incre-
mental progresses are difficult to achieve.

Micro- and nanopillars with AR much higher than 10 can be
achieved using X-ray, e-beam and two-photon lithography
[15,16]. However, these methods are very costly, require long pro-
cessing times, and are hardly applicable for high-throughput fabri-
cation of arrays. Additionally, in the case of X-ray lithography, the
difficult access to synchrotron radiation strongly restricts the
availability of this technique.

In photolithographic processing, conventionally soft-bake (SB)
and post-exposure bake (PEB) are performed at an elevated
temperature (between 60 and 100 �C) for a short time (3–
5 min) [1,17]. However, previously published results have
shown that SB at a lower temperature (between the ambient
and 50 �C), combined with a low-temperature PEB at 50 �C min-
imizes thermal stress and thus also delamination and cracking
[18,19].

In this paper, two processing approaches with different temper-
ature, ramping rate and duration of SB and PEB are compared for
the fabrication of SU-8 micropillars with height P20 lm. CO2

supercritical point drying and hard baking after the lithographic
process are evaluated as means to overcome the collapsing of the
structures and to achieve a high temporal stability.

2. Materials and methods

Preliminary experiments showed that delamination of the
micropillars from the substrate is a major issue independent of
the processing parameters. Therefore, a thin SU-8 underlayer
(5 lm) was added in the processing.
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Using a surface micromachining approach, SU-8 resists of differ-
ent viscosities from Micro Resist Technology (Germany) were
sequentially processed and simultaneously developed to fabricate
the thin underlayer (SU-8 2005) and the micropillars (SU-8
2075). The process flow is schematically illustrated in Fig. 1.

Si (100) wafers were chosen as substrates for fabrication of all
the structures. Spin coating of the photoresists was done using a
RC8 spin-coater (Karl-Süss, France). For the exposure steps, a
MA6/BA6 aligner (Karl-Süss, France) was used. The aligner was
equipped with a mercury lamp filtered at 365 nm (i-line filter,
20 nm FWHM) because the increased absorption of the SU-8 at
shorter wavelengths would jeopardize the resolution.

To prepare the underlayer film with the nominal thickness of
5 lm, approximately 3 ml of SU-8 2005 were manually dispensed
onto the substrate and spun at 2000 rpm for 30 s with an acceler-
ation of 5000 rpm s�1. The film was then flood exposed administer-
ing the exposure dose (D) of 500 mJ cm�2 as two single exposures
of 250 mJ cm�2.

In the case of the film for patterning of the micropillars, approx-
imately 4 ml of SU-8 2075 were manually deposited in the central
part of the substrate and the coating was performed using a two-

step spin process. A spread cycle of 30 s at 1000 rpm with
200 rpm s�1 acceleration was applied to ensure that the deposited
SU-8 was spread across the entire wafer. Subsequently, the wafer
was spun at 4000 rpm for 120 s with 500 rpm s�1 acceleration,
yielding a 23 lm thick film. The second layer of SU-8 was pat-
terned by exposure in hard contact mode through a mask. The
mask design included hole arrays of various dimensions (ranging
from 1.5 to 15 lm) with a spacing equal to the hole diameter in
each array. This design allowed for monitoring of the lithographic
resolution of the corresponding process. The exposure dose (D) was
optimized to achieve the highest resolution. D from 100 to
200 mJ cm�2 was tested and D = 150 mJ cm�2 was selected.

To determine the effect of the baking steps on the micropillar fab-
rication, temperature, ramping rate (R), and baking time of SB as well
as PEB were varied in the experiments. A programmable hotplate
(Harry Gestigkeit GmbH, Germany) for parallel processing of four
samples was used for all the baking steps. The wafers were placed
on a cold hotplate and ramped to the baking temperature. At the
end of the baking time, the wafers were allowed to cool on the hot-
plate to room temperature by natural cooling over a period of 1.5–
2 h. The two approaches of SU-8 processing that were compared in
this work are denoted by ‘‘high temperature’’ (HTP) and ‘‘low tem-
perature’’ procedure (LTP). The baking parameters are summarized
in Table 1. A two-step baking at 60 and 90 �C was performed in the
HTP. For the LTP, the final bake temperature was 50 �C.

The development in propylene glycol methyl ether acetate
(PGMEA) was performed in two steps. First a rough development
to remove most of the unexposed SU-8 was done for 5 min, after
which each wafer was transferred to a second developer bath for an-
other 5 min. Development was terminated by an isopropanol rinse
for 30 s and subsequently the wafers were dried by evaporation of
the rinse solvent, either in air or using supercritical drying with
CO2. For the supercritical drying, the specimens were placed in an
isopropanol bath directly after development and then transferred
to an Autosamdri-810 CO2 supercritical point dryer (Tousimis, USA).

After drying, an additional two-step flood exposure with the to-
tal D = 500 mJ cm�2 and a hard-bake at 90 �C for 15 h in an oven
were tested. This procedure has been used earlier to minimize
residual stress and enhance temporal-stability of SU-8 cantilevers
[19].

Imaging of the pillars was done using a FEI Nova 600 scanning
electron microscope (SEM) in low-vacuum mode, at the pressure
of 0.6 mbar to minimize charging of the non-conducting polymer
samples.

3. Results

Fig. 2 shows that the resolution limit for the two processes was
different. Micropillars with the nominal diameter (NØ) = 3 lm pro-
cessed with the HTP show irregular deformation and bending
(Fig. 2A). Furthermore, the features are characterized by spikes of
crosslinked SU-8 connecting them in the proximity of their base.
The comparable structures with the LTP are well resolved and
straight with an effective Ø = 2.6 ± 0.1 lm (Fig. 2B). Micropillars
with NØ = 2.5 lm fabricated with HTP were not well resolved
forming an indistinct block of photoresist with stretched pillars

Fig. 1. A schematic flow of the lithographic process.

Table 1
Baking parameters of the ‘‘high temperature’’ and ‘‘low temperature’’ procedure. SB = soft-bake; PEB = post-exposure bake; R = ramping rate.

Baking step High temperature procedure (HTP) Low temperature procedure (LTP)

Underlayer (SU-8 2005) SB 5 min at 60 �C, R = 2 �C/min; 5 min at 90 �C, R = 2 �C/min 2 h at room temperature
PEB 5 min at 60 �C, R = 2 �C/min; 5 min at 90 �C, R = 2 �C/min 1 h at 50 �C, R = 15 �C/min

Pillars (SU-8 2075) SB 2 min at 60 �C, R = 2 �C/min; 5 min at 90 �C, R = 2 �C/min 1 h at 50 �C, R = 15 �C/min
PEB 1 min at 60 �C, R = 2 �C/min; 5 min at 90 �C, R = 2 �C/min 2 h at 50 �C, R = 15 �C/min
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on the edges (Fig. 2C). For the LTP, well defined structures were
achieved. However, neighboring pillars were leaning towards each
other (Fig. 2D).

The results demonstrate that the pillars processed with the LTP
have a higher structural stability than the ones fabricated with the
HTP. The residual solvent content during polymerization of
the photoresist is high for the LTP due to a lower temperature of
the SB. The consequences are enhanced diffusion of photo-acid
and mobility of the monomers in the polymer matrix, both
promoting crosslinking of the SU-8 [19]. Apparently, the enhanced
diffusion due to the higher residual solvent content does not seem
to affect the photolithographic resolution of the LTP.

In comparison, the high-temperature SB in the case of the HTP re-
sults in low residual solvent content. The observed lack of structural
stability of the micropillars indicates insufficient crosslinking even
though the PEB is performed at a higher temperature compared to
the LTP. On the other hand, the high temperature during the PEB
of the HTP sufficiently enhances diffusion of photo-acid and photo-
resist polymerization in non-exposed regions causing loss of resolu-
tion of the structures. For pillars with NØ = 3 lm, the lack of
resolution at the lower part of the pattern is probably caused by tem-
perature and solvent gradients in the SU-8 layer. During baking on a
hot plate, the resist is heated from below by heat conduction, and a

temperature gradient is developed in the resist layer, with a higher
temperature at the bottom of the photoresist. This results in higher
diffusion of photo-acid in the volume close to the silicon substrate,
which affects the resolution. These considerations are even more
significant for pillars with NØ = 2.5 lm indicated by partial merging
of the neighboring pillars.

Fig. 3. SEM image of unresolved and delaminated micropillars with nominal Ø
2 lm fabricated using the LTP. Scale bar: 10 lm.

Fig. 2. SEM images of pillars processed with the HTP (A and C) and with the LTP (B and D). Micropillars with NØ 3 lm (top) and 2.5 lm (bottom). Scale bars: 5 lm.
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In the case of pillars with NØ = 2 lm, only a single block of SU-8
with no defined structures was observed when using the HTP (re-
sults not shown). The LTP yielded well-resolved standing pillars
forming aggregates mixed with structures delaminated from the
substrate (Fig. 3). Micropillars with NØ = 1.5 lm and NØ = 1 lm
could not be fabricated.

3.1. CO2 drying

The observed collapsing of the pillars with NØ of 2.5 lm (Fig. 2D)
is due to the capillary forces, caused by the surface tension of the
rinse liquid during the drying step after the development process
[21,22]. The capillary forces act on the resist walls during solvent
evaporation and cause bending and sticking of neighboring features.
The collapse of the pattern is related to the mechanical properties of
the resist and therefore to the lack of strength of the structures com-
pared to the forces during drying. In addition, the longer the distance
between the pillars, the smaller is the force on the structures, thus
reducing the collapse [23]. This explains the collapse of the 2.5 lm
pillars having a small spacing of only 2.5 lm.

To prevent the collapsing of the patterns, increasing the struc-
tural stability is limited whereas reduction of the surface tension
due to the rinse liquid is the most plausible approach. Supercritical
drying with CO2 was tested to reduce the surface tension. Fig. 4
shows the comparison between samples dried with air (No CO2)
and supercritically dried (CO2). When using supercritical drying,
the isopropanol, which is used for rinsing after the development, is
soluble in CO2. This eliminates the surface tension and hence the
capillary force becomes nonexistent, resulting in straight pillars
(CO2).

3.2. Hard baking

A few days after the processing, the pillars started to collapse,
despite the fact that the samples had been dried with CO2

(Fig. 4C). Moisture absorption and thermal vibrations during stor-
age may explain the collapsing of the pillars. Further experiments
showed that an additional flood exposure and a hard-baking step
increase the temporal stability of the structures (Fig. 4D). The
structural stability of the pillars is due to enhanced crosslinking

Fig. 4. Pillars with AR 11. Top: Optical microscope image of air dried (No CO2) and supercritically dried (CO2) pillars (Scale bar: 20 lm). Bottom: SEM images of pillars 7 days
after fabrication. (Scale bar: 5 lm) (C) Collapsed pillars without hard bake. (D) Hard baked standing pillars. Inset: micropillars with aspect ratio 11 (Ø 1.8 lm and height
20 lm). (E) Zoom-out of standing pillars.
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of the SU-8 and reduction of the residual solvent content. The den-
sification during this process results in shrunken structures with Ø
1.8 lm (±0.1) and AR 11.

4. Conclusions

We have demonstrated that performing the baking steps at low
temperature (50 �C) for long time (1–2 h) is essential for the fabri-
cation of HAR structures with dimensions close to the resolution
limit of photolithography. The obtained high structural stability
is facilitated by enhanced crosslinking and high resolution is
achieved due to limited diffusion.

The proposed method yields well resolved but collapsed pillars.
The collapsing of structures can be eliminated by subsequent crit-
ical point drying and hard baking after the lithographic process.
The optimized process yields standing micropillars with Ø
1.8 lm, AR = 11 having high temporal stability.
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1. Introduction 

 

For miniaturised and portable electrochemical sensors, maximizing the electrode area on a 

micro-sized footprint is essential, and can be facilitated by three-dimensional (3D) 

electrodes. Several methods have enabled fabrication of 3D electrode arrays1–4. Fabrication 

of 3D metal electrodes requires the use of metal electroplating, sputtering or evaporation 

equipment, which often limits fabrication throughput and results in expensive devices that 

are not amenable for mass-production. An alternative and attractive method for 3D electrode 

fabrication is based on the carbon MEMS technique5, a very simple, high-yield and cost-

effective process that is based on pyrolysis of lithographically patterned polymeric precursors 

with strictly defined or arbitrary geometries. Polymer derived carbon is electrochemically 

and structurally similar to glassy carbon (GC): the microstructure contains graphitic (C atoms 

form sp2 bonds as in graphite) and amorphous zones (C atoms form sp3 bonds) 6–9. The 

graphitic content of pyrolysed carbon can be tuned by tailoring the parameters during 

fabrication of the polymer precursor template10–12 and the pyrolysis conditions13,14. 

Pyrolysed carbon electrodes exhibit a wide electrochemical potential window15, chemical 

inertness towards a wide variety of solvents and electrolytes16, good biocompatibility17, and 

outstanding as well as tunable mechanical properties16,18. All these features make them the 
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ideal material choice for applications such as chemical sensing19, heavy metal detection20, 

biosensors21–23, cell culture and differentiation17,24,25, and microbatteries26–28.  

This work is the first report on fabrication and characterization of 3D electrode arrays in SU-

8 derived pyrolysed carbon with a spacing and diameter approaching the resolution limit of 

standard UV photolithography (diameter 1.4 µm, spacing 5 µm, and aspect ratio of about 8). 

SU-8, the polymer precursor in our study, is a negative photoresist that is commonly used to 

fabricate high-aspect ratio (HAR) micro- and nanostructures29–34. Although pyrolysed 

micropillar arrays with aspect ratio higher than 10 have been fabricated before, their diameter 

and spacing were larger than 10 µm34.  

Our aim was to fabricate 3D carbon electrodes on wafer-scale, consisting of HAR pillars 

finely patterned in an interdigitated electrode (IDE) format (3D-IDE). Different types of 2D 

and 3D pyrolysed carbon structures were fabricated, followed by thorough characterisation of 

surface- and microstructures, as well as investigation of electrical and electrochemical 

properties.  

The surface exposure and pyrolysis history of pyrolysed carbon electrodes can be critical for 

its performance, reproducibility, and stability. Most carbon surfaces35 are prone to oxidize 

upon exposure to air and to adsorb impurities, leading to varying surface6,36 and electronic37 

properties with time. Most of the proposed methods38–41 for electrode regeneration produce 

changes in the structure39,41 and properties of carbon electrodes and cannot be directly 

employed for microfabricated 3D electrodes. 

Here, we demonstrate a relation between increased oxygen content and increased resistivity 

upon exposure of the electrode to air and present a method to efficiently regenerate the 

surface and electrical properties of the carbon electrodes. 
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2. Experimental section  

2.1. Microfabrication of carbon electrodes 

2.1.1. Materials  

The negative epoxy photoresist SU-8 was purchased from Microresist GmbH (Berlin, 

Germany). SU-8 2005 (solid content 14 wt.%) and SU-8 2075 (solid content 73wt.%) were 

used as received. SU-8 2035 (solid content 70 wt.%) was diluted with cyclopentanone 

(BioReagent) to 56 wt.%. Phosphate buffered saline (PBS), potassium ferricyanide 

([Fe(CN)6]
3-), hexaammineruthenium(III) chloride and hexaammineruthenium(II) chloride 

were purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Potassium 

ferrocyanide ([Fe(CN)6]
4-) was purchased from Fluka BioChemica (Buchs, Germany). All 

solutions used for electrochemical characterization were prepared in ultrapure water 

(resistivity 18.2 Mohm cm) from a Milli-Q ® water purification system (Millipore 

Corporation, Billerica, MA, USA). 
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2.1.2 Preparation of unpatterned pyrolysed carbon films 

For detailed characterization of the carbon electrode material properties, unpatterned SU-8 

films with three different thicknesses were prepared and pyrolysed. 5 µm thick films of SU-8 

2005 and 9 µm thick films of diluted SU-8 2035 were investigated as potential thicknesses of 

the precursor layer for the definition of the 2D interdigitated electrodes. 22 µm thick films of 

SU-8 2075 were characterized because films with this thickness were later used for the 

fabrication of the precursor structures of the 3D carbon pillar microelectrodes. The detailed 

method for the processing of SU-8 films was described earlier29. Briefly, the resist films were 

spin coated on top of 4-inch silicon wafers with a 2 µm thick thermal silicon dioxide layer. 

This was followed by soft baking on a hotplate and flood exposure with UV radiation (i-line, 

365 nm). The exposed samples were subjected to a post-exposure-bake (PEB) on a hotplate 

and the uncrosslinked SU-8 was developed in Propylene Glycol Monomethyl Ether Acetate 

(PGMEA). The processing parameters for the SU-8 films with different thicknesses are 

summarized in Table 1. 

The different SU-8 films were pyrolysed in a PEO-601 furnace (ATV Technologie GmbH, 

Vaterstetten, Germany) in nitrogen atmosphere. The pyrolysis protocol featured two stages: 

(i) a temperature ramp from room temperature to 200°C followed by a 30 min dwell time at 

200°C to allow for any residual oxygen to be evacuated from the chamber and prevent 

combustion of the polymer as the temperature is increased further; and (ii) a temperature 

ramp from 200 to 900°C with 1 h dwell time at 900°C to complete the carbonization. The 

samples were heated and cooled down to room temperature at a ramp of 2°C /min.  
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   Table 1 – Processing parameters for unpatterned SU-8 films with different thicknesses  

SU-8 type 2005 2035 (dil.) 2075 

SU-8 thickness  5 µm 9 µm 22 µm 

Spin coating I:  
Spread cycle 

2000 rpm/30 s 
5000 rpms-1 

1000 rpm/30 s 
200 rpms-1 

1000 rpm/30 s 
200 rpms-1 

Spin coating II: 
Thinning cycle 

None 4000 rpm/120 s 
500 rpms-1 

4000 rpm/120 s 
500 rpms-1 

Soft bake 
2 h at RT 
(solvent evaporation) 

15 min at 50 °C 1 h at 50 °C  

Exposure 500 mJ/cm2 500 mJ/cm2   500 mJ/cm2 

Post bake 1 h at 50 °C 1 h at 50 °C 2.5 h at 50 °C  

    
 

2.1.3 Fabrication of 3D carbon micropillar arrays 

Large arrays of carbon micropillars with various dimensions were designed and fabricated to 

allow for initial characterization of electrical and electrochemical properties of 3D 

microelectrodes. For this purpose, SU-8 micropillar arrays were defined on unpatterned SU-8 

films following a procedure previously described in detail29 and subsequently pyrolysed . A 5 

µm thick layer of SU-8 2005 simulating the 2D bottom layer of the final device and a 22 µm 

thick 3D pillar layer of SU-8 2075 were processed as described in Table 1. An air gap 

between the mask and the resist caused by the presence of an edge bead (EB) can severely 

reduce the lithographic resolution and the batch-to-batch reproducibility of HAR pillars. 

Thus, an EB removal (EBR) step was performed after spin coating of the pillar layer to 

minimize the height of EB. The EBR was optimized resulting in an EB of 4.6 µm (± 0.1; 

average ± SD, n=4) compared to 6.9 µm (± 0.1; average ± SD, n=4) without EBR.  

The pillar layer was exposed with 150 mJ/cm2 through a test mask with hole arrays of 

different diameters ranging from 3 to 15 µm. After development, the sample was dried in 

supercritical CO2. In order to completely crosslink the resist, samples were flood exposed 

with 500 mJ/cm2 and hard baked on a hotplate at 90 ° C for 15 h42. Finally, the SU-8 

structures were pyrolysed following the process described above. 

 

2.1.4 Fabrication of 3D interdigitated carbon microelectrodes (3D-IDE) 

To obtain the final 3D interdigitated carbon microelectrodes, a polymer precursor structure 

with SU-8 micropillars on a patterned SU-8 film was fabricated using a multistep process 
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(Fig. 1a-d) followed by pyrolysis (Fig. 1e). Prior to SU-8 processing, alignment marks were 

photolithographically patterned in a positive photoresist (AZ©5214E from Micro- Chemicals 

GmbH, Ulm, Germany) using an image reversal process, followed by metal deposition (10 

nm thick Cr adhesion layer and 150 nm thick Au layer) via electron beam evaporation and 

lift off in acetone (Fig. 1a). SU-8 photolithography was performed in two steps: (1) 

Patterning of planar interdigitated fingers in SU-8 2005 with 5 µm thickness, 5 µm width and 

5 µm spacing (Fig. 1b). The process parameters were the ones described in Table 1 with an 

exposure dose of 140 mJ/cm2. (2) Fabrication of SU-8 2075 pillars with 22 µm height and 3 

µm diameter on top of the planar interdigitated fingers (Fig. 1c-d) as described in section 

2.1.3. 

 

Figure 1. Schematic view of the fabrication process 
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2.1.5 Electrode regeneration 

For regeneration of carbon structures after exposure to air contamination, temperature 

treatment of carbon was performed at 800 °C for 30 min with a heating and cooling rate of 

10°C /min, similarly to a previously reported procedure43. 

 

2.2. Characterization of carbon electrodes 

A range of techniques was used to characterise the structural-, electrical- and electrochemical 

properties of the unpatterned carbon films and the carbon microelectrodes. 

 

2.2.1. Shrinkage measurements using SEM and profilometer  

A scanning electron microscope (Zeiss Supra VP 40) was used for imaging of the carbon 

micropillar arrays (section 2.1.3) and the 3D-IDE (section 2.1.4). To evaluate the shrinkage 

of the micropillars, the structure height and diameter were characterized before and after 

pyrolysis For the same purpose, the height and width of the IDE structures interconnecting 

the pillars were measured before and after pyrolysis using a Dektak 8 stylus profiler (Veeco). 

The % shrinkage s was expressed as44  

    � � 1 �
��

���	

               (1)  

where dSU8 is a dimensional parameter of the SU-8 microstructure before pyrolysis such as 

the thickness, length, width or diameter and dc the corresponding parameter of the carbon 

microstructure after pyrolysis. 

 

2.2.3. Raman spectroscopy 

The bulk structure of carbon films obtained from 5 µm and 22 µm thick SU-8 layers was 

analysed by visible Raman Spectroscopy performed using a Raman microscope (Model 

DXR, Thermo Fisher Scientific Inc, Denmark) with an excitation wavelength of 532 nm. All 

the spectra were recorded with a 10x long working distance objective and 5 mW laser power. 

The Raman spectra were analysed using OMNIC software from Thermo Scientific.  

 

2.2.4. X-ray Photoelectron Spectroscopy (XPS)  

The surface composition of carbon films obtained from 5 µm SU-8 layers at day 1 and day 

90 after pyrolysis was characterized using XPS. The analysis was carried out in a Thermo K-
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Alpha XPS instrument with a monochromatic Al–Kα-source and charge compensation. For 

each sample a binding energy survey from 0 to 1350 eV was performed followed by detailed 

spectral analysis in the C1s binding energy ranges. The atomic concentrations of surface 

elements were extracted, using the software package Advantage provided by Thermo Fisher 

Scientific.  

 

2.2.5. Electrical characterization 

Four-point probe (4PP) measurements on unpatterned carbon films obtained from 5 µm, 9 

µm and 22 µm thick SU-8 layers were carried out with a CAPRES microRSP-M150 using a 

lock-in technique45. The current set-point was 200 µA and the frequency 13 Hz. The static 

contact micro-four point probe used in these experiments consisted of micro-machined L-

shaped cantilevers extending from the edge of a silicon support45. Electrical characterization 

on carbon films obtained from 5 µm thick SU-8 layers was done at different days after 

pyrolysis (1, 13, 26, 90 days). An identical approach was approach was used for electrical 

characterisation of the pillars and the flat underlayer carbon sheet (Fig. 2). For these 

measurements, cantilevers of a four-point probe with a pitch matching the one of a 

micropillar array were placed on top of the carbon pillars as shown in Fig 2B. 

 

 
Figure 2. (A) Conceptual illustration of the four-point probe (4PP) measurements on top of the 
pillars. (RP = pillar resistance; RB = contact resistance between the pillars and the underlayer interface; 
RS = resistance of underlayer). (B) A micrograph of a 4-point probe aligned on top of the carbon 
pillars. 
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2.2.6 Electrochemical characterization 

Electrochemical characterization was performed on unpatterned carbon films obtained from 5 

µm and 9 µm SU-8 layers using electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV). The impedance spectra were acquired in the frequency range 0.1 - 106 

Hz. The carbon electrode chips were placed in a micromilled poly(methylmethacrylate) 

(PMMA) holder. The holder (Supporting Information, S1) formed a 70-µL vial on top of the 

electrode chip to facilitate liquid handling during experiments. Interconnections between the 

electrode chip and the potentiostat (Reference 600 from Gamry Instruments, Warminster, 

PA, USA) were obtained using a tailor-made PCB having gold plated spring loaded pins 

(Mill-Max Mfg. Corp., Oyster Bay, NY, USA). Cr/Au pads on the carbon film chip served as 

electrical contacts for easy interface with an electrochemical system set-up. The Cr/Au metal 

layers (20/200nm) were patterned through a shadow mask by sputtering. In all experiments, 

an Ag/AgCl electrode served as pseudo-reference electrode (RE) and a platinum wire served 

as a counter electrode (CE). The EchemAnalyst software from Gamry was used to analyse 

the acquired impedance spectra. 

 

3. Results and Discussion 

 

3.1. Microfabrication of carbon micropillar arrays and interdigitated electrodes  

 

As shown in Fig. 3 and 4, 3D micropillar arrays and 3D interdigitated carbon electrodes in 

different dimensions derived from SU8 were successfully fabricated. Below follows the 

charachterisation of these structures before and after pyrolysis using various characterisation 

techniques such as profilometry, SEM, 4PP, XPS, Raman spectroscopy, EIS, and CV. 

Usually during pyrolysis a significant loss of material takes place due to evaporation of 

hydrocarbons, CO2, and other gaseous products upon decomposition of photoresist and 

aromatization. These events result in weight loss and densification, leading to shrinkage of 

the structures46. In order to investigate the shrinkage of SU8 during pyrolysis, unpatterned 

SU-8 films with the three different thicknesses used for making the final 3D pillar structures 

were first prepared, pyrolysed and characterised. Table 2 summarizes the thickness values 

measured before and after pyrolysis. 
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Table 2 – Thickness of unpatterned films before and after pyrolysis measured with profilometer  

Material SU-8 [µm] Carbon [µm] 

SU-8 2005 5 0.4 

SU-8 2035 9.2 1.6 

SU-8 2075 22 11 

 

Next, arrays of SU-8 micropillars with various pillar diameters were fabricated and 

successfully pyrolysed, as schematically described in Fig. 1. Fig. 3 shows micropillars before 

and after pyrolysis. We investigated the vertical and lateral shrinkage of the pillar structures 

by SEM imaging before (Fig. 3A and C) and after pyrolysis (Fig. 3B and D). The dimensions 

of the micropillars before and after pyrolysis are summarised in Table 3.  

 

Table 3 – Dimensions (average ± s.e.m., n=48) of micropillars before and after pyrolysis evaluated 
from SEM images; ND=Nominal diameter on the lithographic mask; C=Carbon 

 Pillar diameter Pillar height 

ND [µm] SU-8 [µm] C [µm] SU-8 [µm] C [µm] 

3 3.07 ± 0.02 1.44 ± 0.02 23.44 ± 0.07 11.1 ± 0.1 

3.5 3.49 ± 0.03 1.66 ± 0.02 23.5 ± 0.2 11.37 ± 0.04 

4 4.16 ± 0.03 1.98 ± 0.04 24.5 ± 0.2 11.69 ± 0.06 

5 4.97 ± 0.04 2.50 ± 0.03 24.4 ± 0.1 11.77 ± 0.06 

10 9.35 ± 0.06 5.08 ± 0.03 24.13 ± 0.08 11.98 ± 0.06 

15 13.7 ± 0.1 7.58 ± 0.05 24.0 ± 0.1 11.20 ± 0.08 

 

Figure 3E depicts the ratio between the height and width of SU-8 and their corresponding 

carbon structures. Different dimensions of the SU-8 structures induce different degree of 

shrinkage during pyrolysis. For instance, SU-8 pillars with diameter ranging from 3 to 4 µm 

shrunk isometrically, i.e. the height and diameter of the pillars shrank in the same proportion 

(~50%).  
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Figure 3. SEM images of SU-8 (A and C) and carbon pillars (B and D) (Scale bars: 2 µm). (E) % 
shrinkage in width (sh Width) and height (sh Height) of pillars with different diameters (data are 
average ± sem, n=48). 
 

Finally, 3D-IDEs were fabricated (Fig. 4). For the interdigitated 2D structures that 

interconnect the pillars, the shrinkage calculated from profilometer analysis exhibited a 

decrease of 91.7±0.5% vertically and only 27.2±3.2% laterally (average ± s.e.m., n=23), 

yielding fingers in carbon of 0.4 µm in height and 3.6 µm in width. The carbon pillars on the 

IDE were 1.4 µm in height and 11 µm in diameter. 

 

 
Figure 4. SEM images of 3D-IDEs with carbon pillars interconnected by interdigitated structures (A) 
before and (B) after pyrolysis. (C) Photograph of a silicon chip with the pyrolysed carbon electrode 
array structures (12 three-electrode systems at the centre with surrounding contact pads). Inset: SEM 
image of a three-electrode system.  
 
3.2. Raman spectroscopy of unpatterned carbon films  

In order to evaluate the microstructure and graphitization (i.e. disorder and crystallite 

formation) of the pyrolysed carbon constituting the 3D electrode chip, Raman spectra of 
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carbon films with two thicknesses, 0.4 µm and 11 µm were analysed (Table 2). Fig. 5 

compares Raman spectra of the two carbon films recorded using identical experimental 

conditions. The spectra featured both the graphitic band (G-band) and the disorder-induced 

(amorphous) band (D-band), characteristic for carbon materials47,48. The D-band at 1350 

cm−1 is ascribed to the microcrystallite graphite due to the enhanced double resonance 

Raman scattering. The G-band at 1590 cm−1, which is close to the Raman line of single 

graphitic crystals at 1575 cm−1, is the band of bond stretching motion pairs of sp2 C atoms 

present in aromatic rings as well as in olefinic chains49. The slight frequency shift (~15 cm−1) 

observed for the G-band in the spectra could be due to extremely small crystallite size50. It is 

known that the peak intensity ratio of the D and G peaks varies inversely with La (ID/IG 

∝1/La) where La is the crystallite size and ID and IG are the intensities of the D and G peak, 

respectively50. Hence, the higher the microstructural disorder of the carbon matrix (and 

thereby the higher the number of defects) is, the higher is the D peak intensity and thus the 

smaller La
48,49. The ID/IG value for both spectra was 1.1, indicating a similar microstructure 

for the two layers, and thereby a comparable amount of amorphous regions.  

 

 

Figure 5. Raman spectra of carbon layers with a thickness of 0.4 µm and 11 µm. The spectra indicate 
the presence of D and G bands, similarly to glassy carbon and other pyrolysed carbon materials. 
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3.3. Electrical characterization of unpatterned carbon films and 3D carbon pillars  

Electrical characterization using 4PP measurements was conducted on unpatterned carbon 

films with the three different carbon film thicknesses shown in Table 2 (0.4, and 1.6 and 11 

µm). On 11 µm thick carbon films no measurements were possible. This could be explained 

by tendency of thicker carbon films to present increased roughness, as evidenced by AFM 

measurements (Supporting Information S2), which hindered proper contact between the 

probe and the carbon surface. Generally, all measurements on the two thinner films showed a 

phase change of less than 0.2 degree indicating a good ohmic contact to the sample and a 

surface layer with a good conductivity.  

The resistivity values of the 0.4 µm film (1.6 ± 0.3 x 10-2 Ωcm; average ± s. e. m., n=9) were 

higher than the resistivity values of 1.6 µm film (3.9 ± 0.04 x 10-3 Ωcm; average ± s. e. m., 

n=9), suggesting a correlation between electrode resistivity and carbon film thickness. This 

phenomenon has previously been observed for pyrolysed carbon from SU-820 and other 

carbon-based films such as carbon nanotube composites51 and graphene51,52. Park et al.53 

reported very similar resistivity values for ~ 0.4 µm thick films derived from SU-8. However, 

for 1.6 µm thick carbon films they showed a resistivity more than one order of magnitude 

higher than the one reported here. It was speculated that thick layers might impede efficient 

degassing of various hydrocarbons and carbon oxide, slowing down the increase of the 

relative amount of carbon in the film. The inverse behaviour with a lower resistivity for 

thicker carbon films observed in our case could be related to the slow heating during the 

pyrolysis process (2°C/min). The low heating rate could facilitate the outgassing of the non-

carbonizing compounds and the build-up of the crystalline carbon structure26, leading to 

lower resistivity of the thicker carbon film.  

The resistivity of the 3D-carbon pillars and the flat underlayer carbon sheet was determined. 

No significant difference was seen between the measured resistance of the underlayer carbon 

film (Fig. 2) (RS =39.8 Ω ± 0.7 Ω; average ± s.e.m., n=4) and the resistance through the 

pillars (RP=39.7 Ω ± 0.9 Ω average ± s.e.m., n=4), indicating a negligible resistance at the 

pillar-underlayer sheet interface (RB). This essentially means that there is a good connection 

between the pillars and the underlayer film. 
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3.4. Ageing of carbon and its regeneration  

In preliminary experiments, changes of electrical and electrochemical behaviour with time 

were observed. Therefore, the dependence of the 0.4 µm carbon film resistivity on film 

ageing and surface oxidation was evaluated. After storage of samples in ambient air for 90 

days, high-resolution XPS C1s spectra revealed appearance of a “shoulder” in the region from 

286 to 289 eV (Fig. 6A), which has been ascribed to adsorbates40,54. This was accompanied 

by higher O/C ratio (from 0.02 to 0.1) in the survey spectra of stored samples (Supporting 

Information, S3). Samples pyrolysed in the presence of nitrogen atmosphere have an oxygen 

terminated surface, which tends to adsorb impurities40. Contamination by adsorbates 

increases the O/C ratio on samples exposed to the ambient atmosphere in the laboratory, a 

phenomenon that has also been observed for glassy carbon7 and pyrolysed positive 

photoresist6. Possible mechanisms responsible for adsorption of nonpolar adsorbates are e.g. 

creation of induced dipoles55.  

Resistivity measurements using 4PP measurements conducted on carbon films at different 

days after pyrolysis (Fig. 6B) showed increased resistivity values for longer air exposure. 

The higher resistivity may be caused by the increased oxidation level of the surface, leading 

to decreased conductivity of the surface layer. After film regeneration for 30 min at 800° C, 

the resistivity was 1.700 ± 0.002 x 10-2 Ω cm (average ± s.e.m., n=9), which is comparable to 

the initial value (1.6 x 10-2 Ω cm). During the thermal treatment, the initial oxidation 

condition might be regenerated and the initial electrical properties of the carbon film were 

effectively restored. 
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Figure 6. (A) Representative C1s spectra of 0.4 µm carbon film after 1 and 90 days from pyrolysis. 
(B) Increase in resistivity of 0.4 µm carbon film with the number of days of exposure to ambient air. 
The error bars represent the standard error of mean, n = 9. 
 

3.5. Electrochemical Characterization  

It is known that the resistivity of pyrolysed carbon electrodes is related to their 

electrochemical response20,53. However, the electrochemical behaviour of materials is 

dependent on other factors, such as the capability of the surface to participate in electron 

transfer and the presence of possible inhomogeneity influencing the capacitive properties. 

Hence, characterization of a material using electroactive probes can give information beyond 

mere conductance measurements. The electrochemical behaviour of the unpatterned 

pyrolysed carbon films was evaluated using CV and EIS with the redox probe Fe(CN)6
3−/4−. 

The acquired CVs (Fig. 7A) showed lower ∆Ep values (difference in peak-to-peak potential) 

for 1.6 µm carbon films (152±8 mV; average ± SD, n=4) compared to 0.4 µm films (210±22 

mV; average ± SD, n=4). Fig. 7A also depicts an increase in peak current for the 1.6 µm film. 

The decrease in ∆Ep values and increase in peak current with increased film thickness are 

likely due to decreased resistivity for thicker films, which are thus more favourable for 

electron transfer at the electrode surface. 

Although CVs are widely used for characterization of electrode materials and electrode 

processes, the obtained information cannot convey a detailed understanding of the behaviour 

of an electrode material. EIS has been applied widely for characterization of electrode 



16 

 

materials and modifications due to the richness of obtained information. Especially in the 

case of micro- and nanofabricated systems, EIS can yield information of the conductance of 

the system, which can be affected by material properties and prepared interfacing to 

measurement instrumentation. Moreover, when applying EIS using electroactive probes, such 

as Fe(CN)6
3−/4−, both capability for faradaic electron transfer processes and material 

capacitive properties can be characterized independently of the general contribution of 

material conductance, as illustrated by the presented results below. Figs. 7B and C show 

typical Nyquist plots for the two film thicknesses obtained using EIS. The impedance spectra 

of the thin 0.4 µm carbon film shows a small capacitive semi-circle (Fig. 7B) in the high 

frequency region, which disappears in the Nyquist plot of the 1.6 µm thick carbon films (Fig. 

7C). This capacitive semi-circle was independent of composition of the solution (Supporting 

Information, S4) and seems to be only related to the bulk properties of the pyrolysed carbon. 

Due to its inherent nature, pyrolysed carbon contains a mixture of sp2 and sp3 carbon regions, 

which at molecular level could be pictured as patches of conducting (sp2 region) and 

insulating areas (sp3 region). In the bulk carbon material this leads to distributed resistances 

and capacitances, which can be modelled as several capacitors and resistors in parallel, and 

hence as an equivalent resistor RB in parallel with an equivalent capacitor CB (Fig. 3B). Two 

equivalent circuits, both related to the modified Randles model and depicted as insets in Figs. 

7B and 7C, were used to fit the impedance spectra obtained for the two different carbon 

thicknesses. In Figs. 7B and C both the experimental results and the fitted curves are 

presented, showing that the given two equivalent circuits fitted the experimental results very 

well throughout the entire frequency range. This proves that the given equivalent circuits 

were suitable for interpreting the spectra. The equivalent circuits for boron-doped diamond 

electrodes have shown similar characteristics as the one for the 0.4 µm thick carbon film56. 
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Figure 7. (A) Representative cyclic voltammograms at carbon films of 0.4 µm and 1.6 µm thickness 
(in 10 mM potassium hexacyanoferrate (II/III) in PBS pH7, scan rate 100 mV s-1 versus Ag/AgCl 
pseudo-reference electrode). Nyquist plots of 0.4 µm (B) and 1.6 µm (C) carbon films in 10 mM 
potassium hexacyanoferrate (II/III) in PBS pH 7. Insets are the corresponding equivalent circuits. RS 
is the solution resistance; CPE is constant phase element, RCT is the charge transfer resistance, CB and 
RB are the capacitance and resistance respectively corresponding to the incomplete capacitive semi-
circle at high frequencies.  
 

Table 4 summarizes the values obtained from the fitting: RS is the solution resistance; Q is 

the magnitude of the constant phase element (CPE) at frequency ω=1, and α is the 

multiplication factor of the phase angle, RCT is the charge transfer resistance, CB and RB are 

the capacitance and resistance respectively corresponding to the capacitive semi-circle in the 

high frequency region.  

Generally, the RS value indicates the magnitude of the solution resistance. However, for 

microfabricated systems RS can comprise additional resistance related to the system. The RS 

values derived from the fitting are higher for 0.4 µm carbon films than for 1.6 µm thick 

films. In our system the same electrolyte solution and redox probe concentration was used 

during spectra acquisition, hence aside from the presence of extra capacitive and resistive 

components in the equivalent circuit, the increased RS value for the thinner carbon films 

could be related to the higher overall resistance of the system, as indicated by the CVs and 

the electrical measurements. Generally, for increased surface inhomogeneity, such as 

roughness and presence of both edge and basal graphitic planes in pyrolysed carbon 

electrode57 (leading to inhomogeneous electron transfer reaction rates of redox systems at 

pyrolysed carbon surfaces58), α decreases. Similarly, in our case the decreasing α value 

(Table 4) seems to be related to the roughness increase for thicker films.  
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Table 4. Values obtained from the fitting of the acquired EIS spectra. The relevant values are CB, RB, 
RS, and α. 

CB (F) RB (Ω) RS (Ω) RCT (Ω) W (S*s½) Q (S*sα) α 

0.4 µm 2,03E-10 1,38E+03 207,4 330,8 2,21E-03 4,19E-05 0,731 
1.6 µm N/A N/A 78,13 395,4 2,51E-03 4,06E-05 0,695 

 

Albeit the increased resistance, indicated by electrical and electrochemical measurements of 

the thin carbon film, the electrochemical behaviour of the 3D-IDE carbon structure with 0.4 

µm thick IDE (Fig. 8) is still suitable for further application. However, by increasing the 

thickness of the carbon IDE underlayer it could be possible to improve the electrochemical 

performance of the 3D-IDE electrode. 

 

 

Figure 8. Representative cyclic voltammograms at carbon 3D-IDE with 0.4 µm thick IDE recorded at 
different scan rates versus Ag/AgCl pseudo-reference electrode in 1mM ruthenium (II/III) hexamine 
in PBS pH7. 
 
4. Conclusions 

Pyrolysed carbon is an excellent material for electrochemical applications that can be 

optimized employing different fabrication conditions. C-MEMS technique can facilitate 

various 2D and 3D electrode designs suitable for a wide range of next generation 

electrochemical sensors. The results presented here show the fabrication and thorough 

characterization of the 2D and 3 D electrodes from the precursor SU-8. The 3D structures 
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were high-aspect ratio micropillars with dimensions close to the resolution of UV lithography 

(1.4 µm in diameter and ~11 µm in height) which were patterned on large areas. The 

electrodes were characterized with various techniques for their shrinkage, and different 

properties: electrical, electrochemical, bulk microstructure (i.e. disorder and crystallite 

formation). Moreover, micropillar arrays were finely patterned on IDE structure to obtain 3D 

IDE carbon microelectrodes. Due to their good properties, the obtained 2D and 3D electrodes 

can be further used for bioelectrochemical applications. 
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Supplementary information 

 

Figure S1. Conceptual drawing of the micromilled electrochemical cell used during electrochemical 
characterization. Exploded view of the different parts: (1) bottom plate with place for (2) the 
electrode chip with 4 different WE areas, (3) mid-plate defining 4 WE vials with (4) o-rings on top, 
and (5) a PCB as a top plate with spring loaded pins for connection to Cr/Au pads connected to the 
WEs. 
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Figure S2. The roughness of carbon films of 0.4 µm (A) and 1.6 µm (B) was measured using AFM. 
The AFM measurements were performed using a Dimension 3100 platform AFM (Bruker AXS, 
Germany). The surface topography images of samples were acquired in tapping-mode with a silicon 
tip. Scan size was 3µm × 3µm. The roughness was 0.21 nm for 0.4 µm film and 0.44 nm for the 1.6 
µm film 
 
 

 
Figure S3. XPS Survey spectra of carbon films at 1 day and 90 days after pyrolysis. The spectra 
show increased oxygen content with exposure to the laboratory atmosphere. 
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Figure S4. Zoom-in of the Nyquist plots for 0.4 um carbon film in 1 mM ruthenium (II/III) 
hexaammine (rut), 10 mM potassium hexacyanoferrate (II/III) (fer), and PBS pH7. The spectra show 
the presence of a capacitive semicircle regardless of the electrolyte solution. Inset: zoom-out of the 
same Nyquist plots. 
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Introduction  

 

Different carbon allotropes have been used as electrode material1,2, such as graphite, boron 

doped diamond, carbon nanotubes (CNTs) and glass-like carbons. The latter are carbons 

obtained through pyrolysis, which is carbonization of organic polymers1 at high temperature 

in an inert atmosphere. Glassy carbon (GC) electrodes are obtained by pyrolysis of 

polyacrylonitrile or phenol formaldehyde polymeric resin precursors at 1000-3000 °C. GC 

electrodes exhibit excellent electrochemical properties and thus are often used as the ‘gold 

standard’ to compare the electrochemical behaviour of other electrodes. Photoresist-derived 

pyrolysed carbon (PC) electrodes are structurally and electrochemically similar to GC3–7 and 

are very attractive for preparation of patterned electrodes of different sizes and shapes. 

Moreover, the use of the negative photoresist SU-8 enables fabrication of three dimensional 

(3D) micro- and nanoelectrodes6,8–11 in pyrolysed carbon (3D-PC).  

The surface chemistry of carbon electrodes is important for determining their electrochemical 

behaviour, as well as for their further application. Hence, significant work has been devoted 

to characterization and functionalization of carbon electrodes1,12. For instance, 

functionalization can provide tethering points for subsequent immobilization of DNA10,13–15, 

enzymes16,17, antibodies18,19, and electroactive groups20. Moreover, due to the inherent 

hydrophobicity of 3D micro- and nanostructures21, increasing hydrophilicity, and hence 

wettability, conveyed by the introduced surface functionalities is required to allow 

interfacing of 3D-PC structures for electrochemistry and for cell-based work22. 
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Characterization of the surface wettability is thus necessary. Evaluation of surface 

wettability, expressed as the contact angle (CA) between the liquid and the surface, gives 

information about e.g. hydrophobicity, roughness, and surface heterogeneity21,23.  

To introduce surface functionalities, which confer properties suitable for a desired 

application, carbon materials can be modified using different physical and chemical 

treatments, such as polymer coating24,25, plasma modification26–29, UV-assisted 

modification10,13,30, oxidation using strong acids28,31 or anodization1,32, electrochemical 

oxidation of amines and reduction of diazonium salt33. Plasma treatment of carbon surfaces is 

a rapid, effective, and versatile method that can be easily tuned to introduce a wide range of 

functional groups by varying plasma parameters, such as power, pressure, gas mixture, and 

treatment time26,28,29,34. Furthermore, plasma treatment can be performed on large areas. The 

excited species within different plasmas, i.e. electrons, radicals, and ions, strongly interact 

with carbon materials, breaking, e.g. C=C and C-C bonds, and hence creating active sites that 

react with atoms present in the plasmas35. The complex mixture of functionalities introduced 

by plasma treatment influence the physical and chemical properties of a surface. Specifically, 

it results in a dramatic change in the surface energy36 and roughness, which alter the wetting 

characteristics of the surface.  

Aryl diazonium modification is performed by in situ generation of an aryl diazonium salt 

from the corresponding aniline derivative which is then electrochemically grafted onto the 

electrode surface in a single step37. By synthesizing diazonium salts with different functional 

groups, the variety can be increased further and it is possible to more strictly control the 

introduced functionalization. Electrochemical reduction of diazonium salt thus offers a 

versatile and selective grafting of functional groups on a carbon surface. Moreover, since the 

reaction is performed electrochemically, it is possible to limit and direct the modification to a 

specific working electrode in an array of individually addressable electrodes. 

Electrochemical reduction of aryl diazonium salt was first applied to GC electrodes38. Since 

then, this method has been successfully used on other carbon materials (e.g. CNTs39, 

graphite40, graphene41, and PC42,43), as well as semiconductor materials and metals (e.g. 

silicon44,45, stainless steel46, copper, gold, and platinum47). This method yields very stable 

surface functionalization, requiring mechanical abrasion for its removal, indicative of the 

covalent nature of the molecular attachment48.  
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Previous studies have provided very useful information regarding the properties of plasma- 

and aryl diazonium modified PC electrodes26–28,42,43. The purpose of this work was to 

investigate differences in functionalization methods of two dimensional (2D) and 3D PC 

structures by electrochemical grafting of diazonium salt of 4-aminobenzoic acid and plasma 

treatment with oxygen (O2) and water vapour/oxygen (H2O/O2) mixture. The 3D structures 

were high-aspect ratio carbon micropillars with 1.4 µm in diameter and 11 µm in height49. 

For this purpose, X-ray photoelectron spectroscopic (XPS) analysis, electrochemical 

characterization with different electrochemical probes and CA measurements were 

performed on the PC structures before and after surface modification.  

 

Methods 

Chemicals 

Hydrochloric acid (HCl) (BioReagent), sodium nitrite (NaNO2), phosphate buffered saline 

(PBS), 4-aminobenzoic acid (4-ABA), potassium ferricyanide ([Fe(CN)6]
3-), 

hexaammineruthenium(III) chloride,,and hexaammineruthenium(II) chloride were purchased 

from Sigma-Aldrich Corporation (St. Louis, MO, USA). Potassium ferrocyanide ([Fe(CN)6]
4-

) was purchased from Fluka BioChemica (Buchs, Germany). All solutions used for 

electrochemical characterization were prepared in ultrapure water (resistivity 18.2 Mohm 

cm) from a Milli-Q ® water purification system (Millipore Corporation, Billerica, MA, 

USA) 

 

Diazonium salt modification 

Modification of PC electrodes by introduction of carboxylic acid functional groups was 

achieved by electrochemical reduction of the diazonium cation generated in situ from 4-

ABA50,51. Briefly, 1 mM of NaNO2 was added into a 1 mM acidic solution (0.5 M HCl) of 4-

ABA to generate the diazonium cation. The solution was kept in complete darkness and in an 

ice bath and allowed to react for 5 min under nitrogen and stirring. Surface derivatization was 

carried out in the diazonium cation-generating solution by scanning from 1 V to -1 V vs. a 

Ag/AgCl pseudo-reference electrode (RE) at 100 mV s-1 for two cycles.  
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Plasma treatment 

The plasma treatment was carried out in an Atto Plasma System (Diener Electronic GmbH, 

Ebhausen, Germany) under O2 or H2O/O2 atmosphere. The chamber was first evacuated to 

below 15 Pa before introduction of the gases. After the pressure of the chamber had 

stabilized at 30 Pa upon application of gases, a glow discharge plasma was initiated at a radio 

frequency of 13.56 MHz by setting the electrical power at 50 W. Immediately after plasma 

treatment for 1 min, the carbon structures were characterised.  

 

XPS 

X-ray photoelectron spectroscopy (XPS) analysis was done on 2D PC films with a K-Alpha 

spectrometer (Thermo Fisher Scientific, UK) using a 400 µm wide monochromatized AlKa 

X-ray spot and by collecting the emitted photoelectrons at a pass energy of 200 eV for survey 

spectra and 50 eV for high resolution spectra. The software package Avantage of the 

instrument manufacturer allowed elemental composition and high-resolution carbon 

spectrum fitting. For deconvolution of C1s spectra, a Shirley type background52,53 was used. 

After baseline subtraction, an asymmetrical Gaussian–Lorentzian sum (30%) function served 

for curve fitting using an optimized peak shape. 

 

Electrochemical characterization 

Electrochemical characterization was performed on 2D PC films using electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry. The impedance spectra were 

acquired in the frequency range 100 kHz - 0.1 Hz. The measurements were performed using 

a computer controlled Reference 600 potentiostat from Gamry Instruments (Warminster, 

PA). Presentation and analysis of recorded impedance spectra and cyclic voltammograms 

(CVs) were performed using EchemAnalyst (V. 5.5) from Gamry Instruments. CVs were 

recorded using a three-electrode system having a Ag/AgCl pseudo-reference electrode (RE), 

and a platinum wire counter electrode (CE). For EIS measurements a two-electrode system 

was used. 
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CA Measurements 

CA measurements on films and 3D carbon surfaces were performed with water as wetting 

agent using an OCA 20 goniometer (DataPhysics Instruments GmbH, Filderstadt, Germany), 

controlled by the manufacturer’s SCA-20 software package. Static, advancing and receding 

CA were measured after applying a 2-µl drop of water on the surface. The CA of water drops 

deposited on the carbon structures were measured before and immediately after plasma 

treatment and diazonium salt modification.  

 

AFM Analysis 

Atomic force microscopic (AFM) characterization was performed on flat PC surfaces using a 

Dimension 3100 system (Bruker AXS GmbH, Karlsruhe, Germany). The surface topography 

images of samples were captured in tapping-mode with a silicon tip. Scan size was 3 µm x 3 

µm. 

 

Results and Discussions 

 
XPS analysis 

The surface elemental composition of untreated and plasma treated 2D PC films was 

determined by XPS survey spectra (Table 1). Both O2 and H2O/O2 plasma treatment resulted 

in an increase in oxygen/carbon content ratio (O/C) compared to the untreated carbon 

surfaces. These findings are in accordance with what has previously been shown for O2 

plasma-treated PC26–28 . Moreover, the results of our study demonstrate that O2 plasma 

treatment results in a greater increase in the O/C than H2O/O2 plasma treatment.  
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Table 1. XPS analysis of untreated, O2 and H2O/O2 plasma-treated PC films. (Average  ± s.d. (n = 3)) 

Scope of analysis Analysis of samples 

Retrieved parameter  Untreated O2 plasma 
H2O/O2 
plasma 

Atomic composition1 O/C (%) 2.2 ± 0.2 29.7 ± 0.1 22.4 ± 0.3 

Binding Energy (eV)2 Assigned Chemical 
Component (%) 

 

284.64 ± 0.06 C-C & C=C 63.1 ± 0.8 54.4 ± 0.5 56.8 ± 0.2 

285.7 ± 0.1 C-O3 12.05 ± 0.04 12.3 ± 0.1 13.00 ± 0.05 

287.12 ± 0.08 C=O4 8.8 ± 0.3 21.2 ± 0.3 16.6 ± 0.3 

289.01 ± 0.03 O–C=O5 N/A 12.2 ± 0.4 13.5 ± 0.1 

290.20 ± 0.04 shake-up 16.0 ± 0.6 N/A N/A 
1 The atomic composition was obtained from survey spectra. 
2 The relative percentage of chemical components was obtained from C1s peaks by deconvolution. 
3 e.g. alcohol, ether species. 
4 e.g. ketone, aldehyde species. 
5 e.g. carboxylic, ester species. 
 

XPS analysis was also used to determine the relative percentage of the chemical 

components35,54 that define the composition of PC films (Fig. 1).  

 

 

Figure 1. Fitting of high resolution C1s spectra for A) untreated PC films, B) O2, C) H2O/ O2 plasma 
treated films. For all the recorded spectra, the residuals (grey line) were low indicating a good fit 
between the fitted curves and the spectrum. 
 

Table 1 lists the assigned chemical components, which were considered for curve fitting of 

the C1s spectrum and the calculation of the percentages. Deconvolution of the C1s spectrum 
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gives at most five individual component groups. The main peak corresponds to sp2-

hybridized graphite-like carbon (C=C) atoms and sp3-hybridized carbon (C-C) atoms54. The 

other peaks are considered to originate from oxygen functionalities representing carbon 

atoms linked to one or more oxygen atoms that are electronegative and hencet are 

withdrawing electrons from the carbon atom. The C1s spectra of untreated PC present shake-

up satellite peaks due to π–π* transitions in the aromatic rings of the graphitic areas54. The 

area of this region in the untreated sample was 16%. 

Aside from graphitic carbon, alcoholic groups were the most abundant functionalities (12%) 

on the untreated surfaces. As a consequence of plasma treatment, the relative content of the 

main carbon peak decreases, whereas those of O–C=O, C=O, and C–O bonds increase. In the 

collective main C1s peak, the C=C is more reactive than C-C and is hence expected to be the 

primary target of the plasma modification35. The results indicate that plasma induces 

oxidation primarily of the C=C bonds thus facilitating introduction of new surface 

functionalities on PC surfaces. Specifically, the relative percentage of C-O groups slightly 

increases compared to the untreated counterpart, especially on the H2O/O2 plasma-treated 

surfaces. Although C=O groups were the least predominant (~9%) on untreated surfaces, 

their content increased after plasma treatment, being higher on O2 plasma-treated surfaces 

(~21%) compared to H2O/O2 plasma-treated ones (~17%). Shake-up satellite peaks disappear 

on all plasma-treated surfaces with the subsequent appearance of peaks representing 

carboxylic functionalities, which show higher intensity on H2O/O2 plasma treated samples.  

 

Electrochemical evaluation of plasma treatment and diazonium salt modification 

In diazonium salt modification, the molecule used during the reaction is commonly a 

substituted benzene ring. In our case, the substituent was a carboxylic group. The 

modification (Fig. 2) involves reaction of 4-aminobenzoic acid with sodium nitrite to form a 

phenyl diazonium ion, capable of undergoing electrochemically induced one-electron 

reduction on carbon electrodes. This generates a 4-carboxyphenyl radical and N2, the former 

of which reacts with the carbon surface by coupling to an unsatisfied valence or adding to a 

double bond, yielding a 4-carboxyphenil (4CP)-terminated surface33,55,56. 
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Figure 2. Modification of carbon surfaces by reduction of aryl diazonium reagents illustrated by the 
reaction of 4-aminobenzoic acid with nitrous acid.  
 

The changes in surface characteristics of PC after plasma modification and electrochemical 

reduction with diazonium salt were monitored using cyclic voltammetry and EIS. Fig. 3 

depicts cyclic voltammograms (CVs) of [Fe(CN)6]
3−/4− recorded at an untreated PC films and 

the same surface after 4-CP modification, H2O/O2 and O2 plasma treatment.  

 

 

 

 
Figure 3. Representative CVs at an untreated PC film and after 4-CP modification, H2O/O2, and O2 
plasma treatment (in 10 mM [Fe(CN)6]

3−/4− in PBS pH 7, scan rate 50 mV s-1, potential versus RE).  
 

For the untreated surface, the CV shows quasi-reversible behaviour, while for the surface 

modified with 4-CP the anodic and cathodic peak related to the redox reactions of 

[Fe(CN)6]
3−/4− are not visible. This significant blocking effect is caused by surface 

passivation as a consequence of 4-CP modification56–58.  

Different factors contribute to the blocking effect of the diazonium modification and depend 

on the parameters used during diazonium modification, such as aryl substituent, 
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concentration of the diazonium salt, applied potential and its duration56–58. In our case, the 

presence of the tethered 4-CP layer causes electron transfer limitation due to electrostatic 

repulsion of [Fe(CN)6]
3−/4− as well as generates a physical barrier that hinders the access of 

[Fe(CN)6]
3−/4− to the carbon electrode (Figure 4A). The pKa of the carboxylic group of 4-CP 

is close to 2.8 when 4-CP is surface-bound57. Hence, at a neutral pH the carboxylic group is 

deprotonated, which renders the net charge negative on the 4-CP modified surface. This 

negative charge at the electrode-electrolyte interface repels the [Fe(CN)6]
3−/4− anions, thus 

blocking the diffusion of the redox probe to the electrode surface. Consequently, this 

blocking causes a severe decrease in the electron-transfer kinetics of the redox probe56,57. The 

physical barrier formed by the tethered 4-CP layer could be explained by good barrier 

properties of closely-packed monolayers due to van der Waals interactions between the 

aromatic rings57. This phenomenon is analogous to the one reported for alkyl chains of thiol 

layers59–61 forming tightly packed self-assembled monolayers (SAMs).  

For structurally disordered SAMs on gold electrodes, the blocking effect is affected by 

possible defect sites59 (Fig. 4B), which shorten the tunnelling distance as well as result in 

decreased electrostatic repulsion due to an increased spacing between charged functionalities 

(e.g. carboxylic groups). These events together increase the probability of electron transfer 

and hence of faradaic current.  
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Figure 4. Schematic showing the effect of a 4-CP layer electrochemically tethered on a carbon 
surface. A) Highly ordered 4-CP layer with blocking effect due to electrostatic repulsion and physical 
barrier; B) Disordered 4-CP layer which increase the probability of electron transfer. 
 
While 4-CP modification of PC surfaces seems to significantly hinder electron transfer, both 

plasma treatments have only a small effect, resulting in slightly lower peak current and 

higher peak potential separation (∆Ep) in the CVs of plasma treated samples (Fig. 3 and table 

2). For the plasma treated surfaces, the density of negatively charged functionalities, such as 

deprotonated carboxylic groups (at neutral pH in PBS) introduced by the plasma treatment, is 

lower compared to the outcome of the electrochemical reduction of aryl diazonium salt. 

Interestingly, the ∆Ep values are higher for H2O/O2 plasma treatment compared to treatment 

with O2 plasma, which could be related to the higher density of carboxylic functionalities, as 

demonstrated by XPS analysis (Table 1). 

 
 
Table 2. Values (average ± s.e.m, n=4) of ∆Ep, anodic and cathodic peak currents derived from CVs 
recorded at untreated PC film and after 4-CP modification, H2O/O2, and O2 plasma treatment (in 10 
mM [Fe(CN)6]

3−/4− in PBS pH 7, scan rate 50 mV s-1, potential versus RE).  
 

∆Ep (mV) anodic peak (µA) cathodic peak (µA) 

untreated 177 ± 10 288 ± 4 -300 ± 7 

O2 252 ± 12 192 ± 11 -199 ± 11 

H2O/O2 296 ± 13 185 ± 7 -214 ± 12 

4-CP N/A N/A N/A 
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The effect of the 4-CP layer and the functional groups introduced by the plasma treatments 

on PC electrodes was also evaluated by EIS. Figure 5 shows the impedance spectra of the 

carbon films for the untreated and modified electrode. The Nyquist plots of untreated and 

plasma treated PC surfaces (Fig. 5A) are characterized by a semicircle in the high-frequency 

domain, representing the capacitive behaviour, and a Warburg line in the low-frequency 

domain, characteristic of a diffusion limited process. The semicircle diameter represents the 

charge-transfer resistance, RCT, i.e. the electron transfer limitation 

 

 

Figure 5. (A) Representative Nyquist plots recorded at untreated PC films and after modification of 
PC films with O2 plasma, H2O/O2 plasma, and (B) 4-CP groups (in 10 mM [Fe(CN)6]

3−/4− in PBS pH 
7). Inset: Randles modified equivalent circuit used to model the acquired EIS spectra. The circuit 
includes the ohmic resistance of the electrolyte solution (RS), the Warburg impedance (W), the charge 
transfer resistance (RCT), the constant phase element (CPE). 
 

A Randles equivalent circuit62 modified by replacing the double layer capacitance with a 

constant phase element (CPE) facilitates modelling of interfacial phenomena and was used to 

fit experimental EIS spectra for both untreated and modified electrodes (inset in Figure 5B).  

The modified Randles model comprises four elements: (i) the ohmic resistance of the 

electrolyte solution (RS); (ii) the Warburg impedance (W) due to diffusion limitation of ions 

from the bulk electrolyte to the electrode interface; (iii) the charge transfer resistance (RCT) 

which exists if a redox probe is present in the electrolyte solution; (iv) the CPE at the 

electrode-electrolyte interface includes the double layer capacitance of the surface and is 

related to the surface condition of the electrode. The CPE was employed instead of a pure 

capacitor63 due to surface inhomogeneity of carbon electrodes64, originating from the 

presence of both edge and basal graphitic planes1. The electron transfer reaction rates of 
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redox systems at basal planes are more sluggish compared to the ones at the edge planes65, 

resulting in inhomogeneous reaction rates and hence giving rise to non-ideal capacitive 

behaviour, modelled as CPE.  

The acquired spectra were fitted to the equivalent circuit using nonlinear least-squares 

regression (dotted line in Figure 5). The fitting indicated good agreement of the equivalent 

circuit model with the acquired data over the entire applied frequency range. Table 3 shows 

the extracted parameters.  

 

Table 3. Values extracted from the analysis of EIS spectra acquired at untreated and 4-CP modified 
PC films (spectra recorded in 10 mM [Fe(CN)6]

3−/4− in PBS pH 7). CDL values were calculated using 
equation 2.  

 untreated 4-CP modified 
RS 2,1E+02 2,1E+02 
Q 4,0E-05 1,2E-06 
α 7,4E-01 9,1E-01 
RCT 3,3E+02 3,3E+05 
CDL 6,2E-06 5,3E-07 

 

The untreated carbon film reveals the smallest semicircle domain, implying a low RCT (330 

Ω). The RCT value is of the same order of magnitude as for bare glassy carbon electrodes57. 

After plasma treatment, the observed increase in the semicircle diameter in the Nyquist plots 

indicates the increase in RCT. These results can also be analysed by considering the 

electrochemical basis of the RCT, as indicated in Eq. 166: 

 

���  � ��
���	
	��
���      Equation 1 

 

where R is the molar gas constant, T is the absolute temperature of the system, C* is the 

equal concentration of the oxidized and reduced form of the used redox probe, n is the 

number of electrons involved in the redox process, F is Faraday’s constant, A is the area of 

the electrode surface available for the redox process and k0
app is the apparent standard rate 

constant of the redox process at very small overpotential (for an electrochemical system at 

equilibrium).  

In this specific case, k0
app in eq.1 can be primarily affected by surface modifications. 

Generally, for electrode surface modifications, the primary effect is either an increase or 
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decrease in the rate of a redox process. The repulsion between the negatively charged 

carboxylic groups on the surface and the [Fe(CN)6]
3−/4− anions reduces the ability of the 

redox probe to access the electrode surface, and thus decreases the kinetics of the redox 

probe, which results in an increase in RCT
56,57. In the case of H2O/O2 plasma modification the 

increase in RCT is more pronounced than on O2 plasma modified surfaces. These results are 

in agreement both with the parameters extracted from the CVs, shown in Table 2, as well as 

higher density of carboxylic functionality shown by XPS analysis as a consequence of 

H2O/O2 plasma treatment (Table 1). 

In agreement with the cyclic voltammetry data of Table 2, Nyquist plots of plasma modified 

surfaces (Figure 5A) exhibit a considerably lower RCT than the one on 4-CP-modified 

surfaces. The blocking effect of the 4-CP film significantly increases the RCT on the surface 

(3.3 x 105Ω) compared to the untreated electrode surface. Moreover, the Warburg line is not 

visible due to hindered electron transfer and hence mass transfer limitation is not manifested. 

These results are similar to the ones reported for GC electrodes modified with 4-CP groups 
56,57. 

Aside from RCT
67,68 and k0app, determination of the capacitance (CDL) from the CPE63,69 can 

be employed to evaluate the effect of electrode modifications57,67,70. In this work, the CDL 

value was calculated from the parameters derived from the fitting (table 3) using Eq. 263,71: 

 

��� �  �� �� ���
�� � ���

�
�/� �� � ���

 �� ���
    Equation 2 

 

Where Q is the magnitude of CPE at frequency ω=1, α is the multiplication factor of the 

phase angle and is an empirically derived constant. The other parameters are the same as 

previously described. 

The value of α can vary between 1 (pure capacitive behaviour) and 0 (pure resistive 

behaviour). For untreated PC carbon films, α is quite low (0.74) in comparison with untreated 

smooth e-beam evaporated gold surfaces (~0.9)68 and increases upon modification with 

diazonium salt (0.91), indicating that the degree of inhomogeneity decreases. Moreover, the 

CDL value calculated for 4-CP modified PC films was lower compared to the CDL value of the 

untreated film. Generally, any chemical modification causes a decrease in the overall double 
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layer capacitance (CDL,tot), which, similarly to metal electrodes, comprises a series of 

individual capacitive contributions, described by the mathematical relation in Eq. 372: 

 
�

���, !  �  �
���,"� # �

���,$%�   Equation 3 

 

In our system, the CPE consists of the contribution of the untreated PC film to the double 

layer capacitance (CDL,PC) as well as the additional series capacitor of the surface 

modification (CDL,MOD). 

Depending on the mechanism of electron transfer taking place between the electrode and the 

electroactive species73,74, two different classes of reactions can be distinguished: (1) Outer 

sphere redox system, at which chemical interaction between the electrode and the 

electroactive species can be considered as non-existent. (2) Inner sphere redox system at 

which the electrode and the electroactive species are in direct contact and therefore the 

electron transfer occurs directly.  

The Fe(CN)6
3-/4- couple studied above is considered a non-‘ideal’ outer sphere system1, due to 

its sensitivity to impurities and negatively charged surface oxides (e.g. carboxylates) 1,74–76, 

as is clearly evidenced by the above results. The Ru(NH3)6
3+/2+ redox system, on the other 

hand, is considered as outer sphere and should not be influenced by impurities and different 

surface characteristics of electrodes, since it does not interact with any surface sites or 

functional groups on the electrode74–76. The Ru(NH3)6
3+/2+ redox system was therefore used 

to compare a 2D PC surface and a 3D PC pillar surface with the same basic footprint before 

and after 4-PC modification. The grey and red CVs seen in Fig. 6 for the untreated 2D and 

3D PC surfaces show no increase of the peak current in spite of the fact that the surface area 

of the 3D PC surface is 1.9 times that of the 2D PC surface, indicating that the pillar surface 

was not sufficiently wetted or accessible to the electrochemical probe. This was subsequently 

confirmed, as indicated in the blue CV in Fig. 6 for the 3D PC surface after 4-CP 

modification, showing approximately 60% increase of the peak current as compared to the 

untreated 3D PC surface. It can be observed that the ∆Ep is slightly increased after 4-CP 

modification, indicating a more sluggish electron transfer, which corroborates the above 

results that 4-CP seems to have a somewhat passivating effect on the electron transfer. 
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Figure 6. Representative CVs for Ru(NH3)6
3+/2+ at an untreated 2D surface and for untreated and 4-

CP modified 3D PC pillar electrode (pillar diameter 1.4 um). 5 mM Ru(NH3)6
3+/2+ in PBS pH 7, scan 

rate 50 mV s-1, potential versus Ag/AgCl RE.   
 
 
Contact angle (CA) analysis 

In order to study the degree of wettability of the 2D and 3D PC surfaces after surface 

modification, contact angle (CA) measurements were performed. For determination of the 

CA, the sessile drop method involves measuring the CA θ directly from a liquid drop profile 

after placing it on the surface. θ is the equilibrium CA, described by Young’s equation23, 

which is only valid for ideal systems, e.g. chemically homogeneous and smooth surfaces at 

atomic scale. In these cases, a single unique CA exists23. The failure of the system to meet 

the ideal conditions is the theoretical basis for the hysteresis, which is defined as the 

difference between the advancing, θA, and the receding contact angle, θR , ∆θ = θA - θR
21,23

. 

The equilibrium CA is between θA and θR. Hence, a drop on a surface has CA values ranging 

from θA to θR. Aside from the static CA (Fig. 7A-B), which is the equilibrium CA, the CA 

hysteresis should also be evaluated to better describe the surface heterogeneity21 in terms of 

e.g. roughness, as well as surface functionalization.  

 



 

16 

 

 

Figure 7. Representative photographs of static CA measurements on pillar structures before (A) and 
after (B) O2 plasma treatment. (C) Static (stat), advancing (adv), and receding (rec) CA measurements 
on 2D PC (flat) and micropillars (3D) surfaces before (untreated) and after modification with O2 
plasma, H2O/O2 plasma, and 4-CP. The bars indicate the average ± s.e.m. (n=4).  
 

Here, the effect of the surface modifications on the wetting characteristics of 2D PC surfaces 

and PC areas of 3D carbon pillar arrays (pillar diameter of 1.4 µm and 6 µm center-to-center 

spacing77, Fig. 8) was studied using static, advancing and receding CA measurements.  

 

  

 

For untreated surfaces, the CA was normally higher for 3D structures compared to 2D 

structures, a phenomenon previously observed for surfaces having micro- and nanosized 

patterns78. Generally, all samples after treatment show a decrease in CA (Figure 7C). This is 

mainly due to the oxygen functionalities introduced by the plasma modifications and not due 

B 

A C 

Figure 8. Scanning electron microscope 
image of carbon pillar arrays with 1.4 µm 
diameter and 6 µm center-to-center spacing. 



 

17 

 

to a change in surface roughness, as shown by AFM images (Supporting Information, S1). 

However, in the case of tethered 4-CP, the decrease in CA is less pronounced, which may be 

explained by the partially exposed aromatic rings of the 4-CP film conferring hydrophobic 

characteristics. The results support however the findings in Fig. 6 that the 4-CP modification 

leads to improved wetting of the 3D PC surface. Experiments designed to better understand 

these phenomena are currently underway in our laboratory. 

The hysteresis is more pronounced on 3D structures than on flat surfaces, as is expected for 

heterogeneous surfaces with microtopographies23. After both plasma treatments and 4-CP 

modification, the hysteresis decreases due to the homogeneity introduced by each surface 

modification. These results demonstrate that surface modification has a dominant effect on 

hysteresis compared to pillar topography.  

 

Conclusions 

The presented results show the possible purpose of using a certain functionalization method 

for a specific application. For instance, applications requiring voltammetry can benefit from 

plasma modifications whereas impedance based applications can benefit from effective 

tethering using diazonium salt as well as the multitude of functionalities with good stability 

and control on the homogeneity of functionalization in comparison with plasma. 
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Supporting information 

S1. AFM  

AFM analysis of not-treated and plasma-treated surface provided information about 

treatment effect on carbon film morphology. Analysis of these surfaces over an area of 3 

µm×3 µm showed that the root-mean square (rms) roughness after O2 plasma (3.0 Å; fig 

S1B) and H2O/O2 plasma (2.8 Å; Fig. S1C) were still below nanometer level similarly to the 

untreated counterpart (2.1 Å; Fig. S1A).  
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Abstract 

Development of three dimensional (3D) scaffolds for tissue and cell engineering comprises a range 

of materials, and recently the significance of conductive scaffolds has been recognized in published 

research. On virtue of the conductive properties, different carbon allotropes, such as grapheme 

foam, have shown potentials in the development of conductive 3D scaffolds for tissue and cell 

engineering. In this paper, we demonstrate the first time an application of pyrolysed carbon derived 

from 3D patterned photoresist (SU-8) structures as a conductive scaffold for cell engineering. The 

scaffolds are used to study growth and differentiation of clinically relevant neural stem cells 

developed for cell replacement therapy of Parkinson’s disease. The obtained results show that the 

pyrolysed carbon strongly increases the cells’ development to mature dopamine releasing neurons 

and the 3D environment enhances the growth of neurites. Due to the conductive properties of the 

3D-carbon scaffolds, these are optimal for electrochemical detection of exocytotic dopamine release 

from stem cell populations, functioning as a dopamine trap capable of detecting a much larger 

quantity of the released dopamine compared to conventional microchip-based systems relying on 

planar electrode configuration.    
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Dopamine, a member of the catecholamine family, acts as a neurotransmitter in the central nervous 

system (CNS), modulating vital CNS functions, such as voluntary movement. In patients with 

Parkinson’s disease, dopamine releasing (dopaminergic) neurons in the CNS are dysfunctional or 

dying, causing a lack of dopamine in the target territories, which leads to impaired motor 

functions1. One of the suggested therapeutic approaches to restore dopamine production in 

Parkinson’s patients is transplantation of human neural stem cells (hNSCs) (cell replacement 

therapy, CRT) into the brain of these patients2. In development of hNSCs able to differentiate into a 

dopaminergic neuronal lineage, an important goal is that a large fraction of the hNSCs will acquire 

dopaminergic properties (phenotype). Novel materials, structures and tools enabling to boost 

differentiation, as well as determining the fate of hNSCs to dopaminergic neurons is therefore 

essential for the field of stem cell research and CRT.  

A range of different materials3,4 is currently being explored for building three-dimensional (3D) 

scaffold structures for tissue engineering and biomedical research. The 3D environment is 

envisaged to provide a better mimic of the natural in vivo environment, leading to more 

physiologically realistic and reliable biomedical research tools than currently used standard 2D cell 

based assay formats5. Moreover, in a longer perspective, 3D scaffolds will be the key to building 

artificial tissues, organs, and implants3.  

Conductive 3D scaffolds have emerged as a new approach that provides both structural support 

and means to electrically stimulate and/or monitor the cell population therein6–8. These scaffolds are 

of particular interest in neuroscience due to the inherent electro-activity of neurons. Carbon 

nanomaterials, e.g., carbon nanotubes (CNTs), have primarily been used in 2D scaffolds/substrates, 

where they have shown to increase activity of neuronal networks9, direct the differentiation of 

progenitor and stem cells toward specific neuronal lineages, and facilitate stimulation of 

differentiated NSCs10. Recently, graphene foam was found to be excellent for growth and 

differentiation of NSCs, as well as for electrical stimulation of neural activity8.  

The fabrication of pyrolysed carbon structures from polymer precursors was pioneered already in 

the 1970s11. Since then, micro-12–14 and nanometer-sized13–15 pyrolysed carbon structures have 

emerged for various applications, e.g. biosensors16, microbatteries13, cell culture substrates17. A 

number of advantages can be envisaged that make pyrolysed carbon an ideal material for 

constructing conducting 3D scaffolds for cell and tissue engineering: (1) Organised18 and random19 

structured scaffolds can be fabricated in a simple process at small or semi-large scale with high-

reproducibility, high-yield and cost-effectiveness. Micro/nanostructures can be placed in precisely 

defined positions without restrictions in shape or cross section and the features and scale depend on 

the process used for making the polymer precursor13. (2) By changing the chemical composition of 

the polymer precursor and the pyrolysis conditions, the carbon conductivity can be tailored12,20. (3) 
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Similarly, the mechanical properties of the scaffold can be tuned13 to match the stiffness cells 

experience in vivo21. This fabricational degree of freedom provides possibilities for mass 

production, facilitating novel custom-made designs with unique properties to support various 

biomedical and pharmaceutical applications. 

Here, we report for the first time the fabrication of dense high-aspect ratio (HAR~8) conducting 

3D carbon scaffolds (3D-carbon scaffolds) with dimensions approaching the resolution limit of 

standard UV-lithography. This is a conceptually new approach where our pyrolysed 3D-carbon 

scaffold has three significant functions: (1) Mechanical support for clinically relevant hNSC growth 

and differentiation; the pillars serve as anchor points for the growth of neurites, facilitating 

formation of neuronal networks. (2) The pyrolysed carbon material itself serves as a next-

generation substrate for biomedical devices22 that not only facilitates but significantly enhances the 

differentiation of hNSCs toward dopaminergic neurons. (3) A neurotransmitter trap, enabling 

oxidation of a larger fraction of the dopamine released by the stem cell-derived neurons than on 

conventional 2D electrode substrates (compare 2D and 3D carbon surfaces in Fig. 1). 

  
Figure 1 | Schematic view of dopamine sensing from hNSCs using pyrolysed carbon structures. a, 

Traditional measurement mode on a 2D substrate where only a fraction of dopamine reaches the 

electrode surface and can be detected, while most of the released dopamine diffuses away without being 

detected. b, New approach using 3D-carbon scaffold where the cells differentiate at the bottom or 

between pillars that therefore function as dopamine traps, allowing detection of a larger fraction of the 

released dopamine than on a 2D substrate (a). 

Design, fabrication and characterization of 3D-carbon scaffolds. 3D-carbon scaffolds were 

fabricated using pyrolysis by carbonizing polymeric micropillar structures patterned in the polymer 

SU-8 (3D-SU8 scaffold), an epoxy-based negative photoresist on 4-inch silicon wafers. 3D-SU8 

scaffolds (Fig. 2a) were fabricated using a two-step photolithography process, involving first 

depositing and crosslinking a flat SU-8 layer and then patterning a second SU-8 micropillar layer on 

top (Supplementary Information S1), as previously described23. During pyrolysis, the 3D-SU8 

scaffold is decomposed with concomitant gas evolution and aromatization, causing weight loss and 

densification11. This results in ~50% isometric shrinkage of the 3D-SU8 scaffold18. The 3D-SU8 
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scaffolds were patterned on silicon wafers to form arrays of four scaffolds (each having the foot 

print of 4 mm x 4 mm) located in the centre of chips with dimension 22 mm x 22 mm (9 chips per 

wafer). The dimensions of the pillars in the 3D-SU8 scaffolds were designed so that the final pillars 

in the 3D-carbon scaffolds had certain features: (1) Pillar height tall enough for cells to grow 

interlaced within the pillars, in this way creating a trap for collecting most of the released 

dopamine. (2) Two different pillar diameters and spacings, allowing investigations of how the cells 

migrate, find residence and differentiate in between the pillars with different constraints.  

  
Figure 2 | Representative Scanning Electron Microscopic (SEM) images of 3D-scaffolds. a, 3D-SU8 

scaffold having pillars with 3-μm diameter and 22-μm height. b, 3D-carbon scaffold obtained after 

pyrolysis of the scaffold in (a). The SU8 pillar diameter and height shrank to 1.4 μm and 11 μm, 

respectively. The inter-pillar spacing increased from 3 μm to 4.6 μm. Scale bars, 5 μm. 

Is the pyrolysed carbon material suitable for adherence, spreading and proliferation of 

hNSCs? Surface wettability, topography and roughness are important factors affecting biological 

behaviour of cells on different materials24. Cellular adhesion and spreading, as well as proliferation 

and differentiation (e.g. neurite formation) of anchor dependent cells are often less pronounced and 

delayed on strongly hydrophobic or hydrophilic substrates25. Pyrolysed carbon materials can be 

modified chemically and physically to present specific surface functionalities that improve 

wettability and biocompatibility26,27. Increased wettability, due to oxygen plasma treatment, has 

shown to improve adhesion, spreading, and growth of neural cells28, as well as nerve growth factor 

induced differentiation of PC12 cells25. Here, oxygen plasma treatment was employed for 

enhancing the wettability of the 3D-carbon scaffolds, and the resulting structures were characterized 

in terms of surface chemistry, wettability, adhesion and proliferation of hNSCs.  



6 
 

XPS spectra of untreated and oxygen plasma treated flat carbon surfaces (Fig. 3a) leads to a  

striking increase in the oxygen to carbon content ratio (O/C) from 0.022 ± 0.002 to 0.297 ± 0.001 

(average ± standard deviation, n=3), resulting in increased surface energy28. The wettability of the 

pyrolysed carbon structures was further investigated using contact angle (CA) measurements (Fig. 

3b). The CA of untreated 3D-carbon scaffolds is higher than that of flat carbon surfaces (93°±2 (1.4 

µm pillars), 59°±4 (5.1 µm pillars) and 43°±1 (flat); average ± s.e.m, n=4), as expected for surfaces 

having micro- and nanosized roughness29. After plasma treatment, the CA on all structures 

decreases dramatically compared to untreated structures to values below 20°, indicating that the 

hydrophilicity, and hence the wettability, of all the structures increases. This is mainly attributed to 

oxidation of carbon and not to an increased surface roughness, as indicated by AFM imaging 

(Supplementary Information S2). 

hNSCs require an adhesion factor, such as a cationic polyelectrolyte (e.g. poly-L-Lysine (PLL)), 

to adhere, grow and differentiate on commercial tissue culture polystyrene (TCPS)30. Therefore, 

two types of flat pyrolysed carbon samples (untreated and plasma treated) were tested with and 

without PLL-coating for their ability to promote hNSC adhesion, spreading and growth (Fig. 3c-f), 

and compared with hNSCs grown on PLL-coated TCPS (Fig. 3g). Representative micrographs after 

24-h culturing of hNSCs clearly indicate that plasma treatment combined with PLL-coating most 

effectively promotes hNSC adhesion, spreading and growth (Fig. 3f), resulting in an even cell 

distribution and well-defined cell morphology (compare Fig. 3g). Although hNSCs seem to grow 

well on the PLL-coated pyrolysed carbon surface (Fig. 3e), the observed cell morphology and 

clustering indicates that PLL adhesion directly on pyrolysed carbon is not optimal. On untreated or 

plasma treated (Fig. 3c and d) pyrolysed carbon surfaces, hNSCs adhere poorly, forming clusters 

that do not promote cell spreading to acquire the proper morphology. Oxygen functionalities on 

plasma treated surfaces provide anchoring points for improved physisorption of the primary amine 

groups of PLL that mediate cell attachment. The above results demonstrate that the pyrolysed 

carbon material from SU8 precursor can easily be modified to suitably interface to hNSCs studies. 

 

Does pyrolysed carbon influence dopaminergic properties of growing hNSCs? Indirect means 

are used in most studies to confirm dopaminergic phenotype of stem cell-derived neurons, one of 

which is immunocytochemistry for the enzyme tyrosine hydroxylase (TH)30, the rate-limiting 

enzyme for catecholamine production in neurons. Previous reports have shown that for the hNSC 

cell line hVM1-Bcl-XL as studied here, the highest obtained percentage of TH positive cells for 

growing cells and after induced differentiation was ~2 and 17.2 % on PLL-coated TCPS, 

respectively30. A recent report indicates that pyrolysed carbon may be able to enhance neurite 

outgrowth of neuroblastoma cells17. In our study, immunocytochemistry for TH was conducted for 
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hNSCs growing on PLL-coated TCPS (as control) and oxygen plasma treated PLL-coated flat 

pyrolysed carbon to see if the carbon material itself has any ability to induce dopaminergic 

properties in growing hNCSs. Fig. 3 shows confocal fluorescence images of hNSC grown on TCPS 

(h) and on pyrolysed carbon (i). As seen, cells grown on pyrolysed carbon result in a previously 

unseen increase in the number of TH positive cells up to 75.2% ± 9.2% as compared to 2.4% ± 0.5 

% on PLL-coated TCPS (±SD and n = 5). This is a result that may have important implications for 

finding new materials and improved protocols for effective implementation of CRT. 

 

  

     

  

 

Figure 3 | Characterization of surface properties of pyrolysed carbon structures and their influence on 

hNSC behaviour. a, Characteristic XPS survey spectra of flat carbon before and after oxygen plasma 

treatment. The appearing peaks correspond to C1s (285 eV) and O1s (532 eV). b, Static contact angle 

measurements on flat carbon (flat) and 3D-carbon scaffolds with pillar diameter of 1.4 μm and 5.1 μm. The 

error bars represent the standard error of mean, n = 4 for all carbon structures. c-g, Representative bright 
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field images of ventral mesencephalon–derived hNSCs (hVM1-Bcl-XL). The cells are growing (48 h) on (c) 

untreated, (d) oxygen plasma treated, (e) PLL-coated, (f) oxygen plasma treated and PLL-coated flat carbon 

surfaces, and (g) PLL-coated TCPS. h,i, Representative confocal fluorescence images showing 

immunocytochemistry for tyrosine hydroxylase (TH, red) and nuclei (blue) in hVMbcl-xL hNSCs growing 

(48h) on (g) PLL-coated TCPS and (h) oxygen plasma treated and PLL-coated flat carbon surfaces. Scale 

bars, 40 µm. j, Characteristic cyclic voltammograms of dopamine (5 mM) in PBS (pH 7) on a 3D-carbon 

scaffold (1.4-um pillars) before and after oxygen plasma treatment (V vs. Ag/AgCl pseudoreference 

electrode; potential sweep rate, 50 mVs-1). 

Is the 3D-carbon scaffold sufficiently conductive to function as an electrode material? The 

electrical properties of pyrolysed carbon depend on many parameters, including viscoelasticity and 

chemical composition of the precursor polymer20, fabrication and templation method13, as well as 

pyrolysis temperature20,31,32 and atmosphere31. The resistivity of the 3D-carbon scaffold was 

determined using a microscopic four-point probe18 and was found to be 1.6 ± 0.3 × 10-4 Ωm 

(average ± s.e.m., n=9), which is of the same order of magnitude as previously reported for 

carbonised SU-8 films32 (5-7  × 10-4 Ωm). This can be compared with other carbon based electrode 

materials, such as nitrogen doped diamond-like carbon33 (9.4× 10-3 Ωm), boron doped diamond34 

(0.5-1.0 × 10-3 Ωm), glassy carbon35 (1-8 × 10-5 Ωm), and graphite36 (basal plane: 2.5-5.0 × 10-6 

Ωm).  

Dopamine electrochemistry on flat carbon and 3D-carbon scaffolds before and after oxygen 

plasma treatment was investigated using cyclic voltammetry (CV). Fig. 3j shows the CV for the 3D-

carbon scaffold with 1.4 µm diameter pillars. The redox behaviour of dopamine is quasi-reversible 

before and after plasma treatment; however, both the anodic and cathodic peak current is clearly 

increasing after plasma treatment. Similar results are obtained for both flat carbon and 3D-carbon 

scaffold with 5.1 µm diameter pillars (Supplementary Information S3). The observed increase in 

current can be explained by two factors: (1) The optimal orientation of the electroactive OH-groups 

of dopamine is mediated by the increased carbonyl and carboxyl functionalities obtained at plasma 

treated carbon surface, thereby improving the sensitivity for dopamine in an analogous manner as 

described for chemically modified metal electrodes37–39. (2) The effect of plasma treatment on the 

3D scaffolds is more substantial in terms of increased current compared to flat carbon 

(Supplementary Information S3). This can be attributed to an increased exposure of the pillar 

surface to the dopamine solution as a result of enhanced wettability. The above results demonstrate 

that the pyrolysed carbon scaffolds from SU8 precursor are sufficiently conductive to facilitate 

dopamine electrochemistry. 
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Is the conducting 3D-carbon scaffold suitable for monitoring dopamine exocytosis from cell 

populations? Confirmation of true dopaminergic phenotype of stem cell-derived neurons requires 

detection of the actually released dopamine in response to depolarization with e.g., elevated K+ 

concentration. Single-cell studies using fluorescence detection40 and electrophysiology41, have 

revealed the mechanism of quantal neurotransmitter release – exocytosis - involving fusion of 

storage vesicles with cellular plasma membrane. However, only electrochemical detection allows 

real-time monitoring of exocytotic release of dopamine and other catecholamines. This has been 

demonstrated on single cells and cell populations belonging to different model cell lines (e.g. 

chromaffin and pheochromocytoma (PC12) cells) using either carbon fiber microelectrodes42,43 or 

planar (2D) microelectrode chips38,39,44,45.  

The capabilities of the 3D-carbon scaffolds for monitoring of dopamine exocytosis from 

populations of growing and differentiating cells were first investigated using PC12 cells, a model 

cell line designed to study neuronal functions, such as catecholamine exocytosis46 with the most 

abundant catecholamine being dopamine47. Growth (24 h) and differentiation (120 h) of PC12 cell 

were carried out in parallel on oxygen plasma treated and laminin modified carbon structures, 

having the footprint of 4 mm x 4 mm. Fig. 4a shows a typical current-time trace recorded during 

amperometric detection of K+ induced dopamine exocytosis from a population of growing PC12 

cells. The current represents the sum of responses related to oxidation of dopamine released from 

individual fusing vesicles upon membrane depolarization triggered by elevated K+ concentration. 

Performed control experiments clearly show that the recorded current-time traces are due to 

exocytosis from a depolarised population of PC12 cells and not caused by ionic current artefacts 

due to fluid addition or cell movement on the carbon surfaces (Supplementary Information S4). 

  

Figure 4 | Detection of dopamine release from PC12 cells on different carbon scaffold topographies. a, 

A characteristic current-time trace recorded during amperometric detection of dopamine released by a 

population of growing PC12 cells on oxygen plasma treated and laminin modified flat carbon, when the cells 

were depolarised by elevated K+ concentration. Time scale bar, 1 min. The arrow indicates the time of 

addition of high-K+ buffer (KCl). b, Calculated average charge related to the amount of detected dopamine 
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released by growing (24 h) and differentiating PC12 cells (120 h) on flat carbon surfaces and 3D-carbon 

scaffolds (1.4-µm and 5.1-µm pillars). Error bars represent the standard error of mean, n = 4 for flat carbon 

surfaces and n = 6 for each type of the 3D-carbon scaffold. 

Similarly, as shown for current-time traces originating from single-cell exocytosis 

measurements48, the amount of signalling substance (ultimately number of molecules) 

detected/released by a cell population can be determined by integrating the recorded current39. The 

results for populations of growing and differentiated PC12 cells on the different carbon surfaces 

(Fig. 4b) show two clear trends. The average charge is significantly higher for (1) 3D-carbon 

scaffolds than for flat carbon surfaces, 1.4-µm pillars yielding the highest charge, and (2) for 

growing PC12 cells compared to differentiated cells irrespective of the type of carbon surface 

studied.  

The 3D carbon scaffolds have larger surface area compared to flat carbon (for 5.1 µm pillars and 

1.4 µm pillars the increase in surface area is 1.6 and 1.9 fold, respectively, all chips having a 22 × 

22 mm2 footprint), which normally could explain the first trend, i.e., a higher electrochemical 

response. However, this is not valid here since the cell population on the different carbon structures 

had the same cell number. It is more likely that the 3D carbon scaffold serves as an efficient 

dopamine trap. When dopamine is released in a 3D scaffold acting as a 3D sensor, the dopamine 

molecules encounter the surrounding carbon pillars (Fig. 1b), leading to oxidation of a larger 

number of molecules than on a flat carbon surface where most of the molecules diffuse away 

without being detected (Fig. 1a). This effect more pronounced for the 1.4 µm than the 5.1 µm 

scaffold due the more densely structured scaffold, i.e., less distance between pillars, and more 

likelihood that a dopamine molecule will encounter a pillar and be oxidized. The second trend is in 

accordance with previous reports43,49 and is due to a change in location of the exocytotic zones in 

differentiating PC12 cells (from the cell body to the neurite-like structures). The above results 

demonstrate that the pyrolysed carbon scaffolds are indeed suitable as electrodes for detection of 

exocytotic events, as well as a tool to discriminate biological differences between cell populations. 

 

Does the 3D-carbon scaffold topography influence the fate of stem-derived neurons towards 

dopaminergic phenotype? The suitability for growth, differentiation and subsequent detection of 

dopaminergic phenotype of clinically relevant hNSCs was investigated using a combination of 

SEM, confocal fluorescence imaging (TH and nuclei) and electrochemical detection of dopamine 

exocytosis. 

SEM images of growing hNSCs on the different carbon pillar structures in Fig. 5b-c show that 

the pillar topography leads to formation of elongated neurites, which are using the pillars as 
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effective anchoring points. These elongated neurites are not observed on flat carbon (Fig. 5a). 

Confocal images, on the other hand, show that the growing hNSCs (in the absence of differentiation 

inducing conditions) on all surfaces (Fig. 5d-f) effectively become TH-positive (75-82 %, details in 

Supplementary Information S5).  

If we compare SEM images of growing (Figs. 5a-c) and differentiated hNSCs (Figs. 5g-i), in all 

cases the neurite elongation is more prominent after hNSCs have been exposed to differentiation 

conditions, and most significantly so for the 1.4 um pillars. Visual inspection of confocal images 

(Fig. 5j-l) seems to indicate that the number of TH positive cells has increased compared to growing 

cells (Figs. 5d-f). This can be explained by the fact that the total number of cells has increased since 

the proliferation of hNSCs does not completely stop during the first few days of differentiation, 

which is in accordance with previous studies30. In reality, the number of TH positive differentiated 

hNSCs was found not to be significantly different (72-75 %) from growing cells based on student t-

test (details in Supplementary Information S5). This can be compared to 24.1 % TH positive 

differentiated hNSCs on TCPS (Fig. 5m). These observations show that the carbon material 

definitely induces dopaminergic properties whereas the topography seems to further enhance 

neurite formation.  

Growing hNSCs Differentiating hNSCs 
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Figure 5 | Characterization of hNSCs on different carbon scaffold topographies. a-c,g-i, Representative 

SEM images of growing (48 h) (a-c) and differentiating (10 days) (g-i) hNSCs on flat carbon (a,g), 5.1-µm 

(b,h), and 1.4-µm (c,i) 3D-carbon scaffolds. Inset of i: magnification of hNSCs interacting with carbon 

pillars. Scale bars, 20 µm (a,g) and 10 µm (b,c,h,i,inset of i). d-f,j-m Representative confocal fluorescence 

images showing immunocytochemistry for tyrosine hydroxylase (TH, red) and nuclei (blue) in growing (48 

h) (d-f) and differentiating (10 days) (j-m) hNSCs on flat carbon (d,j), 5.1-µm (e,k), and 1.4-µm (f,l) 3D-

carbon scaffolds as well as on TCPS (m). Scale bars, 40 µm. n, Calculated average charge related to the 

amount of detected dopamine released by growing and differentiating hNSCs on flat carbon surfaces and 

3D-carbon scaffolds (1.4-µm and 5.1-µm pillars). Error bars represent the standard error of mean, n = 4 for 

the flat carbon surfaces and n = 6 for each type of 3D-carbon scaffold. o, Representative confocal 

fluorescence images of Ca+ influx into differentiating hNSCs (10 days) on TCPS upon multiple K+-induced 

depolarization steps. Time scale bar, 2 min. The arrows indicate the time of addition of high-K+ buffer (KCl). 

p, Characteristic current-time trace recorded during amperometric detection of dopamine from a population 

of differentiating hNSCs (10 days) on a flat carbon surface upon multiple K+-induced depolarization steps. 

Time scale bar, 2 min. The arrows indicate the time of addition of high-K+ buffer (KCl) and low-K+ buffer 

(buffer). 

What is the advantage of using conducting 3D-carbon scaffolds to study the fate of hNSC-

derived neurons towards dopaminergic phenotype? The studied hNSCs produce only dopamine 

since they do not express the enzyme dopamine-beta-hydroxylase, which is needed for transition 

into the noradrenergic and adrenergic pathways30. Moreover, they are strictly anchorage dependent; 

hence, single-cell studies cannot be conducted to evaluate their dopaminergic properties. 

Traditionally, their capability to release dopamine, is determined by quantifying the released 

dopamine upon collecting samples of culture medium followed by subsequent HPLC analysis30. 

Here, we show amperometric detection of the released dopamine from depolarised growing and 

differentiated hNSCs (presented as the charge in Fig. 5n). To our knowledge, this is the first 

demonstration of electrochemical real-time detection of dopamine exocytosis from populations of 

stimulated hNSCs. Similarly as for the PC12 cell experiments (Fig. 4b), the results clearly 

demonstrate that the 1.4 um pillar structure functions as a very efficient dopamine trap. We also see 

that growing cells on all surfaces have clearly acquired the capability of exocytotic dopamine 

release even though no differentiation conditions have been applied. The apparently higher charge 
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obtained for differentiated hNSCs on all structures could have two explanations: (1) The most 

apparent reason is that the imposed differentiation conditions increase the cells’ ability to 

exocytotically release dopamine. (2) The fact that the cells continue proliferation during the first 

few days of differentiation means that the total number of cells increases and thus a larger quantity 

of dopamine can be released. To differentiate between the significance of these two contributions, 

further studies will be pursued.  

Mature neurons have the ability to re-establish the resting membrane potential and close the 

voltage-gated Ca2+ channels after K+-induced depolarization50, i.e. they are able to undergo 

repetitive depolarization. This cellular property is traditionally verified by fluorescence microscopic 

imaging of Ca2+ influx, as seen in Fig. 5o for hNSCs differentiated on the PLL-coated TCPS. 

However, this is a characteristic feature of all neurons undergoing exocytosis, not only 

dopaminergic neurons50. In Fig. 5p, the effect of repetitive depolarization of hNSCs differentiated 

on 3D-carbon scaffold is demonstrated using electrochemical detection, verifying that dopaminergic 

hNSCs have become mature neurons, each depolarization step, indeed, leading to dopamine release. 

It is clearly so that immunocytochemistry gives indirect visual information that cells are developing 

into dopaminergic phenotype (TH+), and that Ca2+ imaging shows that cells have become mature 

neurons. However it gives no evidence of the cells’ ability to exocytotically release dopamine and 

that the dopamine releasing cells are mature dopaminergic neurons. The combination of the 3D 

conductive carbon scaffold and electrochemistry makes this possible. 

Collectively, this work represents a new direction in hNSC research and opens up new 

possibilities in stem cell research and therapy, and is to date the first report on electrochemical real 

time detection of dopamine exocytosis from hNSCs-derived neurons. The combination of a 

conducting 3D carbon scaffold and electrochemistry gives unique possibilities to enhance hNSCs 

differentiation into TH+ phenotype (material) and neurite elongation (3D topography), and at the 

same time enables direct confirmation of true dopaminergic phenotype and neuronal maturation 

(electrochemical dopamine trap). 

 

Methods 

Cell culture. Details of cell culture and differentiation protocols are given in the Supplementary 

Information S6. 

 

Chemicals used in experimental work. Potassium chloride (BioXtra), sodium chloride 

(BioReagent), magnesium chloride hexahydrate (BioReagent), calcium chloride dehydrate 

(BioReagent), glucose (BioXtra), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) (1 

M solution; BioReagent), 2-(3,4-dihydroxyphenyl)ethylamine hydrochloride (Dopamine), 
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glutaraldehyde (25 % in water, specifically purified for use as cell fixative in electron microscopy), 

cell culture tested phosphate buffered saline (PBS), Triton X-100 (10 % solution in water; 

BioUltra), formaldehyde (36 % solution in water; BioReagent), goat serum, monoclonal mouse 

anti-tyrosine hydroxylase antibody (anti-TH), cell culture tested water were purchased from Sigma-

Aldrich Corporation (St. Louis, MO, USA). Alexa Fluor® 488 goat anti-mouse IgG antibody (anti-

mouse), TO-PRO®-3 stain were from Life Technologies Ltd. (Paisley, UK).  

 

Pyrolysis of SU-8 structures. Pyrolysis of SU-8 structures was performed using a PEO-601 open-

end furnace from ATV Technologie GmbH (Vaterstetten, Germany) under a nitrogen atmosphere. 

The pyrolysis protocol comprised three stages: (i) Temperature was ramped from room temperature 

(RT) to 200 °C followed by 30-min dwelling time at 200 °C to allow for any residual oxygen to be 

removed from the furnace chamber (prevention of combustion during further processing at higher 

temperatures). (ii) Temperature was ramped from 200 °C to 900 °C followed by 1-h dwelling time 

at 900 °C to complete carbonization. (iii) The pyrolysed samples were allowed to cool from 900 °C 

down to RT. Temperature ramping during heating and cooling was done at the rate of 2 °C/min.   

 

Preparation of electric contacts. Fabrication details of metallized electric contacts are given in the 

Supplementary Information S7. 

 

Scanning Electron Microscopic (SEM) imaging. SEM imaging of the carbon structures and 

growing/differentiating cells was performed using a Zeiss Supra VP 40 microscope. In preparation 

for cell imaging, cells were fixed for 1 hour in 2% glutaraldehyde solution diluted in PBS, followed 

by rinsing with PBS (twice for 15 min) and cell culture tested water (twice for 5 min). Gradual 

dehydration of the cell samples was performed by exposing the chips with fixed cells to a series of 

ethanol-water solutions from 40% to 100% ethanol (absolute ethanol). 

 

Plasma treatment. The plasma treatment was carried out using an Atto Plasma System from 

Diener Electronic GmbH (Ebhausen, Germany) equipped with a 13.56 MHz RF generator. The 

chamber was evacuated to an initial pressure below 15 Pa before introducing the process gas (O2). 

After the pressure of the chamber had stabilized at 30 Pa upon introduction of O2, the plasma was 

ignited. The applied power was 50W and the process time was 1 min. Immediately after plasma 

treatment, the carbon structures were used for either characterization or cell-based experiments. 

 

Resistance measurements. Resistance measurements were conducted using a CAPRES microRSP-

M150 system with a static contact microscopic four-point probe (M4PP). The measurements were 
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carried out using lock-in technique (current set-point: 200 µA; frequency: 13 Hz). Generally, all 

measurements showed a phase change of less than 0.2 degree indicating that the contact to the 

sample was good. 

 

X-ray photoelectron spectroscopic (XPS) characterization. XPS analysis was done on a K-

Alpha spectrometer (Thermo Fisher Scientific, UK) using a 400 µm wide monochromatized AlKa 

X-ray spot with collection of the emitted photoelectrons at a pass energy of 200 eV for survey 

spectra. The instrument manufacturer’s Avantage software package allowed for elemental 

composition analysis. The XPS analysis was conducted before and immediately after plasma 

treatment. 

 

Contact angle (CA) characterization. CA measurements at the carbon structures (flat surfaces and 

3D-carbon scaffolds) were performed using an OCA 20 goniometer (DataPhysics, Germany) with 

water as the wetting agent. Static CA was measured after applying a 2-µl drop of water on the 

characterized surface. The CA of the water drop deposited on the carbon structures was measured 

before and immediately after plasma treatment. The instrument was controlled using the 

manufacturer’s SCA-20 software package. 

 

Characterization of dopamine electrochemistry. 5 mM dopamine solutions for cyclic 

voltammetric (CV) characterization were prepared immediately before use in nitrogen purged PBS 

(purging was started at least 20 min before preparation of the dopamine solution). The CVs were 

acquired using a micromilled poly(methyl methacrylate) (PMMA) chip holder (Supplementary 

Information 8), having a 70-µl vial for each quadrant of the silicon chip with carbon structures 

(Supplementary Information 7). Electric connections to the potentiostat (CHI 1030 from CH 

Instruments Inc., Austin TX, USA) were formed as described in the Supplementary Information (S7 

and S8). An Ag/AgCl wire and a Pt wire were used as the pseudo-reference electrode and counter 

electrode, respectively.   

 

Exocytosis measurements. The low-K+ buffer contained 10 mM HEPES, 5 mM glucose, 1.2 mM 

Mg2+, 2 mM Ca2+, 150 mM Na+, and 5 mM K+. The high-K+ buffer differed from the low-K+ buffer 

in terms of Na+ and K+ concentration, which were 5 mM and 450 mM, respectively. Both buffers 

were sterile-filtered (0.22-µm syringe filter) before use. 

The open vial in the chip holder where cells were cultured/differentiated (Supplementary 

Information S6 and S8) facilitated the addition of the necessary buffer solutions during exocytosis 

measurements. Before starting exocytosis measurements, the medium was immediately replaced by 



16 
 

55 µL of the low-K+ buffer to record a baseline for the measurements. Two platinum wires served 

as reference electrode (RE) and counter electrode (CE). The carbon working electrode (WE) was 

poised at 350 mV vs. the platinum RE. After a stable baseline had been recorded, exocytosis was 

triggered by pipetting 15 µL of the high-K+ buffer directly into the vial to elevate the K+ 

concentration to 100 mM. The current–time traces corresponding to the oxidation of the dopamine 

released by the cells were obtained immediately after triggering the exocytosis. Recording of the 

exocytotic events was done once in each quadrant of the silicon chips with carbon structures 

(Supplementary Information S7). Exocytosis experiments were carried out on 6 chips having 3D-

carbon scaffolds and on 4 chips with flat carbon surfaces. All the amperometric recordings were 

performed using a CHI 1030 potentiostat at room temperature (~22 °C). All calculated results from 

cell-based measurements are presented ± (s.e.m.), with n being the number of carbon scaffold 

electrodes having cell populations subjected to exocytosis measurements. 

 

Immunocytochemistry and confocal microscopic imaging of cells. Cells were fixed for 15 min at 

room temperature (RT) in 4% formaldehyde in PBS followed by rinsing with PBS (three times for 5 

min). To permeabilize cell membranes and block unspecific binding of antibodies, the fixed cells 

were incubated at RT for 1 h in solution containing 10 % goat serum and 0.25 % Triton X-100 in 

PBS. After removal of the blocking solution, the cells were incubated with anti-TH primary 

antibody (diluted 1:1000 in PBS containing 1 % goat serum and 0.25 % Triton X-100) overnight at 

4 °C followed by rinsing three times for 10 min in each rinsing solution (1° PBS containing 1 % 

goat serum and 0.25 % Triton X-100; 2° PBS containing 0.25 % Triton X-100; 3° PBS). Incubation 

with Alexa Fluor® 488 -conjugated anti-mouse secondary antibody (diluted 1:500 as described for 

primary antibody) was done at RT for 30 min followed by rinsing with PBS (twice for 10 min). Cell 

nuclei were counterstained with TO-PRO®-3 (diluted 1:1000 in PBS). Confocal laser scanning 

microscopy was performed using a Leica TCS SP5 microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a 50x/0.75 W objective. Five images were acquired from each prepared 

sample. A 488 nm Ar laser was used for exciting Alexa Fluor® 488, and a 633 nm HeNe laser for 

TOPRO®-3. All the acquired images were analysed and treated using the Imaris 7.4.2 software 

package (Bitplane AG, Zürich, Switzerland). 
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S-1 Schematic overview of 3D-carbon scaffold fabrication 

 

 

Figure S1 | Schematic view of 3D-carbon scaffold fabrication. An underlying SU-8 layer 
undergoes UV exposure (flood exposure). A second SU-8 layer is deposited and patterned 
using a lithographic mask. After subsequent development, baking, and critical point drying 
(CO2) the 3D-SU8 scaffold is pyrolysed to obtain the final 3D-carbon scaffold.  
 

 

 

 

 

 

 



 

S-2 Atomic Force Microscopic (AFM) characterization of pyrolysed  
         carbon surfaces 
 

 

Figure S2 | Effect of O2 plasma treatment on surface roughness. Representative Atomic 
Force Microscopic (AFM) images of a, untreated and b, O2 plasma treated flat pyrolysed 
carbon surface (3 µm x 3 µm). 
 

AFM characterization was performed using a Dimension 3100 system from Bruker AXS 

GmbH (Karlsruhe, Germany). The instrument was equipped with a silicon tip. The images 

were acquired using tapping mode by scanning 3 µm x 3 µm areas. The obtained results 

revealed that untreated pyrolysed carbon surfaces had a relatively smooth and uniform 

structure free of cracks (Fig. S3a). Statistical analysis of this surface showed a root-mean 

square (rms) roughness of 2.1 Å over an area of 3 × 3 μm. This structure is typical of carbon 

films obtained by pyrolysis at 700 °C–1000 °C in an inert atmosphere1 and comparable to 

pyrolytic graphite surfaces having rms surface roughness of 2.4 Å2. The oxygen plasma 

treated surfaces (Fig. S3b) featured a rms roughness of 3.9 Å, increases the surface 

roughness. Generally, rms surface roughness of untreated pyrolysed carbon surfaces has been 

shown to be below 5 Å1. This indicates that despite the increased surface roughness as a 

consequence of O2 plasma treatment the determined rms value is, nevertheless, in the range 

reported for untreated surfaces. Other surface treatments, such as mechanical polishing of 

glassy carbon, increase surface roughness more significantly resulting in rms value of 20.42.  

 



S-3 Dopamine electrochemistry on pyrolysed carbon structures 

 

 

Figure S3 | Effect of O2 plasma treatment on dopamine electrochemistry. Comparison of 
anodic and cathodic peak current derived from recorded cyclic voltammograms (CV) of 
dopamine (5 mM in PBS) on pyrolysed carbon surfaces (flat) and 3D-carbon scaffolds with 
1.4-µm and 5.1-µm pillars before (blue) and after O2 plasma treatment (red). Error bars 
represent s.d., n=2. 
 

The obtained results lead to two significant conclusions on the effect of O2 plasma treatment 

on dopamine electrocheistry: (1) The anodic peak current increases significantly on all carbon 

structures, i.e. both flat carbon surfaces and 3D-carbon scaffolds. (2) A significant increase in 

cathodic peak current is observed only in the case of 3D-carbon scaffolds. 

Since the entire area of flat carbon surfaces is accessible to the introduced electrolyte and 

dissolved dopamine, the increased anodic peak current after O2 plasma treatment can be 

explained by the influence of the formed oxygen functionalities, such as carbonyl and 

carboxylic groups. In the case of chemical modification of gold electrodes (carboxylic acid 

functionalized thiol self-assembled monolayers (SAM)3,4 and overoxidized polypyrrole5), 

these functionalities have been shown to enhance the anodic peak current. This effect has 

been attributed to hydrogen bond –mediated orientation of the catechol moiety of dopamine. 

Especially in the studies focusing on the thiol SAMs3,4, the effect of the modification on the 

cathodic peak current was not pronounced. 

Based on the fabrication process of 3D-carbon scaffolds (Fig. S1), these comprise both an 

underlying carbon layer and vertically aligned carbon pillars. Pyrolysed carbon structures are 

inherently hydrophobic. In the case of 3D-carbon scaffolds, this can lead to limited wetting of 



the interpillar space close to the flat underlying carbon layer, due to which dopamine 

electrochemistry does not take place on the entire geometric area of the scaffolds. The O2 

plasma treatment-induced increase in the surface density of oxygen functionalities can 

improve wetting. Hence, both anodic and cathodic peak current can increase due to the 

increased accessible electrode area. Table S3 shows a statistical comparison of the increase 

in anodic and cathodic peak current as a consequence of O2plasma treatmnet. This indicates 

that the increase in the anodic peak current on the 3D-carbon scaffolds (1.4-µm pillars and 

5.1-µm pillars) is significantly higher than the observed increase in the cathodic peak current 

(one-tailed student’s t-test, 90 % confidence level). This significantly more increased anodic 

peak current can be explained by the simultaneous effect of oxygen functionalities on 

oxidation of dopamine, as presented above for flat carbon surfaces. 

 

Table S3. Comparison of O2 plasma-induced increase in anodic (ia) and cathodic 
(ic) peak current of dopamine CVs on different 3D-carbon scaffolds. 

3D-carbon 

scaffold 

Increase in peak current Student’s t-test (one-tailed2) 

Δia (µA)1 Δia (µA)1 p (90 % confidence level) 

1.4-µm pillars 94 ± 25 40 ± 11 0.0547 

5.1-µm pillars 89 ± 21 38 ± 9 0.0428 

1 Presented as average ± s.d., n = 2. 
2 One-tailed t-test was applied based on the assumption that in all cases Δia > Δic. 
 

 

 

 

 

 

 

 

 

   

 

 

 



S-4 Control experiments: amperometric current-time traces 

 

 

 

 

Figure S4 | Influence of fluid handling and the presence of cells on recorded current-
time trances. Representative current-time traces showing the effect of a,b, addition of high-
K+ buffer to a carbon electrode without cells (a) and in the presence of HeLa cells (b), which 
are not dopamine releasing, and c, addition of low-K+ buffer to a carbon electrode in the 
presence of PC12 cells.   
 



When conducting electrochemical measurements by making transient addition of buffer 

directly to an electrode surface, there is a possibility that a significant part of the recorded 

current is due to movement of ions. Furthermore, if the electrode surface is covered by cells, 

the additional possibility is that movement of cells due to fluid addition can perturb the 

electrode-electrolyte interface contributing to the recorded current. The results of the three 

control experiments presented in Fig. S4a-c lead to the following significant conclusions: (1) 

Addition of high-K+ buffer used to depolarize cells to trigger exocytosis does not cause a 

current response which can affect exocytosis measurements in the presence of dopamine 

releasing cells. (2) The addition of high-K+ buffer to an electrode surface having non-

dopaminergic HeLa cells does not significantly perturb the electrode-electrolyte interface, 

which could obscure exocytosis measurements. Moreover, the result also indicates that the 

addition of high-K+ buffer does not cause any other cellular responses, which could result in a 

significant current response. (3) Dopaminergic PC12 cells do not generate a significant 

current response only due to addition of a buffer (low-K+ buffer). Hence, current responses 

recorded in the presence of PC12 cells upon addition of high-K+ buffer are due to oxidation 

of the released dopamine.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-5 Statistical analysis of TH-positive (TH+) hNSCs on different  
          substrates 
 

Table S6-1. Percentage of TH+ hNSCs in populations of growing and differentiating 
cells on tissue culture polystyrene (TCPS) and pyrolysed carbon structures (flat carbon 
and 3D-carbon scaffolds with 1.4-µm and 5.1-µm pillars). 

Substrate material 
Growing hNSCs1 

(% of population ± s.d.) 
Differentiation hNSCs2 
(% of population ± s.d.) 

TCPS 2.5 ± 0.6 24 ± 2 

Flat carbon 75 ± 9 74 ± 9 

3D-carbon scaffold 
1.4-µm pillars 

82 ± 7 75 ± 14 

3D-carbon scaffold 
5.1-µm pillars 

80 ± 8 73 ± 9 

1 The cells were allowed to grow for 48 h prior to analysis. 
2 The cells were allowed grow for 48 h, after which the differentiation conditions were 
induced by change of medium. Differentiation conditions were maintained for 10 days prior 
to analysis. 
 
The obtained results (Table S6-1) show clearly that the percentage of TH+ cells is higher on 
all the carbon structures in comparison with populations grown and differentiated on TCPS. 
Based on preliminary inspection of the percentages on the different carbon structures, the 
obtained values are clearly very close to each other. To evaluate whether there is any 
significant difference between the populations, growing cells on flat carbon surfaces were 
chosen as the control for comparison, which was performed using two-tailed student’s t-test. 
Each population average was compared to the one obtained for growing cells on flat carbon 
surfaces. Furthermore, based on performed F-test, the variances of each population in 
comparison with the ones growing on flat carbon surfaces were shown to be equal, due to 
which the performed t-test in each case was homoscedastic. 
 
The performed t-test for each population indicated that with 95 % confidence level none of 
the average percentages of TH+ cells significantly differed from the value obtained for the 
populations of growing cells on flat carbon surfaces. The obtained t-test results are shown in 
Table S6-2. Each of the probabilities is > 0.05. 
 
Table S6-2. Student’s t-test for comparison of the average percentage of TH+ positive 
(growing or differentiating) hNSCs with the average obtained for growing cells on flat 
carbon surfaces.  

Substrate material Growing hNSCs 
(p, 95 % confidence level)

Differentiation hNSCs 
(p, 95 % confidence level)

Flat carbon N/A 0.835 

3D-carbon scaffold 
1.4-µm pillars 

0.232 0.982 

3D-carbon scaffold 
5.1-µm pillars 

0.393 0.694 



 S-6 Protocols of cell culture and differentiation 
 

Culturing and differentiation of PC12 cells. Rat pheochromocytoma (PC12) cells were 

purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH 

(Braunschweig, Germany). Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

(DMEM/F12), Trypsin-EDTA (0.05 %) and penicillin/streptomycin (P/S) were purchased 

from Life Technologies Ltd. (Paisley, UK). All other cell culture reagents were from Sigma-

Aldrich Corporation (St. Louis, MO, USA). 

The passage number of PC12 cells was below 14 in all experiments. Subculturing was done 

in polyethylenimine (PEI: branched, average Mw ~25,000 kDa, 50 µg/ml, 2 – 3 h) coated 

T25 culture flasks (Nunc A/S, Roskilde, Denmark) using DMEM/F12 supplemented with 15 

% horse serum (HS), 2.5 % fetal bovine serum (FBS), 1 % P/S, and 5 mM 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES). In the differentiation medium, the 

serum contents was lowered (0.5% HS and 0.5% FBS). 100 ng/ml of nerve growth factor 

from rat (NGF-) was added to induce differentiation. All cell preparations were maintained 

in a humidified incubator 5 % CO2 / 95 % air) at 37 °C. For the experiments with 

differentiated PC12 cells, 24 hours prior to seeding the cells onto an electrode chip, the 

cellular response to NGF- was initiated by changing the growth medium for the 

differentiation medium. 

Before preparation of the silicon chips with carbon structures (Supplementary Information 

S7) for cell-based experiments, they were treated with O2 plasma. The chips and chip holders 

(Supplementary Information S8) were sterilized by immersion in 96 % ethanol (10 min) and 

0.5 M NaOH (30 min), respectively, followed by rinsing with PBS trice. After sterilization, 

the chips were coated with laminin (20 mg/ml, 2 – 3 h), diluted in cell culture tested 

phosphate buffered saline (PBS) to promote cellular adhesion. PC12 cell suspensions for 

seeding onto the electrode chips were prepared by first washing the cells with PBS followed 

by 5 minutes incubation with trypsin-EDTA. Trypsinization was terminated by addition of an 

excess of culture medium. Cells were centrifuged for 5 min at 900 rpm at 20 °C and 

resuspended in culture medium. Cell density was determined using a standard hemocytometer 

and cells were seeded onto the coated electrode chips at a surface density of 1.5 x 105 cells 

per cm2.  

For growing and differentiating cells the measurements were performed 1 and 5 days after 

seeding respectively. In order to increase the dopamine load in the vesicles6, 1 hour before 



the measurements the cells on the chips were incubated with fresh medium containing 100 

µM of L-DOPA. 

Culturing and differentiation of human neural stem cells (hNSCs). The immortalized 

human Ventral Mesencephalic cell line overexpressing Bcl-XL (hVM-Bcl-XL) was cultured 

as described elsewhere7. AlbuMAX-I and N2 supplement were purchased from Life 

Technologies Ltd. (Paisley, UK), recombinant human epidermal growth factor (EGF) and 

fibroblast growth factor (FGF) were from R&D Systems Europe, Ltd. (Abingdon, UK), and 

glial cell line-derived neurotrophic factor (GDNF) was from PeproTech EC Ltd. (London, 

UK). All other cell culture reagents were purchased as mentioned above for PC12 cells or 

from Sigma-Aldrich Corporation (St. Louis, MO, USA). 

Cells from passages 41 to 46 were cultured on poly-L-lysine (PLL: Mw ~70,000 kDa, 10 

µg/mL, 2 – 3 h) coated T25 culture flasks (Nunc A/S, Roskilde, Denmark) using proliferation 

medium DMEM/F12 containing 0.5 % (w/v) AlbuMAX-I, 5mM HEPES, 0.6 % (w/v) 

glucose, 1 % (v/v) N2 supplement, 1 % (v/v) non-essential amino acids (stock solution: 40 

mM L-alanine, L-asparagine, L-aspartic acid, L-glutamic acid, and L-proline), 1 % P/S, 20 

ng/ml EGF and FGF. To induce differentiation of the cells, EGF and FGF in the proliferation 

medium were replaced by 2 ng/ml of GDNF and 1 µM of dibutyryl-cAMP (differentiation 

medium). All cell preparations were maintained in a humidified incubator 5 % CO2 / 95 % 

air) at 37 °C. 

Preparation of the silicon chips with carbon structures was done as described above for PC12 

cells unless a specific deviation from general procedure was necessary as described in the 

results and discussion. The chips were coated with PLL (10 µg/ml, 2 – 3 h). Cells were 

seeded at the density of 30,000 cells/cm2 in proliferation medium on the PLL coated chips 

and polystyrene multi-well plates (Nunc A/S). After 48-hour growth period the proliferation 

medium was removed and replaced by differentiation medium. Differentiation medium was 

changed every second day until cells had differentiated for 10 days. 

 

 

 

 

 

 



 

S-7 Preparation of gold coated electric contacts for pyrolysed carbon 

 

 

Figure S8 | Preparation of gold contact pads for electrode chips with pyrolysed carbon 
structures. a-b, Photograph of a chip with four contact pads (a) and a shadow mask (b) used 
to pattern the contact pads.  
 

The prepared contact pads (Fig. S8a) (width: 1.5 mm) having 20 nm of chromium as an 

adhesion metal layer and 200 nm of gold were prepared by interfacing a 4-inch silicon wafer 

with pyrolysed carbon structures to a micromilled shadow mask made of 1-mm poly(methyl 

methacrylate) (PMMA) (Fig. S8b). The lower surface of the PMMA shadow mask was 

micromilled in such a way that 30-µm spacing was formed on the above of the wafer to avoid 

scratching of the carbon surface. Metal deposition was done using e-beam evaporation (QCL 

800, Wordentec Ltd., United Kingdom). After deposition of the metals, the individual chips 

(22 mm x 22 mm) were obtained by manual scribing. Each chip (Fig. S8a) has a continuous 

pyrolysed carbon surface (light gray) and in the case of 3D-carbon scaffolds four quadrants 

(each having the footprint of 4 mm x 4 mm; dark gray) with defined pillar structures 

(dimensions determined by pyrolysis of the lithographically defined SU-8 pillars). The 

dimension of each quadrant with pillar structures is 4 mm x 4 mm. 

  

 

 

 

 



 

S-8 Setup for cell culturing/differentiation and electrochemical exocytosis  
         measurements 
 

 

Figure S9-1 | Setup for cell handling and electrochemical exocytosis measurements. a-b, 
A schematic view of the setup components (a) and an assembled setup (b). c-d, Photos of the 
setup viewed from side (c) and above (d).    
 

The setup for cell culturing/differentiation and electrochemical exocytosis measurements 

comprises three micromilled components (Fig. S9-1a): (1) A bottom, (2) an upper part with 

four vials (volume 70 µl), and (3) a circuit board for electric contacts. The bottom and upper 

part are made of 5 mm thick poly(methyl methacrylate) (PMMA). The bottom has an 

indentation for placement of a chip with pyrolysed carbon structures (4 in Fig. S9-1a; Fig. 

S8a). The vials of the upper part, one for each quadrant of the chip (4), are tightened on the 

using tailor-made square-shaped polydimethyl siloxane (PDMS) gaskets (thickness: 1 mm; 

width 1 mm; inner opening 4 mm x 4mm) (5). The circuit board has soldered spring loaded 

pins (Mill-Max Mfg. Corp., Oyster Bay, NY, USA) to form electric contact to the gold 



contact pads of the chip. Each quadrant of the chip has three pins. The components of the 

setup are assembled together using 2-mm screws (Fig. S9-1b-d). Fig. S9-1c shows the three 

components of the setup and the assembly screws and spring loaded pins. Fig. S9-1d shows 

the leads (defined by micromilling) interfacing the spring loaded pins to the contact wires. 
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