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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 udfert i denne athandling havde til formal at udvikle todimensionelle (2D)
og tredimensionelle (3D) kulstof baserede mikro- og nanoelektroder for at forbedre
elektrokemiske mélinger i en lang raekke af applikationer. Disse elektrodestrukturer kan f.eks.
bruges for at lave malinger direkte pa celler eller som en del af biobraendselsceller. Konkret har
forskningen haft fokus pa tre forskellige men indbyrdes athengige omrader: (1) Fabrikationen af
2D- og 3D kulstofs baserede mikro- og nanoelektroder og undersegning af deres fysiske,
elektriske og elektrokemiske egenskaber. (2) Overfladebehandling af disse elektrodestrukturer
for at forbedre deres elektrokemiske praestation, men ogsd for gere det muligt at forandre
elektrodernes overfladeegenskaberne sa at sma eller store kemiske/biologiske molekyler kan
bindes fast pa dem, f. eks for at biosensorer kan konstrueres, eller for at de skal blive mere
kompatible med cellebiologiske applikationer (biokompatibilitet). (3) Undersogelse og
anvendelse af overfladebehandlede 3D kulstofelektroder til maling af neurotransmittorn dopamin
som afgives fra neurale stamceller som er klinisk relevante indenfor forskning omkring

Parkinson’s sygdom
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Chapter 1
Introduction



Conductive substrates and scaffolds (e.g. based matal?, carboii™ conductive
polymer$,etc.) offer the possibility for electrical sensirand can thus provide a micro-
environment for real-time monitoring of cell poptiten dynamicé. Several methodologies
have enabled fabrication of two-dimensional (2Dyl dhree-dimensiona{3D) electrodes.
However, fabrication of 2D and especially 3D eled#s still poses limitations for high-
throughput, reproducibility, and large-scale prddaut which are very important for both
fundamental and more application-oriented studies. instance, 3D metal electrodes may
require complex processing and the use of expensigtal electroplating, sputtering or
evaporation equipment, which often restrict higelgs and could result in more expensive
electrodes, not amenable for mass-produtflodditionally, microfabricated electrodes
using e.g. noble metals can only operate in a dichizlectrochemical potential wind&Ww"
and are prone to foulily™ thus restricting their electrochemical applicasio For these
reasons, carbonaceous matetfafich as graphene, graphene fBar@NTs, diamond-like
carbort’, carbon compositésand pyrolysed carbon are emerging for developrog2b and

3D electrodes. The carbon MEMS technique is a sanple, high-yield, and cost-effective
methodfor electrode fabrication, and consists of heaattreent of a patterned polymer in
presence of inert atmosphere, leading to produatfopyrolysed carbon electrod@sThis
process enables easy and reproducible fabricati@d® @and 3D carbon electrodes with novel
custom-made designs and unique sensitivities, andawen be suitable for mass production.
Pyrolysed carbon electrodes exhibit a wide elebeatical potential window? chemical
inertness towards a range of solvents and elet&dly good biocompatibilit§’, and the
possibility to tune the electridd™* and mechanic& properties of the electrodes. These
properties have already facilitated several apptioa of 2D and 3D pyrolysed carbon
electrodes, such as chemical sen€indieavy metal detectiéfy biosensord> cell
substrates 233 and microbatterié§=°

2D and 3D pyrolysed carbon electrodes have grdanpal as sensing substrates and sensing
scaffolds for cells, which could e.g. help to uref@nd mechanisms of diseases, as well as
improve screening and testing of drugs. Moreovkagtecal activity of pyrolysed carbon
electrodes could be explored in nerve tissue regdna studies, like it has been already
done for other conductive scaffofds". Compared to other scaffolds, the advantages with

pyrolysed carbon scaffolds are several: (1) Orgaffind randorf? structured scaffolds can



be fabricated in a simple process at small or darge scale with high-reproducibility, high-
yield and cost-effectiveness. Micro/nanostructucesx be placed in precisely defined
positions without restrictions in shape or crossiea and the features and scale depend on
the process used for making the polymer prectftsg®) By changing the chemical
composition of the polymer precursor and the pysiglyconditions, the carbon conductivity
can be tailored*> (3) Similarly, the mechanical properties of titaffold can be tunédto
match the stiffness cells experierinevivo®. This fabricational degree of freedom provides
possibilities for mass production, facilitating mbvcustom-made designs with unique

properties to support various biomedical and phaeutical applications.

1.1. Objectives of the thesis

The research conducted for this thesis was aimdéaloping 2D and 3D carbon micro and
nano-electrodes for bioelectrochemistry in genaral for biological applications, such as
conductive substrates and scaffolds for cell biglogiofuel cells, etc. Specifically, the
research has focused on three areas: (i) fabnctatfo2D and 3D carbon micro- and
nanostructures and their subsequent interfacing external measurement setups (chapter
2); (ii) characterization of the microfabricatedrlman electrodes before and after surface
modification for their bulk microstructure, surfa@nd electrical properties, and their
electrochemical performances (chapter 3 and 4);irfivestigation and application of the 3D
carbon electrodes for measuring exocytosis of dapa@vents from clinically relevant stem

cells derived neurons (chapter 5).



Chapter 2

Fabrication of Carbon-Based
Micro and Nanostructures

This chapter starts by describing the structuradberties of different carbon allotropes that
have been used for fabrication of various 2D and édéctrode materials. Then, the steps
leading to production of pyrolysed carbon structieand the different variables affecting the
pyrolysis process are discussed. Finally, the pywetl 2D and 3D electrode structures
fabricated for this thesis are presented, and tlitent electrode interfacing used during

the work will be illustrated



2.1. Carbon Allotropes and Their Structural Properties

Carbon has many allotrog@$’, such as graphite, diamond, fullerene, and giassshrbons.
The latter are carbons obtained through pyrolysisich means carbonization of organic
polymers® at high temperature in inert atmosphere, a prodegswill be described in more
details in the following sections. The structurebgerties of the above mentioned allotropes
are briefly reported below.

The graphite structure consists of ideally infirsteeets of graphene stacked in parallel and
bound through weak Van der Waals forces (Fig. 2.1@)aphene has a polycrystalline
structure, consisting of several crystallites. dtaharacterized by the atomically ordered
hexagonal surface containing the “a” axis knowrtres “basal plane” (Fig. 2.1B), and the
irregular plane parallel to the “c” axis known aifje plane” (Fig. 2.1C), wherg And L¢
are the characteristic dimensions of the basalepéandl edge plane, respectivef’

The carbon atoms in graphite are aft bgbridized, with an intra-planar C-C bond length o
0.14 nm (Fig. 2.1B) and inter-planar spacingdof 0.34 nm (Fig. 2.1C). The conductivity
of graphite is 2 - 4 x f08/nf*.

In diamond, carbon is 3fhybridized and tetrahedral, with a C-C bond lengftt0.15 nm
(Fig. 2.1D). Diamond has a very low conductivity £ 1 x 10" S/m) and is thereby an
electrical insulator. It usually contains dopanssich as boron, to provide sufficient
conductivity when being used as an electrode nzt21f.

Among the fullerenes, carbon nanotubes (CNTs) arg ecommonly used as an electrode
material. CNTs are “rolled up” single or multiplaykers of graphene she€tswhich form
single-walled CNTs (SWNTSs) or multi-walled CNTs (MVVs), respectively (Fig. 2.1E).

® Graphite conducts electricity preferentially in thiane parallel to the covalently bonded graphemeets (basal
plane), due to delocalization of one of the outecteons of each atom to formmacloud. This results in lower bulk
conductivity for graphiteq = 2 x 10- 4 x 10 S/m) than for most metals (i.e. for Ag,= 4.1x10 S/m; for Pt,o =
9.4x10 S/m). The conductivity of graphite on the c-asi8B83 S/ri.

5
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Figure 2.1.A) Graphene sheets stacked in parallel to forrplgta. Characteristic dimensions of the
graphite crystallite, L on the basal plane (B), and tn the edge plane (C), adapted ffon(D)
Tetrahedrically bonded carbon atoms in the diamgingcture. (E) Rolled up single and multilayers
of graphene forming SWCNT and MWCNT, adapted ftom

Glassy carbon (GCgklectrodes are obtained by pyrolysis between 1@@I®-3°C of
polyacrylonitrile (PAN) or phenol/formaldehyde poigric resin precursors. GC electrodes
exhibit excellent electrochemical properties, tlawe often used as the ‘gold standard’ to
compare the electrochemical behavior of other eddes. The microstructure of GC
comprises a mixture of carbon atoms> @raphitic regions) and 3fybridized (disordered
regionsj* > In the 1970s, the structure of GC was considdgmedhave a ribbon-like
geometry with entangled graphitic plarfeqFig. 2.2A). High-resolution transmission
electron microscopic (TEM) analysis of commerciahailable GC (Fig.2.2B) showed that
carbons derived from pyrolysed polymers containlsisalated crystals of graphite. During

carbonization, the C-C bonds of the polymer premutsackbone do not break, thus the



graphitic regions cannot fully develop into graphesheets. The carbon can form graphitic
regions of only limited size, withland L in the range of 3-7 nm, and inter-planar spacing
(dooo) larger than 0.34 ni*®

Figure 2.2. (A) Structural model for glassy carbon proposedJeykins-Kawamura (B) TEM
images of glassy carbon prepared at 3008, M@odels for the structure of glassy carbon prepéne
(C) low-temperature and (D) high- temperature tresaif®.

Based on these observations, Hafrimiggested that GC consists of &gbridized carbons

(such as those found in fullerenes) forming six-rberad rings as well as five and seven
membered rings. According to this ‘fullerene-rethtgructure’, GC prepared at different
temperatures results in different amount of disgergraphene sheets (Fig. 2.2C-D). The
amount of graphitic regions in the carbon matrig, the degree of microstructural disorder,

can be evaluated with Raman spectroscopy (discus$gdapter 3).



2.2. 2D and 3D Carbon Electrodes

Different carbon materials, such as graphene, Cidiid, pyrolysed carbon, have been used
to develop various types of electrodes. Due tortsieuctural properties, not all of them are
suitable for fabrication of 2D and 3D micro and odlectrodes. For instance, finely
patterned 3D electrodes in graphene and CNT-basedrials are difficult to achieve. For

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

Figure 2.3.SEM images of a) graphene fodrand b) graphene composite hydrogels

Recently, graphene fodfn(Fig 2.3A) and graphene composite hydrogéfs(Fig. 2.3B)
have enabled fabrication of 3D electratleslowever, these materials are difficult to pattern
and are utilized as fabricated entities of bulk enat instead of 3D micro- and
nanostructures based on e.g. lithographic pattgrnin

CNTs have been the basis of various kind of strestusuch as 2D substrdfedorest§®
bundle&?, finely patterned multi-electrode arr8}snanostructured spond€gFig. 2.4), and
CNT-composite hydrogeis



il 4 % | '
Figure 2.4.SEM images of different CNTs-based structures.ZB)substraté§ (B) forest&®, (C-D)
bundle§’, (E) finely patterned multi-electrode arr&y§F) nanostructured sporfge

Compared to fabrication of other carbon-based mldes, pyrolysis of 2D and 3D polymeric
micro- and nanoscale template structures is a atrgctive method for obtaining, in a facile
and cost-effective manner, various 2D and 3D carbooro- and nanostructures. The
advantage of using polymers as starting materrat&obon microfabrication is that they can
be very finely patterned by micromachining techesjuHence, a wide variety of shapes and
cross-sections in the macro to the nano lengtleszat be obtained for the entire fabricated
system. Different polymer micromachining techniqu@sg. microcontact printing, 3D
printing, e-beam lithography, photo- and soft Ighaphy, moulding, embossing, etc.) enable
nano- and micropatterning of polymeric precursadnjolv may then be pyrolysed to obtain
the corresponding carbon structdfe§"°

Different considerations need to be made when deusj pyrolysed carbon electrodes
depending on the desired electrode size, dimengypnae. 2D or 3D), and the final
application. The characteristics of the pyrolyseatpct e.g. in terms of conductivity (related
to carbon yield’, ratio of sp to spg carbon atoms, and heteroatom contents), as well as

® Carbon yield is the ratio of the weight of carboritte weight of the original polymer sample

9



surface properties, vary greatly with fabricatiargmeters and process conditions. Some of

these variables will be dwelled on in the followisegctions.
2.3.  What Happens During Pyrolysis?

The pyrolysis process involves step-wise carboiinabf organic polymers at different
temperatures, atmospheres (e.g. nitrogen, argomirfg ga$) and pressures (e.g. ambient,
vacuum). Initially during the process, intra-molklcueactions occur within the C-C chain of
the polymer. Depending on the kind of polymer, efiéint reactions take place, resulting in

one of the following possibilities for the C-C chsi":

1. Degradation into small molecules which are elimedaés gases, thus leaving very little
or no carbon behind. This happens e.g. during psi®bf polyethylen¥.

2. Collapse and pass, at least partly, through adiguiliquid-crystalline state, leading to
formation of coke, which upon heating to 2700 °dl wlevelop graphitic regions
approximately parallel to each other (graphitizimgrbony' (Fig. 2.5A). The
transformation of such a structure into crystallgraphite may be expected relatively
facile (graphitization}.. An example showing this behavior is polyvinylafidie’.

3. Remain intact without passing through a fluid stdtee final product will retain the
characteristic shape of the precursor, albeit #nali size. Due to the difficulty of
breaking C-C bonds, homogeneous development ohgm@apegions is inhibited (non-
graphitizing carborf} (Fig. 2.5B). An example of this behaviour is pysit of
thermosetting polymers, such as polyfurfuryl aldcdmed phenolic polymefé (e.g. SU-8
based materials).

¢ Forming gas is composed of 95% &hd 5% H.

10
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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
from’™.

Jenkins and Kawamutaelucidated the different steps leading to the fiom of carbon

from pyrolysis of thermosetting resins (case 3 &)ouring pyrolysis, many reactions take

place concurrently in a multi-step process (Fig),2ncluding dehydrogenation, cyclization,

condensation, hydrogen transfer and isomerizat@umring the pre-carbonization phase

(below 300 °C), unreacted monomers and moleculesobfent are eliminated from the

polymeric precursor structure. Removal of halog@eng. Cl) and heteroatoms (e.g. oxygen,

nitrogen) occurs during the carbonization phadeetween 300°C and 500°C), leading to a

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

the end of this phase, removal of hydrogen atoragssto take place (dehydrogenation

stage). During carbonization phase Il (from 5006@200 °C), remaining hydrogen, oxygen

and nitrogen atoms attached to carbon atoms ar@letaety cleaved off and removed, thus

forcing the aromatic network to become intercone@cftinally, at the so-called ‘annealing

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

temperature ultimately determines the residual exdnof foreign material, and thereby the

final carbon content, as well as the conductivitytiee carbonization product, as will be

discussed in section 2.3.2.

11
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Figure 2.6.Schematic of the multi-step carbonization pro¢akmsg place during pyrolysis.

2.3.1. Choice of Polymer Precursor

Not all polymers are suitable for obtaining glags-lcarbon structures. Different precursors
for carbonization have been used, including ep@sing®, phenolic resiné, polyfurfuryl
alcohols$®, furfuryl alcohol resinS, polyimides® polyvinyl chloride®, polyvinyliden€®,
polyacrylonitrile’®, parylené’, as well as various block copolymers (such as gtgtgne-
block-poly(2-vinylpyridine}®, poly(ethylene oxide)-block-polystyreffe Depending on the
polymer precursor, different carbon yields are wi@d. For instance, polyfurfuryl alcohol
and phenol-formaldehyde resins result in more 8G#b carbon yielff.

It is also possible to “dope” the polymer precurasrwell as the final product with various
heteroatoms (e.g. silicBh halogen$®) and metal catalysts or to combine the pyrolysed
carbon structure with other carbon materials, as&NTE? or graphen® (Fig. 2.7).

12



Figure 2.7.Pyrolysed carbon structures combined with (a) CRdisd (b) graphefig

The choice of polymer also depends on the technimesl for patterning of the polymer
precursor, which in turn is dictated by the desetgttrode dimensions. Due to the structural
reproducibility and the availability of standardopessing equipment, photoresists such as
acid-catalyzed phenol formaldehyde resins and raavepoxy resins have during the past 15
years become the preferred materials to deriveocaskructures with micro- and nanometer
dimensions. The first reports on patterned pyralysarbon microstructures concerned
carbon features of very low aspect ratiterived from micromolded resin (such as poly
furfuryl alcoholf*"% UV patterned positivé®®#’and negative photoresi&ts?>?

Moreover, the nature and chemical structure of gbe/mer precursor, in this case the
photoresist, affects the formation of graphitic gemn the pyrolysed carbon. For instance, in
positive photoresist (such as AZ resists from @lat), graphite-like areas begin to form at
lower temperatures than in negative photoresishsifi® In AZ resist precursors, the
monomer units have a hexagonal benzene ring steudtience the bond rearrangement that
is needed to form graphite-like areas is not dr¥stiHowever, due to difficulties in
designing a thick positive photoresist with low W@sorption (to easily control exposure
dose) and necessary transparency to UV &fgttie carbon structures derived from them are
low aspect ratio (1:1 — same height and width) nTeet the challenging demands posed by
fabrication of high aspect ratio (HAR) carbon stunes, a photoresist with excellent

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

4 The ratio between the height and the width of acstire is referred to as the ‘aspect ratio’.

13



contrast is needed. SU-8, an epoxy based negdivenesist, developed by IBM, meets all
these requirements, and is commonly used to fabridAR micro- and nanostructuré®-

3, which can be achieved using, e.g. X-ray, e-beamtaoephoton lithography. However,
for high-throughput fabrication of arrays these moeis require long processing times, are
very costly, and therefore have limited applicahili Therefore, standard UV
photolithography is preferred if possible.

In this thesis, SU-8 was used as precursor matef@l the fabrication of micro- and
nanostructured electrodes. Additionally, a studyhwpolystyrene (PS) and polystyrene-
blockpolydimethylsiloxane (PS-PDMS) copolymers,aded from the Nanoporous group at
DTU Nanotech, was performed. Fig. 2.8 shows thactires obtained after pyrolysis of PS
and PS-PDMS. Our results show that PS-PDMS contam&tomic percentage of 29%
silicon in the corresponding pyrolysed material @ be discussed more in Chapter 3.1).
The silicon content may be a limiting factor fortahing high-conductive structures due to
lower carbon content (19%) compared to polystyi@®aéo) and SU-8 photoresist (98%), but
at the same time the silicon is functioning as supfor 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 aff@the properties of the carbonized product.
For instance, carbon films from both posiff&¥**and negative>* photoresists prepared at
pyrolysis temperatures at 1000 °C or higher exhilmtver resistivity and better
electrochemical behavior than those prepared aerdemperatures. Lyons et?alhave
attributed this phenomenon to the increasing degoéegraphitization with higher

14



temperature: the volume fraction of the conductvaphitic regions increases, and thereby
the material as a whole becomes more conductive whated at higher temperatiffes

Since aromatization and film densification takecplat higher heat treatment temperattires
weight loss and thereby shrinkage depend on tlaé temperature, i.e., higher film shrinkage
will occur at higher pyrolysis temperatures. Altgbuthis lead to higher conductivity,
extensive shrinkage may result in distortion of tebon structures. This might jeopardize
the outcome of the process, as observed in the fcas8U-8 based carbon nanopillars
obtained by colloidal lithography (Fig. 2.9, sesaabection 2.4.2). During my experiments,

the pyrolysis temperature was 900°C, due to limgedormance of the furnace available at
the DTU Danchip facilities.

Figure 2.9. Effect of the pyrolysis temperature on the struetshrinkage: At 1000 °C, distortion of
the nanopillars takes place. Tests at 1000 °C perf®rmed at Marc Madou’s Lab, UC Irvine (CA).

2.3.3. Furnace Atmosphere

Pyrolysis of photoresist in presence of inert emwinent (N, H, forming gas, or vacuum)
leads to surfaces with low oxygen content. For lygie in forming gas or vacuuty the
produced carbon surfaces have the lowest oxygeartmon ratio (O/C) of all. In vacuum,
however, removal of gaseous by-products tends tadter, and can result in the formation
of micro-cracks in SU-8 structures, which may cptrilne sampfe. During our experiments,
N, atmosphere was used.

Due to air leakage in the furnace at DTU Danchgvesal tests were performed to optimize
the N flow to avoid complete oxidation of the precursotymer structures during pyrolysis

(some results of these tests are shown in Fig.)2A0flow rates below 24 L/min no
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pyrolysed carbon was left on the samples. In thailable furnace, one sample with a

maximum size of a 4-inch-wafer could be procesaezhe experimental run.

11L / min | I 24L / min

100 pm

Fig. 2.10.Optical microscope images of carbon microstrustwesulting from pyrolysis conducted in
presence of two different,Mlows, 11L/min and 24L/min. This indicates thagé thigher flow reduces
structure oxidation, which is instead taking plad#h a flow of 11L/min.

2.4. Micro and Nanostructures Fabricated Using Pyrlysis in This Thesis

2.4.1. Standard UV Lithography

Part of the research conducted for this thesis auagd at optimizing the SU-8 processing
for SU-8 micropillar arrays, with dimensions clasethe resolution limit of standard UV-
lithography (paper 1) (Fig. 2.11).

During optimization, different pillar diameters veeobtained, which then were pyrolysed to
obtain the corresponding carbon micropillars (Tabl€aper 1l). The smallest dimensions of
carbon micropillars were 14m in diameter, 11 pum in height, and ~6 pum in spaciigese
dimensions are much smaller compared to micropaltearys reported previously, which have
spacing and diameters higher than 10°p#h*®
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Figure 2.11.Fabrication of carbon micropillars. (A) Schematiéghe process flow. (B-C) Result of
the SU-8 processing before (B) and after (C) optatidn (paper ). (D) Micropillars obtained after
pyrolysis of (C) (paper II).

Table 2.1 — Dimensions (average +- sem (n=48) of micropillaefobe and after pyrolysis;
ND=Nominal diameter on the lithographic mask; Cttar

Pillar diameter Pillar height
ND [um]  SU-8 [um] C [um] SU-8 [um] C [um]

3 3.07 £0.02 1.44+0.02 2344+0.07 11.07+0.10
35 3.49 £0.03 1.66+0.02 23.49+0.21  11.37Q40.

4 4.16 £ 0.03 1.98+0.04 24.48+0.17 11.69+0.06

5 4.97 +0.04 250+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 £ 0.10 758+0.05 24.01+0.14  11.20080.

Furthermore, 2D structures using SU-8 and AZ plesists as precursor were
photolitographically defined to obtain the corresgimg carbon electrodes with different
designs (Fig. 2.12).
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Figure 2.12. SEM images of three-electrode systems in two wiffe carbon electrodes designs

derived from SU-8 patterned with photolitographd) (nterdigitated structures; (B) 54 individually
addressable micro-electrode arrays.

Moreover, micropillar arrays were finely patternad the interdigitated structures (shown in
Fig. 2.12A) to obtain 3D interdigitated carbon noielectrodes (Fig. 2.13) (paper 1l).

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

2.4.2. Colloidal Lithography

For fabrication of large areas of carbon nanopillarays, a method combining colloidal
lithography and pyrolysis, was developed (Fig. 2.T4is was done in collaboration with the
Company Plasmore S.r.I. (Milano, Italy). Colloid#hography has been previously used for
nanostructuring polymer filnt§ metaf>® and silicon surfac€s®® However, by combining
colloidal lithography and pyrolysis, we were ahbeaichieve fabrication of SU-8 nanopillar

arrays with different aspect ratios (Table 2.2) Hracorresponding carbon nanopillars.
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During the process, a monolayer of polystyrene $dadminal diameter: 500 or 1000 nm)
were deposited on SU-8 film substrates (5um thick SU-8 on Si wg{€ig. 2.14 A). The
beads are then used as etching mask duringl@ma treatment, similarly to a previously
described methdd (Fig. 2.14 B). After etching, the residual beads aemoved with
ultrasonication in isopropanol as a lift-off tecyme (Fig. 2.14 C). Combination of etching
time, plasma etching parameters and nanopartioéerssulted in SU-8 nanopillar arrays with
different aspect ratios (Table 2.2). Finally, thé-& nanostructures were carbonized to obtain
the corresponding carbon nanopillar arrays (Fit$ D-E).

This method can easily be scaled-up to generatervgable carbon nanopillar arrays, by

using equipment suitable for larger scale fabrurati

A deposition of beads B plasma etching C sonication D pyrolysis

Figure 2.14. (A-D) Process flow of the fabrication of carbonnopaillar arrays via colloidal
lithography and pyrolysis. (E) SEM image of carlmamopillar arrays.

Table 2.2Different dimensions of polystyrene nanoparticled atching time during £plasma
treatment used for obtaining SU-8 nanopillars wlifferent height and width.

Nanoparticle diameter etching time height width aspect ratio
[nm] [min] [nm] [nm]
1000 3x5' 1470 420 35
1000 4x5' 1900 250 7.6
500 4 283 406 0.7
500 2x4' 450 321 1.4

19



2.4.3. Deep UV Lithography

For high-throughput fabrication of carbon nanoduites, deep UV (DUV) lithography is a
promising technique. SU-8 photoresist is compattite DUV lithography. However, SU-8
is not optimal for this kind of technique due tglmabsorption of the photo-initiator in the
SU-8 formulation at the operational wavelength of)\D (248 nm). This makes the
fabrication of SU-8 nanostructures with DUV litheaghy challenging. By changing the
exposure dose (100 — 600 mJ9mbaking temperatures (room temperature, 40 °C3G0
60°C) and baking times (1-4 minutes), we succelgshptimized the fabrication of SU-8
nanostructures with 300 nm in width. The procesgatameters are reported in Table 2.3.
Briefly, 150 nm thick SU-8 films were spin coated top of 4-inch silicon wafer with a 2 um
thick thermal silicon dioxide layer. This was falled by solvent evaporation at room
temperature (RT) and mask-exposure with DUV raoiet{100 mJ/cff). The exposed
samples were subjected to a post-exposure-bake) (BES hotplate (1 min at 40 °C) and the

uncrosslinked SU-8 was developed in Propylene Glymmomethyl Ether Acetate.

Table 2.3Processing parameters for obtaining SU-8 nanostrestith DUV lithography

Soft bake Exposure PEB Development

5 minutes at RT 100 mJ/cr 1 minute at 40 °C 1 minute
(solvent evaporation)

The obtained structures were pyrolysed to obtaéndbrresponding carbon nanostructures
(Fig. 2.15). This work was done in collaborationthwitwo bachelor students, Henrik
Teglborg and Joachim Thomsen, and DTU Danchip.
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Figure 2.15. SEM image of carbon nanostructures of differerdtivi(from 700 nm to 250 nm),
obtained with DUV lithography of SU-8 films and saguent pyrolysis. The smallest well-resolved
carbon nanostructure was 300 nm in width.

2.5. Interfacing Electrode Chip for ElectrochemicalMeasurements

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

were employed for interfacing with external measwat apparatus.

2.5.1. Glass Electrochemical Cell

The electrodes were mounted horizontally betweeretal base plate, insulated with a PTFE
rubber pad, and a glass cell. A Viton O-ring anar fgprings from the base plate to the glass
cell sealed the solution above the electrode, wdefning the working area of 0.34 éifFig.
2.16).
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Figure 2.16. (A) Conceptual drawing of the electrochemical aedked to interface the pyrolysed
carbon chips. (B) Photo of the electrochemical oeunted with the chip. (C) Close up of the chip
with a copper wire bonded using silver-saturateakggonnections.

This setup configuration was developed and obtaired the Downard’s group (Canterbury
University, New Zealand§®*°> where | spent 2 months in one of my externalaesestays

at the start of my PhD. The carbon film layer sdras the working electrode (WE). The
contact to the carbon layer was made from the tip & copper wire bonded with silver-
saturated epoxy connections to minimize parasdfacitances and which served as lead to

the potentiostat®!%®

(Fig. 2.16C). The setup facilitated preliminary @werization of the

electrochemical properties of pyrolysed materiabhsas SU-8, PS, and PS-PDMS block-
copolymer. The measurements were performed usihgea-electrode configuration with a
commercial Ag/AgCI reference electrode (RE) andtaviPe serving as counter electrode
(CE). This set up was not convenient for pattereézttrodes or for experiments with
biological samples and, thus a different setup twadbe developed, as will be described

below.

2.5.2. Glued Electrochemical Cell

For patterned electrodes, the area of the carbakingpelectrode was defined with a piece
of plastic tubing (inner diameter 3.5 mm; lengtmm), glued on the carbon chip with epoxy
glue and serving as a Vil (Fig. 2.17). In this way, the projected areas dbrtypes of
electrode arrays were identical. Similarly to threyous setup, the contact to the working
electrodes was a copper wire bonded with silvasragtd epoxy. In this configuration, a
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500um diameter chlorinated Ag pseudo RE and a p®0diameter Pt CE were used, by

placing them in the vial.

This setup had several drawbacks: i) it was noveoent when surface modification on the

assembled setup (e.g. plasma treatment) neededpertormed since the silver epoxy would

contaminate the surface during the plasma treatnigrglectrode interfacing became very

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

these reasons a third final set-up was fabricaeavill be described below.

22 mm

5
>

Figure 2.17.Photograph of a patterned carbon electrode clapcribed in figure 2.12, with vials
defining the working electrode area, and coppeesvironded with silver-saturated epoxy.

2.5.3. Micromilled Electrochemical Cell

For electrochemical evaluation of different surfac®difications and for detection of
dopamine from different types of cells, a differehip was designed and fabricated (Fig.
2.18A). This chip consisted of four areas with carbmicropillars to be used as WE
interconnected by a carbon film. The micropillaménsions were 1.4 um in diameter for the
x and y squares (Fig 2.18A) and 5.1 or 7.6 pumHerz and w squares (see other dimensions
in Table 2.1). Cr/Au pads on the flat part of tleebon chip served as electrical contacts for
easy interfacing with the external set-up (Fig.8A)L The Cr/Au metal layers (20/200nm)
were patterned by sputtering through a shadow mmele by micromilling of polycarbonate
(Fig. 2.18B).
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Figure 2.18 Photograph of (A) a carbon chip having four sqeawith carbon micropillar structures
for use as WE interconnected by a carbon film. ndarbon film Cr/Au contacts were made; (B) a
shadow mask in polycarbonate used for depositinglnaentacts on the carbon chips seen in (A).

For this chip a new electrochemical set up wasgtesi and fabricated. The carbon electrode
chips were placed in a micromilled polymethyl metlyéate (PMMA) holder (Figs. 2.19),
which formed a 70-uL vial on top of the electrodepcto facilitate liquid handling during
experiments. Interconnections between the electcbgeand the potentiostat were obtained
using a tailor-made PCB having gold plated spriogded pins. Similarly to the previous
configuration, in this setup a chlorinated Ag pseiRE and a 50Qm diameter Pt CE were
used, by placing them in the vial. This electrocluatcell was used in papers Il, 11l and IV.
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Figure 2.19.Conceptual drawing of the micromilled electrochemhicell: (A) Exploded view of the
different parts ((1) bottom plate with place foj {(Be electrode chip with 4 different WE areas, mid
plate defining 4 WE vials with (4) o-rings on t@gmd (5) a PCB as a top plate with spring loaded pin
for connection to Cr/Au pads connected to the WHd)y assembled in (B). Photographs of the
assembled electrochemical cell: (C) Side view @iddp view.
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Chapter 3

Methods for Material
Characterization and Analysis

This chapter is an overview of the methods usedclaracterization of the micro and
nanostructures developed in this thesis.
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The surface characteristics of a material (i.e.o¢wpphy, roughness) as well as its
chemical/physical properties (chemical compositeurface energy, wettability, and surface
reactivity) can affect its interaction with e.g.bilogical elemerf*'®® In the case of a

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

microstructure, surface- and the electrical praperare also of great importance. For this
project, the surface morphology was characterizsithguscanning electron microscopy
(SEM), atomic force microscopy (AFM), and profilome The chemical/physical surface
and bulk properties were evaluated by X-ray phetttebn spectroscopy and Raman
spectroscopy. For studying surface hydrophobicigytability, contact angle measurements
were performed. Four-point probe measurements atloelectrical characterization of the
electrode materials. Finally, the electrochemicalopprties were evaluated using
voltammetric methods (cyclic voltammetry and ampesty) and electrochemical

impedance spectroscopy.

3.1. X-Ray Photoelectron Spectroscopy (XPS)

A XPS spectrum is derived from the binding energieglectrons characteristic of atoms,
and can thus give information about the atomic cmsitipn of surfaceS®. The XPS

technique analyses the composition of the mostreateatomic layer of a surface (1-10
nm)'%. Upon irradiation of a solid surface with X-rayke core electrons have the highest
probability to match the X-ray energy, and therghin enough energy to be ejected from the
surface (Fig 3.1). The core electrons are closéhéonucleus and have binding energies
characteristic of the particular element. The esditelectrons have characteristic kinetic

energies, which are proportional to the radiatinargy, according to eq.1:
Kc=hv—E,— ¢ Equation 1
whereKe is the kinetic energy of the electrdw, is the photon energy {s Planck’s constant,

v is the frequency of the incident radiation, whishrelated to the X-ray sourcdj is the

binding energy, and is the work function, a constant dependent orsgieztrometer.

27



valence e
(located in the

valence orbitals) Figure 3.1. A schematic illustration

of the emission process of electrons
Atom from an atom excited by X-rays

core e
(located in the core
orbitals, such as 1s)

€ vacancy

By measuring the kinetic energies of the emittezttebns, their binding energies in the
atomic orbitals can be evaluated and plotted gseatsim. Since each element has its own
unique set of binding energies, it is possibledentify elements that contribute to a XPS
survey spectrum, and determine the relative conggon of the atomic elements in the
surface layer.

XPS survey spectra were used to evaluate the atpericentage composition of various
pyrolysed materials derived from different polynpeecursors. Table 3.1 shows the atomic
percentage opyrolysed carbon derived from PS-PDMS, PS, andSbkke8, which were
analysed during the work done for this thesis. Mueg, survey spectra gave information
about changes in surface composition of electrodesed by e.g. oxygen plastma treatment,

as shown in Fig. 3.2A.

Table 3.1. Atomic percentage composition of pyrolysed carlgemived from polystyrene-block-
polydimethylsiloxane (PS-PDMS), polystyrene (P3)d éhe negative photoresist SU-8 (SU-8). The
results indicate that the C content is higher ireR& in SU-8 compared to PS-PDMS.

PS-PDMS  PS SU-8

Cis 19 96 98
Oss 52 4 2
Sizp 29

Moreover, survey spectra gave information aboutngka in surface composition of

electrodes caused by e.g. oxygen plasma treataeshown in Fig. 3.2A.
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Figure 3.2. (A) Characteristic XPS survey spectra of flat fpysed carbon before (untreated) and
after oxygen plasma treatment,(Plasma). (B) Curve fit to the Cls spectra of pysetl carbon
derived from SU-8 photoresist (sum of spectra-ablitee), resulting in four individual peaks.

The main peak corresponds td-sgbridized graphite-like carbon (C=C) atoms anttsgbridized
carbon (C-C) atoms. C-O are e.g. alcohol, ethetispeC=0 are e.g. ketone, aldehyde speaies;
are ség;elke-up satellite peaks duernta* transitions in the aromatic rings of the graphiti
areas .

In addition to the identification of elements imaterial surface layer, it is possible to obtain
information about the functional groups presentaosurface. For any given element, the
binding energy of the core electron depends orchismical environment, caused by the
chemical bonds the element is participating in.sTgtienomenon results in ‘chemical’ shifts
in the binding energies of the elements, givindedént peaks in high-resolution spectra for
different compounds. For instance, the chemicdiijted G peaks differ in their binding
energies depending on whether they are linkedgoa® oxygen atom by a single bond (e.g.
alcoholic group), a double bond (e.g. carbonyl gipor two oxygen atoms (e.g. carboxylic
group)®® These peaks will often overlap to produce a spectwhich is the sum of the
individual peaks. Extraction of information fromcéuspectra requires curve fitting. For
instance, in high-resolution ;Cspectra of pyrolysed carbon films derived from SU-8
photoresist, the {g signal exhibits an asymmetric tailing, due to ithinsic asymmetry of
the graphite peak and to the contribution of oxyf@erctionalities on the surface, see Fig.
3.2B.
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XPS was used in this work for determining elemert@inposition of electrode surfaces
(Papers I, 1ll, and V), as well as for monitoritige changes in surface composition, e.g.

during electrode modification (Papers Il and 1V).

3.2. Raman Spectroscopy

Raman spectroscopy is used for elucidating the asinrcture of material®. Pyrolysed
carbon consists of a mixture of graphite-like regioand disordered carbon and its
microstructural disorder ranges between that ofrahmmus carbon and graphite. A Raman
spectrum can give an indication of the relative amf graphitic and amorphous regions,
i.e. it can provide information about the degreelisbrder of pyrolysed carbdfi

Molecules are excited to a higher energy stateidiyt ind the following relaxation causes
emission of light, which is referred to as scatigriwhen light with frequency, interacts
with the molecular vibrations in a system, the molecule gagsom theground state of

energy through an intermediate level, called "\afttenergy state’ (Fig. 3.3).

Real excited state

Virtual states Figure 3.3 The energy level

diagram and transitions, which are

responsible for Rayleigh, Stokes, and
VIBRATIONAL ) 4
LEVELS Anti-Stokes scattering
V2 —— ——
Vi— i . B 4
Ground y Y , Y Av

electronic state i ry

RAYLEIGH , AN;fnT,,gﬁEs |
SCATTERING L i T
VR=V) S=Vo /  Va=Vp + Av

The virtual state does not correspond to a reatggnievel of the molecule, however the
closer its energy is to the energy of a real egcsiate, the higher the scattering probability.
Upon relaxation, the molecule emits photons via divferent scattering processes:
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* Elastic scattering (Rayleigh scattering), where $leattered radiation is at the
same frequency as the incident radiatiop=y,). In this case both the photon
energy and molecular energy are conserved. Rayksgttering has the highest
probability of taking plac&®.

* Inelastic scattering (Raman scattering), where fteguency of the scattered
radiation differs from the frequency of the inciteadiation. In this case the total
photon plus molecular energy is conserved but thetional energy changes and
the frequency in the scattered radiation is alténed shift,Av, from the excitation

wavelengtff°.

There are two types of Raman scattering phenonvemah differ by whether the frequency
of incident light is shifted upv§ + Av) or down {¢o - Av) (Fig. 3.3). If the final vibrational
state of the molecule is more energetic than thlirstate, then the emitted photon will be
shifted to a lower frequencyd) (Stokes shift), in order for the total energytloé system to
remain balanced. If the final vibrational statetloé molecule is less energetic than the initial
state, then the emitted photon will be shifted togher frequencyw) (anti-Stokes shift).

At room temperature most of the molecules are engitound vibrational state (v = 0) with a
much lower population in the first vibrationally @ted state (v = 1). Since there is much
higher probability that the molecule is in the grdwibrational state, the Stokes lines in the
Raman spectrum are much more intense than th&toktes lines. The wavelengths close to
the one of the exciting laser (Rayleigh scatteriagg removed by filtering, while the
remaining wavelengths (Raman scattering) are delieloy a detector.

In pyrolysed carbon, the fvibrational mode at 1582 ¢h(also present in graphite) and the
A4 vibrational mode at 1360 c¢hare Raman activé. Fig. 3.4 shows the Raman spectra
obtained from pyrolysed films derived from PS-PDNPS, and SU-8.
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Figure 3.4.Raman spectra of pyrolysed films derived from B34S, PS, and SU-8. The spectra
show the D and G peaks, due to thg #nd By modes, respectively.

The Bg mode at 1582 cthresults in a peak, called “G” peak, where G stdndégraphite”.
The G peak is caused by bond stretching of dlhgbridized C atoms in rings (e.g. aromatic
molecule) as well as in chains (e.g. olefinic mole€)**’. When the symmetry in the
graphite lattice is broken due to presence of des@d regions, the # mode becomes
active™’. This results in a new peak near 1360*cualled the “D” peak where D stands for
disordered™’. For instance, in Raman spectra of pyrolysed carberived from SU-8
photoresist both D and G peaks are present (Mg, ®hich means that both amorphous and
graphitic regions are contributing. This phenomehas been reported for other pyrolysed
carbon materials as well as other kinds of amorptams nanocrystalline carbon filfhs

It is known that the peak intensity ratio of theaDd G peaks varies inversely with the
crystallite size La @/l x1/La)'* (see also Fig. 2.1C). Hence, the higher the miarosiral
disorder of the carbon matrix, i.e. the higher tlhuenber of defects, the higher the D peak
intensity and, thus, the smalleg't®**2 From the Raman spectra fiig. 3.4, the calculated
Io/lg is higher for pyrolysed films of PS-PDM&(lc = 1.1) compared to SU-8 and P§/Ig

= 1), indicating higher microstructural disordemyfolysed PS-PDMS.

¢ Olefins are unsaturated hydrocarbon containingasmaore pairs of carbon atoms linked by a doubledpo
C=C.
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Raman spectroscopy was use to evaluate the migctste of pyrolysed carbon derived

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

3. 3. Electrical Measurements

Four point probe (4PP) measurements can be usieddstigate the electrical properties of

material$'®. During 4PP measurements a known current (I) jdieg between two outer

probes using a current source while a potentiap d\9) is measured between two inner
probes (Fig. 3.5).

Figure 3.5. (A) SEM image of the probe used for electrical suwaments (courtesy of L.
Gammelgaard; scale bar: 100 um). (B) Conceptuadtithition of the 4PP measurements on top of
carbon pillar structures @& pillar resistance; 2= contact resistance between the pillars and #ie fl
interface; R= resistance of flat interface). (C) A micrograghaanicro 4PP during the measurement
on micropillar carbon electrodes.

The resistance of the sample is calculated usingg'©kw R =V/I) with ohm Q) as unit.
When measuring on a thin homogeneous sheet, tlet stmstanceRs), expressed iM)/sq
(ohm per squafp can be obtained by considering a correctiorofag), which is dependent

on the geometry of the sample and the probe, aitmptd equation 2 and*3"°

Ry =k x% Equation 2

" Ohms per square is dimensionally equal to an ohum,i$ exclusively used for sheet resistance. Sheet
resistance of © could be misinterpreted as bulk resistance Qf Whereas sheet resistance @/sq cannot be
misinterpreted.
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Based on knowledge of layer thickness, the regigtof the material can be calculated from

the sheet resistance using:

p=RsXxt Equation 3

Wherep is the resistivityRs is sheet resistance, ahds the layer thickness. Conventional
4PP measurements are based on direct current, thihiket-up employed in the work for this
thesis was from the company Capres A/S, usingraterg current, which can measure the
phase shift¢) of the electrical sign&. The alternating current has a sinusoidal waveform

and can be expressed as:

I(t) = Isin (wt+ @) Equation 4

wherel(t) is the current as a function of tim®, (» is the angular frequency, amdis the
phase shift. The phase shift is used by the Cagysiem to check that a good ohmic contact
between the tips of the probe (in this case andpstl micro-machined cantilever, shown in
Fig. 3.5A and C) and the surface is establishedgpFo1°, the contact is considered good.
The Capres system was used for measuring the mdsstance of pyrolysed carbon films as
well as to evaluate the presence of contact resistat the interface between 3D carbon
structures and the flat interface carbon layer.(Bi§B-C) (Papers Il and IV). Resistance
values were used to compare measurements of pikassis measurements on a flat surface,
since sheet resistance is not applicable when magsen 3D structures, such as the carbon
pillars. When measuring on the pillars, a bad ohrmoantact can either be at the
cantilever/pillar contact or at the pillar/flat @nface. If the contact is bad at either of these
sites, there will be a significant phase shift. Koer, it will not be possible to identify
specifically at which site the contact is bad.hé tohmic contact is good in both places, there
will be hardly any phase shift. For all measurersgtiite phase shift was 0.2 degree, which is
below 1, and thereby considered good. This measnedoes not directly give a value of
the interface resistance, but it indicates thatetli® a good ohmic contact between the pillars
and the flat interface, i.e. the interface has gligible contact resistance, and should
therefore not interfere with the electrode perfonocea
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3.4. Contact Angle Measurement

Analysis of surface wettability, expressed as thetact angle (CA) between the liquid and
the surface enables functional and structural cheraation of the surface. CA gives
information about e.g. hydrophobicity, surface gyeroughness, contamination, and surface
heterogeneity'®*’ For determination of CA, the Sessile drop metfiid 3.6A)¢ involves
measuring the CA directly from a liquid drop profile after placingon the surfaceu is the

equilibrium CA, described by Young’s equattth

Yiveos(a) = vsy — Vs Equation 5

wherey,y, ysv andys are liquid-vapor, surface-vapor and surface-liquigrfacial tensions,

respectively.

A

YLv

Figure 3.6. (A) Sessile drop methdtd for measuring the static contact anglevherey,, is the
liquid-vapor, ysy the surface-vapor angs the surface-liquid interfacial tension, respedyivéB)
Contact angles for evaluating the advancing cordagte,a,, and the receding contact angig, ™.
Static contact angle, using water as liquid on @anpillar electrode arrays, before (C) and aftey (D
O, plasma treatment.

Young’'s equation is only valid for ideal systemsy.echemically homogeneous, rigid, and
smooth at an atomic scale. In these cases, a simifele CA exists®. The failure of the
system to meet the ideal conditions is the themakhbasis for the hysteresis, which is defined
as the difference between the advancing, and the receding contact angbg, , oa -
or ¥ The equilibrium CA is between the.and ar contact angles. Hence, a drop on a

surface has CA values ranging from theto theag.
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Theaa andag CAs are obtained by increasing and decreasinggbiel volume of a droplet

on the solid surface until the drop-surface boupdarts to move over the surface. This is
done by keeping a syringe needle immersed in tbhelel; while adding or withdrawing
liquid from it during the measurement (Fig. 3.6Bh Fig. 3.6C and D, static CA
measurements on 3D carbon pillar electrodes arevrshmefore (C) and after Oplasma
treatment (D) using water as liquid. Aside from thatic CA, the CA hysteresis should also
be measured to better describe the surface heteidogé®'*® in terms of e.g. roughness,
micro-and nanostructuring, as well as surface fonetity Hence, CA measurements were
used to evaluate the effect of surface modificati@uch as plasma treatment (Papers Ill and
IV in chapters 6) and electrochemical modificatising diazonium salt (Paper lll), on the

wettability of 2D and 3D electrodes.

3.5. Electrochemistry

Electrochemical techniques can be used to studgliaeacteristics of electrode surfaces, but
also as a strict analytical detection tool. Botlprapches have been used in this thesis.
Among the electrochemical characterization techesgucyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) arenibst widely used and described in this
thesis. The electrochemical performance of cartrodyred by pyrolysis of e.g. photoresists
has been extensively studféd?>*868712012L Elactrochemical reactions at pyrolysed
photoresist electrodes exhibit electron transfaeetcs (the rate at which an electron can be
transferred from the electron donor to the electemteptor) very similar to those at
commercial glassy carbon electrotfeuring the research for this thesis, applicatiohs

electrochemical techniques were explored for:

» Characterization of the electrochemical behavioimaicrofabricated 2D and 3D
carbon electrodes, e.g. pyrolysed films with défarthicknesses derived from SU-8
photoresist.

* Evaluation of surface modification of 2D and 3D lxar electrodes, e.g. CV for

dopamine before and after oxygen plasma treatn@vitand EIS in presence of a
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redox couple that has reversible behavior, suderais and ferrocyanide, to compare
the effect of plasma treatment and electrochengjting of carboxylic acids.
* Amperometry monitoring of dopamine exocytosis frpopulations of a model cell

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

3.5.1. General Introduction to Electrochemistry

An electrochemical cell consists of two half-cetisie anode and one cathode, which are in
contact through an external conductor and at least electrolyte solution. A reduction
always takes place at the cathode and an oxidalwawys takes place at the anode.

3.5.1.1. Thermodynamic Cell Potential

At equilibrium, when no current is flowing througthe electrochemical cell, the
thermodynamic cell potential or Nernst potentigl.s) IS referred to as the open circuit
potential (OCP) for the electrochemical cell andiien by the expression,

Enernst = Ec — Eq Equation 6

wherekE; is the electrode potential for the cathode reactmdE, is the electrode potential
for the anode reactiofenernst IS the theoretically calculated cell potential fogalvanic cell
or the theoretically calculated cell potential reszgy to apply in order to drive an
electrolytic cell.

Conventionally, half-cell reactions are written esduction reactions. For the general
reactionM™ + ne~ = M(s), it is possible to write the Nernst equation, whielates the
electrode potential to the concentration of elexttive species in solution, approximating

that for dilute solutions, the activity for the ibH'"™, aym+ ~ [M™*], and whereys) =1.

1
[M™]

Ey=EYy — %ln Equation 7

whereEy’ is the standard electrode potentaistandard conditionéwhere the activityawn:

= 1 and the temperatufie= 298.15 °K),n is the number of electronR, is the gas constant
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=8.3145 (J/mol K)F is Faraday’s constant = 96485 (C/mdl)is the absolute temperature,
and[M""] is the concentration of the electroactive speicie®lution.

Electrode potentials for half-cell reactions ardirdel as the thermodynamic cell potential
(Enemsp in an electrochemical cell in which a theoretist@ndard hydrogen electrode (SHE)
serves as the anode, whérge has been assigned the potential 0 V (at all teatpes) at
standard conditions ofya =1, piz = 1 atm, andl = 298.15 °K. For the general reaction

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

RT 1 :
Enernst = Em — Esyp = Ey — 0 = Epy — Elnﬁ Equation 8

whereEnemst becomes a direct measure of tig which at standard condition means that it
becomes a measure Bf)°. E° values for numerous half-cell reactions are ab#glan the
literature and are by definition a value for thadency for reduction. The higher tE s,
the higher is the tendency for reduction, and vieesa, the lower thE® is, the higher is the
tendency for oxidation.

By converting the natural logarithm to the loglOmare commonly used expression for
Nernst equation is obtained:

0.0592 1 =0
n lOg_[MTH_] or EM = EM +

0 0.0592
Ey =Ey-

log[M™*] Equation 9

The Gibbs free energy for a redox reactig®) is related tdEnemstthrough the expression
AG = -NFEnems; Where4aG =4G° + RT InK Here,K is the equilibrium constant for the redox
reaction, and1G° is the Gibbs free energy at standard conditiongingi an indication
whether the reaction will take place spontaneoasiyot.

A true SHE does not exist since it is virtually ioggible to obtain a condition that provides a
pH=0. Instead a well-defined reference electrodg, £g/AgCIl Enagiagci= 0.198 Vvs.SHE)
or saturated calomel electrode (S@Esce = 0.245 Vvs. SHE), is employed as a reference

point to obtain the OCP or to measure a curreahalectrode.
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The standard electrode potential’Es often replaced in the Nernst equation by fvenal
electrode potentiaE’. The lattercan be used for any set of conditions, not justnwai
activities are at unity. This is an important gntithen, e.g. protons take part in the redox
reaction, which is the case for the oxidation opalmine and many other biochemical

reactions. Biochemists therefore define the forpméntial at physiological pH.

At equilibrium conditions without current flow innaelectrochemical cell, when a redox
couple is present in solution, the concentratiorthef oxidised ([Ox]) and reduced ([Red])
species at the electrode surface is equal to theesmonding bulk concentration. Nernst

eguation can be written as:

0.059 [0x]

logm Equation 10

E=E"+
For a redox couple present in equimolar concentndtie corresponding form of equation 10
is: 1
log

0.059 [0
[Red]

In this case, the logarithmic concentration-depanterm becomes zero and thereby E°= E

E=EY+ Equation 11

3.5.1.2. Currents in Electrochemical Cells

When a potential (deviating frofnems) iS applied across the electrode/solution-intesfac
drives the transfer of electrons between the eldetmaterial and the electroactive species in
the electrolyte, thus generating a current. Thecgsses taking place at the electrode-
electrolyte interface can be divided into faradaied non-faradaic processes. Faradaic
processes are governed by Faraday's law of elgsighl which states that the current is
directly proportional to the number of moleculeslueed or oxidised. Hence, faradaic
processes involve electron transport across theretie-electrolyte interface, whereas the
non-faradaic processes comprise modulation eftéatharge distributions at the interface.
The poised potential at the electrode shifts therggnlevel of the free electrons, resulting in
electron transfer between the conductive matenal #he molecular orbitals of the redox

species in solution energetically favourable (Bid). By applying a negative potential to an

¢ Faraday’s law of electrolysi$:= % = it"" whereQ is the total charge carried by electrons thabaoepted or donated,

t is the time during which the current is recordets the number of accepted or donated electf®msthe Faraday constant
(96.485 C mot), andnis the number of moles of the chemical speciesipsitior reduced.
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electrode, the energy of the electrons in the mldet material increases, resulting in a flow
of electrons from the electrode to thewest_Uhoccupied Mlecular_Obital (LUMO) of the
species in the electrolyte. Consequently, reduatibthe oxidised species (Ox) in solution
takes place (Ox € - Red; reduction or cathodic current). Similarly, whithe electron
energy in the electrode material is decreased ummplication of a positive potential
electrons from the_ighest_Gcupied_Mlecular_Obital (HOMO) are transferred from the
reduced species in the solution to the conductieet®de material. This leads to oxidation
of the reduced species in solution (RedOx +e"; oxidation or anodic current) (Fig. 3.8)

REDUCTION:; 8

e —

- S > LUMO
+

—
s [ |:U2|I g > HOMO
=5 -
> LUMO

_ELECTRODE_

Fermi 44 S
level > — -~ OXIDATION ;
- > LUMO
. P e
Fermi [
level /' —+ > -
n = number of electrons p -
s = redox active species 's' in solution =t

Figure 3.7.When the equilibrium potential is perturbed, apgya positive or negative potential to
the WE, oxidation or reduction, respectively, widcur at the electrode/electrolyte interface.

For an electrochemical reaction to take place atelkctrode surface, a positive or negative
potential step must be applied deviating from tenfal potential B. The applied positive

or negative potential difference with respect te #' is called the overpotentia}, and
serves as a driving force for the electrochemieattion to occur. The values of potentials
able to activate reduction and oxidation procesegend on several factors, such as: (i) the
junction potential due to the construction of tihectochemical cell; (ii) the potential drop
due to presence of the double layer and ohmic teesis; (iii) adsorption and reaction
polarizations related to adsorption effects andrmediate 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 @®plication of a potential step: When
no potential is applied, the concentration of Red @x species is uniform in the system and equal to
the bulk concentration. Upon application of a po#dro the electrode surface, a stagnant laydedal
the Nernst diffusion layefd,« for the oxidized species aidg, for the reduced species) is present. The
consumed redox species are replenished throughayes by diffusion, regardless of the overall
mode of mass transfer in the bulk solution. Durneduction [Ox]-, decreases with the time, whereas
during oxidation [Red], decreases. Modified frofn

The amplitude of the obtained cathodic or anoditenu is directly related to the amplitude
of the negative or positive potential applied uatiimiting current is reached. The limiting
current is regulated by the mass transfer of tli®xespecies in the bulk solution e.g. by
diffusion. Assuming for simplicity that diffusiorf the redox species is equald®Dreg and
and 6ox= Orep), the measured current{iasure Can be related to the appligdthrough the
equation:

RT il,c_ Imeasured
- 11’1 e Imeasurec

n= Equation 12

nFr lmeasured—lla

where j. is the cathodic limiting current for reductiontble oxidized species, ang, is the
anodic limiting current for oxidation of the reddcspecies. Fig. 3.9 depicts a current-
overpotential curve, where the measured curreploged as a function of the appligdIn
the curveyn = 0 indicates the equilibrium position.

" http://www.chem.uoa.gr/applets/AppletDiffus/Appl_Diffus2.html
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il,a
Figure 3.€ An arbitrary current-overpotential
curve for a redox couple having equivalent
mass transfer for both Ox and Red.

current, A 4+

S overpotential, mV

3.5.2. Inner and Outer Sphere Redox Systems

Depending on the mechanism of electron transfangaglace between the electrode and the
electroactive speci&$'?® (Fig. 3.10), it is possible to distinguish diffateclasses of
reactions:

» Outer sphere redox system - the electron trangfeurs through a solvent layer,
which is in contact with the surface. The chemigdkeraction between the
electrode and the electroactive species can bedsyed as non-existent.

* Inner sphere redox system - the electrode andl¢lctr@active species are in direct

contact and therefore the electron transfer oatuestly.

The first generally accepted theory of inner anteoaphere systems was initially elaborated
by R. Marcu$* to explain different rates of electron transfeaatéon. McCreery and co-
workers intensively studied inner and outer sphexgox systems in relation to their
electrochemical behaviour at carbon material sedat'? distinguishing between inner-
sphere reactions, which depend on the electrodacguchemistry, and outer-sphere routes,
which are essentially insensitive t&?it An example of inner sphere redox system f&'Fe
whose redox reaction is facilitated by transieteriactions with surface oxideésHence, this
redox system is inhibited significantly if surfacexides are absent or obscured by
adsorbate'g®.
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The Ru(NH)e>"?* redox system is considered as outer sphere anddshot be influenced
by impurities and different surface characteristitelectrodes, since it does not interact with
any surface sites or functional groups on the mdet?>?12” The Fe(CNy*™ couple is
considered a ‘non-ideal’ outer sphere sysferdue to its sensitivity to impurities and
negatively charged surface oxides (e.g. carboxgfate>1?°*2" When surface carboxylates
are present and deprotonated at neutral pH, etatio effects take place, affecting electron
transfer kinetics of the Fe(CN)* couplé?. This phenomenon was observed at pyrolysed
carbon electrode surfaces after modification witkygen plasma and electrochemical
grafting of diazonium salt (paper I1). The Ru(§kf*’?* couple was used to compare carbon
electrodes derived from different polymer precusséor electron transfer reactivity, as

reported in section 3.5.4.

3.5.3. Measurements with Two and Three-Electrode Siems

During electrochemical experiments, where techrsgqaech as cyclic voltammetry and
amperometry are used, a three-electrode setugasnanon configuration. In this setup, one
of the electrodes is utilized for controllable étechemical processes, and is defined as the

working electrode (WE). The potential of the WEadjusted to a desired value versus a
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reference electrode (RE), such as a Ag/AgCI eldetravhich has a stable and known

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

eliminating the possibility of current flowing thugh this lead. A third electrode, the counter
electrode (CE), closes the electrical circuit, andent passes between CE and WE through
the electrolyte.

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

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

impedance spectroscopy (EIS) measurements (sex2ds).

3.5.3.1. The Working Electrode (WE)

Different materials, such as a metal or carbon,aarstitute the WE, and can be used as it is
or modified in different ways. Reactive sites, agd functionalities, modifications and
electronic properties of an electrode can affeetdtectrode kineti¢é’. Moreover, electron
transfer at semiconductor electrodes is often naloer than on metals, because of a low
density of electrons (charge carrld. The conductivity of different carbon allotropes
varies greatly due to their different structures)ging from insulators (such as diamond) to
semimetals (graphit&) For pyrolysed carbon materials, derived fromediht polymers and

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

semiconductor and semimétal

3.5.3.2. The Reference Electrode (RE)

In micro- and nanofabricated systems, pseudo-neferelectrodes (pseudo-RES), such as a
Ag wire coated with a layer of solid silver chlaidAgCl), or a plain metal electrode (e.g.
gold or platinum), are used as reference electrqiss). Pseudo-REs are common in
microfabricated systems due to their possibilitypeing miniaturized and to their simplicity
of manufactur€®. Contrarily to conventional REs, pseudo-REs do mate an internal
electrolyte to ensure the stability of the refeeemtectrode potential. The electrochemical
potential of a pseudo-RE is not defined, and mayey be affected by contaminating

species (such as adsorption of proteins in solut@nvariation of the conditions in the

' Electrons that are free to move and carry chavgésn e.g. metal electrodes, are responsible fordeiction
of electric current.
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electrochemical cell. These effects are eliminatecconventional REs by using highly
concentrated filling solutions, e.g. saturated KCthe Ag/AgCl reference electrotfé Due
to this, it is important to check the pseudo-RE&eptal regularly and adjust the potential
accordingly. A pseudo-RE, i.e., Ag wire coated wAlyCl, was used for most of the
experiments performed for this thesis. Due to fioxiof Ag/AgCl electrodéeson biological

system&® 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 theage of the counter electrode (CE) to not
adversely influence the reactions occurring at Wie. The same number of electrons is
transferred at the CE as is transferred at the INi€. to this a fast electron transfer as well as
a larger area than the WE are important in ordethie CE not to become a limiting factor in
an electrochemical system. Platinum is one commasgd material for the CE, due to its
inertness and the fast electron transfer kinetmsuwing at its surface. Platinum was also
used during the experiments performed for thisishddowever, 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 meas upon application of a linear potential
with a triangular waveform (Fig. 3.11). This triah@r potential excitation signal sweeps the
electrode potential between two extreme valuest¢bimg potentials i and Ey). Important
parameters, such as the peak currepis-(@nodic and,i— cathodic) and the peak potentials

(Epc - cathodic and &z — anodic) can be extracted from the cyclic voltasgram (CV).

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

current {;,) is given by the Randles-Sevcik equatfon

i, = (2.687 x 10°) n*/2 v1/2p1/2AC Equation 13

I Ag ions are toxic for cells.
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wheren is the number of electrons exchanged in the redagtion,v the potential scan rate

in Vs, D the diffusion coefficient of the reduced or oxigtizspecies in cfg’, A is the area

in cn?, C the concentration in mol ¢fn

A

EA2

potential, mV

1st scan

time, s

current, A m

kinetic limited
region

Red =9~ Ox+e

diffusion limited
region

Enm

Epc Epa Exv  potential, mV

Figure 3.11 Principles of cyclic voltammetry. (A) Triangulaotfential waveform. (B) A typical
cyclic voltammogram (CV) recorded at an SU-8-datiyiyrolysed carbon film electrode in the

presence of a redox couple that has reversiblevimira e.g. Ru(NH)e

*2* The figure shows the

parameters that can be derived from a C\ .afd E,are the switching potentials, iand j are the
anodic and cathodic peak currents, respectively;ad E, are the cathodic and anodic peak

potentials, respectively.

From the peak potential values it is possible tbrede the degree of electrochemical

reversibility of the redox process by analysing th#erence between the cathodic and
anodic peak potentiaAE, = |Ba — B), whereAE; is close to 59/n m¥/at 25 °C for a

reversible redox reactioif** Moreover, it is possible to estimate the formalepdial (E)

of the redox couple involved in the reaction throube expression® Ey;, = (BpatEpd)/2.

Cyclic voltammetry is therefore a very useful taol characterize the electrochemical

behaviour of novel electrode materials or surfacedifications. Another important

parameter that can be derived from cyclic voltanmynis the /iy ratio that for nernstian

systems is equal to unity, regardless of scan Eat@nd diffusion coefficients.

By studying the behaviour of a chosen redox comgdpuiifferent electrode modifications

can be compared (as was done for dopamine in Pldped ferri-ferrocyanide in Paper V).

Aside from electrochemical properties, other fagtoan affect parameters suchAds, and

¥ For a fully nernstian system the value 59/n mVeisted to Nernst equation (equation 7) (n is thenlper of

electrons involved in the reaction).



peak current. Examples are increased resistancéod(@ thin carbon film (Paper II) (Fig.
3.12), (ii) thin leads from the WE to the electticantacts, and (iii) bad external contacts, all

resulting in an increasetE, and lower peak currents.
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Figure 3.12 Representative CVs at pyrolysed carbon films of 04 and 1.6 pum thickness (in 10
mM potassium hexacyanoferrate (Il/ll) in PBS pléan rate 100 mV’sversus Ag/AgCl pseudo-
reference electrode). The acquired CVs showed Iagvalues for 1.6 pum carbon films compared
to 0.4 um films as well as an increase in peakerirfor the 1.6 um film. The decrease\i, values
and increase in peak current with increased filmoktiess are likely due to decreased resistivity for
thicker films, which are thus more favourable ftaotron transfer at the electrode surface.

Cyclic voltammetry also facilitates evaluation ahétic parameters of a redox reaction at an
electrode surfacelhe method of Nicholson allows to determine thendgéad rate constant
for electron transferkf) from the experimentalE,*"**2 Knowing the scan rate k° can be

calculated from:

Y2
KO =y (Dmv)* (=) (’;—':) /2 Equation 14
where values othe numerical charge transfer parameter,can be obtained from the
working function introduced by Nicholsbf that relates the variation afE, with v (Fig.

3.13).Dr andDg are the diffusion coefficients for the reduced ardtlized form of the redox

couple, respectively is the charge transfer coefficient, which for mgsteral cases is 0.5.
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Figure 3.13Working curve relating\E, with y**

For evaluation ok’ at pyrolysed carbon electrodes derived from diffiepolymer precursor
templates, the Ru(N:>*?" redox couple was used. In this cafk is the diffusion
coefficient of Ru(NH** (6.7x10° cn? sH)'* and D, is the diffusion coefficient of
Ru(NH)*" (8.4x10° cnt s%)!3% Table 3.2 shows’ values for different pyrolysed carbon
materials, calculated fromE, values obtained at a scan rate of 10 thVs

Table 3.2.k° values calculated with equation 14 from the experital AE, of the CVs obtained in
1mM Ru(NH;)s**"?*, scan rate 10 mV’s SU-8 — 0.5 um and SU-8 - 11 pm indicate two i
thicknesses of the analysed carbon film, PS is giwgigne, and PS-PDMS is polystyrene-block-
polydimethylsiloxane.

Electrode AE,(mV) K (cmsh

PS-PDMS 109 8,0E-02
PS 78 3,3E-01
SU-8-0.5um 92 1,2E-01
SU-8 - 11 pm 72 5,4E-01

The increased electron transfer kinetics of a pwged SU-8 film with 11 um thickness
compared to the one with 0.5 um thickness is iroance with the lower resistivity for
thicker carbon films (paper Il). Moreover, the stvelectron transfer kinetics of PS-PDMS
compared to PS and SU-8 films may be related tower carbon content (as shown by XPS
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analysis in Table 3.1), as well as to its highecrostructural disorder (as shown by Raman
spectroscopy in Fig. 3.4).

Moreover, electron transfer kinetics are very usdbr determination of the surface
characteristics of an electrode, e.g. after surfacelification. For instance, compared to
untreated carbon surfaces for surfaces modifieth Wit and HO/O, plasma highe\Ep
values (derived from the CVs) and hence slowertelacransfer of the Fe(Ch)* redox
were observed (paper Ill). This is caused by irsmdaelectron density conveyed by
increased oxygen functionalities introduced byplesma.

3.5.5. Amperometry

In amperometry, the measured current is dependeranoapplied constant potential. The
necessary applied constant potential value candberrdined from a CV, based on the
obtained anodic and cathodic peak potential. Therpmtential at which the desired
electrochemical reaction, i.e. reduction or oxioiatiis driven must be high enough to ensure
rapid depletion of the electroactive species atdlleetrode surface, such that the process is
controlled by diffusion to the electrode. For ex&mpf the formal potential of the redox
couple is 0 mV vs. Ag/AgCl, the WE needs to be @diat a more negative potential value in
order to follow the reduction, or at a more postpotential value for the oxidation. The

recorded current includes contributions from:

* The faradaic current due to oxidation or reducbba species, caused by the shift in
the electrode potential from the equilibrium pasiti

* The charging current due to charging of the eleatrdouble layer capacitance on
the electrode surface. After the initial potentsép, the charging current level
reaches a maximum value (at 0) and then decays exponentially; the magnitude of
which is essentially determined by the magnitudeth&f potential step and the
resistance of the solution according to Ohm’s law.

The exponential decay of the charging current immeted in a period of microseconds.
After that the registered currem} primarily comprises a contribution of the faradeirrent,

which decays with time asymptotically approachiegozwhen large electrodes with linear
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diffusion pattern are used. This behaviour is valier diffusion-controlled conditions,
where the current is limited by diffusion of theayte to the electrode surface (unstirred
solution) and follows the Cottrell equation:

Yo A%
. _ nFADL Cl .
i (t) = e Equation 15

whereA is the electrode area (MC* is the bulk concentration (main®) of the reduced or
oxidized component of a redox couple, depending on whether an oxadatir reduction
reaction, respectively, is being studied,is the number of electrons involveH, is the
Faraday constant (@ol™), D;is the diffusion coefficient for the electroactispecies (cn?

s1), andt is the time (s).

When amperometry is used for detecting an eledik@analyte that for instance is released
by cells, the sample electrolyte does not initialytain the electroactive species in question.
An applied potential step causes, neverthelessniaal decay of current comprised of the
double layer charging current and the ionic curiarthe electrolyte. When the current has
decayed to a constant level a baseline is obtamethe subsequent measurements of the
released electroactive species. Upon release itistoon or reduction results in formation of
a current-time trace (peak) as seen in Fig. 3.pérometric detection was used to evaluate
the capabilities of 3D-carbon scaffolds for monitgr dopamine exocytosis from two
different cell lines grown on the scaffolds (papér.

Figure 3.14 Typical -current-time trace
recorded during exocytosis measurements.
(A — peak area)

current, pA

time, sec
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3.5.6. Electrochemical Impedance Spectroscopy (EIS)

3.5.6.1. General Introduction to EIS

Electrochemical impedance spectroscopy (EIS) iseduli technique for characterization of
materials as well as for evaluation of electrodegfase modification&™. In EIS a small-
amplitude sinusoidal excitation potential, E(t),aiplied to a two-electrode system (a WE
and CE) in a chosen frequency (f) range. The appetential, E(t), can be expressed as

function of time t:
E(t) = E,sin 2nft) = E, sin (wt) Equation 16

where o is the radial frequency of the applied potentiatl & is the amplitude of the
potential. The sinusoidal potential E(@sults in a sinusoidal current response, I(t)hlie

same frequency but shifted in phagk (vhich can be expressed as a function of time:
I(t) = I, sin(wt + @) Equation 17

where § is the amplitude of the current. In analogy to Ghlaw, the total impedance of the

systemZ can be expressed as:

_ @ __ Epsin(wt) sin(wt)
I T Ipsin(wt+ @) |Z]

Z(w) Equation 18

sin(wt + @)

Hence Z is expressed in terms of a magnitifjeand a phase shifi. The phase shift is

determined by the resistive and capacitive compisnefithe system:
* The sinusoidal potential across a resistor geneeatenusoidal current response that

has the same phase angle as the applied poteatial @° - purely resistive
behaviour) (Fig. 3.15A).
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+ The sinusoidal potential across a capacitor regultscurrent that is delayed by 90°
(9 =-90° - purely capacitive behaviour) (Fig. 3.15B)

A Bl |

<> decrease in amplitude

cycle time (1/f)

Figure 3.15(A) A sinusoidal potential (solid line) across esistor generates a sinusoidal current
response (dashed line) that has the same phaseamntie potentialpE0). (B) The same sinusoidal
potential across a capacitor results in a curtgttis delayed by a phase angle)ef90°.

Using Euler’s relationship,'e= cos + jsinp, wherej = v—1, the impedance Z can be

written as a combination of a realkgl and an imaginary () component:

_E@®) Eel*t
It eiwt-je

Z(w) = |Z| e/? = |Z| (cosp + jsing) = Z(w)gg +JZ(W)y

Equation 19

Where Z(w)ge (in-phase) results from the resistive componentghefsystem, and (o),

(out-of-phase) from the capacitive ofles

3.5.6.2. Electrical Double Layer

The structure that describes the charge distribusibthe electrode-electrolyte interface at
atomic level is called electrical double layer. Bodution side of the double layer consists of
multiple layers, schematically represented in Bid6. The layer closest to the electrode is
calledinner Helmholtz layeand is composed of solvent molecules and spedifiealsorbed
ions. The Inner Helmholtz plane (IHP) contains ¢éhepecifically adsorbed ions define. The

next thicker layer of solvated ions, tbater Helmholtz layercovers the transition of ionic

' Impedance of a capacitor decreases as the freqimereyases. The impedance behaviour of a capacitsus
frequency is opposite to that of an inductor.

™ If the descriptive equivalent circuit is very comp] as is often the case in electrochemistry far sgstems,
both real and imaginary components comprise cautiohs of resistive and capacitive properties.
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concentration from the electrode surface to thek bedlution. The solvated ions are
nonspecifically adsorbed, and since they are skicloly the first layer, they interact more
weakly by long-range electrostatic forces with tferged electrode surface. The Outer
Helmholtz Plane (OHP) comprises these nearest tealvians. Due to thermal agitation in
the solution, the nonspecifically adsorbed ionsdis&ributed in the region that extends from
the OHP into the bulk of the solution, called difuse layet**

Since the charged electrode is separated fromitheged ion§ the electrical double layer
resembles a parallel-plate capaditor

The overall impedance of an electrochemical cedinsisting of a WE, a CE, and an
electrolyte, has three main contributions: (1) logoece of the electrolytesR(2) interface

impedance of the WE, and (3) interface impedanci®fCE. Usually, the CE has a larger
dimension than the WE. Thus, the CE interface imped is much smaller and thereby

negligible compared to the WE interface impedénce

" The separation distance is in the order of Angsstom

° Charges separated by an insulator form a capabit@ernormal case there is no insulator in a dolayler
capacitance but due to electrode modificationsithéxactly what can be the consequence.

P Impedance is directly proportional to resistari¢ex(R) and inversely proportional to capacitancex(#C).
Since capacitance is proportional to the areaa#pacitor (Cx A), and the resistance is inversely proportional
to the area of a resistor @1/A), the total impedance of the system is invigrpeoportional to the area of the
system (Zx 1/A).
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Figure 3.16.An interfacial electrochemical reaction with dgfan- and double layer component with
the Randles electrical equivalent circuit descgbthe interface. Abbreviations:pG double-layer
capacitance; CE, counter electrode; IHP, Inner Heltm Plane; OHP, Outer Helmholtz Plang;, R
charge transfer resistances, Rolution resistance; WE, working electrode; W ridémg impedance

EIS data are commonly analysed by fitting them rtoeguivalent electrical circuit model
using non-linear regression. The circuit elementhée model are electrical elements such as
capacitors, resistors, and inductors. The simplgsberal equivalent circuit for an
electrode/electrolyte interfateomprises the series of the double layer capatép, and

the solution resistancesRFig. 3.17).

CDL Rs . . o
Figure 3.17 Equivalent circuit for

l | electrode/electrolyte interface.
WEe— \\oce

9 The impedance of a series circuit containing sstesand a capacitor i8{w) = R — (j/C w)

" The R; depends on the ionic concentration, type of ioesiperature, and the geometry of the area in which
current is carried, while the value of thg Glepends on electrode potential, temperature, icmcentrations,
types of ions, oxide layers, electrode roughneass,impurity adsorption.
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For low frequencies the capacitive term dominated the impedance is determined by the
charged interface, while for high frequencies thpedance is purely resistive and determined by
the bulk solution. Hence, by varying the frequendyferent individual contributions to the
overall impedance of an electrochemical systean be investigated. This facilitates, e.qg.
understanding and troubleshooting of anomaloudtsgsuhich can be related to problems with
an electrode surface or contacts to external imstniation, whereas the same information cannot
be obtained by CVs.

If the electrolyte also contains a redox couple, dkecurring redox reactions lead to charge
transferand thus mass transfer affects the electrocherbiehahvior of the systenThe WE
interface impedance includes two main componentisiglescribed by Randles equivalent
circuit model shown in Fig. 3.1, describing the contribution of the system to tbial

impedance:

* Non-faradaic - due to the contribution of the alieal double layer capacitance4)C

» Faradaic - due to (i) redox reactions taking placess the interface by overcoming
an activation barrier, namely the charge transsistance R (kinetically controlled
property of the system), (ii) mass transfer of tb@ox species, affecting the rate of
electron transfer at the electrode surface (maassfer resistance), defined as

Warburg impedance W (diffusion controlled propeartyhe system).

3.5.6.3. Representation of EIS Measurements
Recorded data from EIS measurements can be plattitferent ways, such as:

* Bode plot: The magnitude of impedan{&and the phase angle)(are plotted as a
function of the frequency (f) on a logarithmic sal

* Nyquist plot: The negative of the imaginary impecka4y) is plotted as a function
of the real impedance &8 (Fig. 3.18).

A Nyquist plot provides a clear visualization oetBystem 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 duson containing redox active
compounds, showing the relationship between theselzangle ), and the real- and imaginary-
component of the impedance.

The semicircle portion at higher frequencies (iasmeg in directiork- of the plot) represents
the capacitive behaviour. The semicircle diamedprasents the charge-transfer resistance,
Rcr, i.e. the electron transfer limitation. The highgstint of the semicircle gives the
electrical double layer capacitance. The interoépihe Nyquist plot at the real-axis indicates
the magnitude of the solution resistance. Howewesystems where external contacts have
significant resistances, these are also includdatierresistance indicated by the intercept of
the semicircle, Ry. The linear portion at lower frequencies (decmgsn direction—> of the
plot) corresponds to the diffusion-limited processl is characteristic of systems with mass
transfer control properties. The linear part foriaksally a 45° angle (phase angi€) with

the Zeaxis, i.e. mass transfer related properties cauedegree phase shift in the response
signal.

On solid electrodes, such as carbon electrodesydhdaradaic component of the interface
(the double layer capacitor) does not behave pwglg capacitor, but instead as a constant
phase elemeht (CPE). This indicates the presence of non-unifaumrent distribution,
which in carbon electrodes is originated by, elge presence of both edge and basal
plane$®® The electron transfer reaction rates of redoxesys at basal planes are more

sluggish compared to the ones at the edge fflamsulting in inhomogeneous reaction rates

*@= tan"'(Zy /Zrg)
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and hence giving rise to non-ideal capacitive bihay modelled as CPEThe centre of the
obtained semicircle of a Nyquist plot is often ated below the real-axis (Fig. 3.19). By
rotating the Nyquist plot, corresponding to an allebehaviour (solid line in Fig. 3.19), by
an anglep = am/2 it is possible to represent the “CPE” behaviowttEd line).a is an
empirically derived constant that for CPE is < Idaran give an idea of the degree of
resistive and capacitive properties= 1 indicates a purely capacitive interface tie CPE
resembles a pure double-layer capacitance) indicates the presence of a pure resistance.
Generally, for increased surface inhomogeneityhsas roughness and inhomogeneous
reaction rates, alfa decreases. For pyrolysed odilmos the decreasing value seems to be
related to the roughness increase for thicker filjpaper II). Moreover, for untreated
pyrolysed carbon filmsy is quite low (0.74) in comparison with smooth edpeevaporated
gold surfaces (~0.8%° and increases upon modification with diazoniumt €8l.91),
indicating that the degree of inhomogeneity dea@sdgaper lll).

Figure 3.19 Nyquist plot witha = 1
(solid line) and O<. <1 (dashed line).

If the acquired impedance spectra of a system aiterbdescribed using a CPE instead of
CoL, the G value can be obtained using the reldtfor*

(Q Rs RCT)l/ % Rs + Rer
Rs + Rcr RsRcr

Cp, = Equation 20

' CPE is an empirical quantity given by: CREQ(jw)~® , where Q is the magnitude of CPEwat 1 andu is
the multiplication factor of the phase angle.
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Where Q is the magnitude of CPE at frequeteyl, and the other parameters are the same
as previously describedhe G value can also be obtained from the Hsu and Mahsfe

formula®®

Cor = Q (Wimax)® ! Equation 21

Where wp,, 1S the angular frequency at which the absolutaievadf Z,, reaches its
maximum (Fig. 3.17), Q is the magnitude of CPE mqdiency =1, and a is the
multiplication factor of the phase angle.

Aside from the Nicholson method, which allows t@lesate the kinetic parameteits from
AE, derived from CV (section 3.2.6), estimationl8fcan also be done by considering the

electrochemical basis of the-R as indicated in eq.2%:

RT

Rer = —2
CT ™ c*n2F24K0

Equation 22

whereR is the molar gas constant,is the absolute temperature of the systérn,is the
equal concentration of the oxidized and reducedhfof the used redox probe,is the
number of electrons involved in the redox procésis Faraday’s constand is the area of
the electrode surface available for the redox m®¢&is the apparent standard rate constant
of the redox process at a very small sinusoidakemeal which only causes a small
perturbation of the system from the equilibriumaracterized by the OCP.

EIS facilitated characterization of pyrolysed carddms derived from SU-8 of different
thicknesses in relation to their resistance (pépeMoreover, evaluation of different surface
modifications (plasma treatment and electrochemmuadlification with diazonium salt) was

possible (paper III).

3.3. Immunocytochemistry and Image Analysis

Immunocytochemistry is used to detect specific males or proteins (antigens) in cells or
tissues. This is done by exploiting antibodies thah bind specifically to the target

molecules, allowing unique detection of molecules proteins of interest in a sam{ife By
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tagging the antibody to, e.g. a fluorophore, thigbaay-antigen interaction can be visualised
with a fluorescent or a confocal laser-scanningrasicope. For immunocytochemistry
detection, antibodies are classified as primaryemondary (Fig. 3.20A). A primary antibody
(first layer) specifically recognises and bindghe target antigen and is typically unlabelled.
The secondary antibody (second layer) is usualbgllad with a tag and reacts with the
primary antibody, enabling detection of the tamyatigen.

In the work performed for this thesis, immunocytecistry was used to label tyrosine
hydroxylase (TH) and beta tubulin in neural stertiscdH is the rate-limiting enzyme for
production of the neurotransmitter dopamine, anda beibulin is the characteristic
cytoskeletal component of neuronal axons. Thisaaee to indirectly confirm dopaminergic
phenotype of stem cell-derived neurons growing afifferentiating on commercial
plasticware, as well as on different 3D carbonfetd$ (Paper 1V). The staining of the nuclei
allows estimation of the number of cells expressiid) out of the total number of cells

(example shown in Fig. 3.20 B).

Fluorescent tag

A

Labeled secondary

Antibody \

Primary Antibody

protein

Figure 3.20 (A) Conceptual drawing of immunocytochemistry. (Bpnfocal laser scanning image
showing differentiated neural stem cells on carboaffolds. 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 thae tbeen investigated to modify the
surface of 2D and 3D carbon electrodes during tleekwperformed for this thesis.
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The surface chemistry of pyrolysed carbon elecsademportant for their electrochemical
behaviour and applicatioff**> Modification prior to their use is therefore afta necessity.
To introduce specific surface functionalities, whiconfer properties suited for a desired
application, carbon materials can be modified widlfferent physical and chemical
treatments. Moreover, functionalization of the aoes can facilitate physisorption or
covalent tethering of molecules, such as enzymefaies, DNA, and cell adhesion factors
that are required for biological applicatiofis'*® For instance, increasing the surface
functionalities on pyrolysed carbon material is essary when using it as a subsfrat
scaffold for cell growth (paper IV).

4.1. Surface Characteristics of Pyrolysed Carbon Ekctrodes

Similarly to GC electrodé&® #1614 the surface of pyrolysed carbon materials is
heterogeneous and consists of basal and edge ptdngephene sheets which is not
graphitized®®. The atoms on the edge plane of the graphenessheeimuch more reactive
than the atoms on the basal plane, the latter dthwlare atomically ordered. Hence
chemisorbed foreign elements, such as oxygen, asglominantly located on the
edge§8,108,l4?

Generally, the pyrolysis process conditions as vesll the precursor polymer material
strongly affect the nature and the distributiorsofface functional groups and heteroatoms,
which determine the surface chemistry of the pyetly carbon structures. For instance, an
oxide terminated surface is produced when pyrolyisisconducted in non-reducing
atmosphere (e.g. in presence of argon and nitrdg&h)Moreover, exposure of a pristine
carbon surface to even trace amounts of oxygenltsesu a submonolayer coverage of
carbon—oxygen complexes, which are thought to baténl near the edges of polyaromatic
sheets in carbdff'%°!? Figure 4.1 shows a representative but non corepsite list of
oxygen functionalities present on carbon surf§c&8§
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Carboxylic acid

Phenol Lact o-quinone
actone
HO.__O carbonyl

p-quinone

Figure 4.1.0xygen functionalities that can be present on lygeal carbon surfact8%°

These functional groups have been extensively etudiith different techniques, such as
optical spectroscopy, XPS, thermal desorption mas®ctrometrd?, and infrared
spectroscopy*®*? In this thesis, the functional groups on pyrotysarbon were identified
by XPS, which revealed that on untreated surfagkenolic (C-OH) and carbonyl groups
(C=0) were the most abundant functionalities (Tablg (paper III).

Table 4.1 Relative percentage (average * SD. n= 3) of fanat groups obtained from
deconvolution of & spectra for untreated samples of pyrolysed casbwiaces derived from SU-8.
Deconvolution gives four individual component greupat represent graphitic carbon (C=C) and
sp’ hybridized C (C-C), phenolic (C-OH) and carbonyt(@) functionalities, and shake-up sateflite

Functional groups

C-C&C=C 63.14 £ 0.76
COH 12.05+0.04
C=0 8.77£0.29

shake up 16.05 +0.61

The oxide coverage and the type of functional gsocgn vary widely with e.g. the original
polymer material precursor used (Table 3.2). Moeepthe tendency of oxygen terminated
surfaces to adsorb impurities leads to variabléaserfunctionalitieS°. Contamination by

adsorbates increases the oxygen/carbon atomic (@) on samples exposed to the

“ Shake-up satellite peaks are found in structuréis eanjugatedt systems, such as aromatic rings in graphite
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ambient atmosphere in the laboratory (Fig. 4.2)h@anomenon that has been also observed

for glassy carbohand pyrolysed positive photoresfstPossible mechanisms responsible for

adsorption of nonpolar adsorbates are the creafierg. induced dipofé®.

C day 1
/ day 90|
O Figure 4.2 Survey spectra of pyrolysed
carbon derived from SU-8 photoresist
L/ films. The O/C ratio increases from 0.02
at day 1 to 0.1 at day 90 after pyrolysis.

Intensity, a.u.

2(|)O | 4(IJO | 6(I)O | 860
Binding Energy, eV

Pyrolysis in a reducing atmosphere (e.g. in presesfcforming gas) minimizes carbon
oxidation, leading to a low O/C ratfo This may result in a hydrogen-terminated carbon
surface, which is relatively stable towards oxidatin the ambient atmosphere during
storage. The lower reactivity can be due to lowarsity of unsatisfied valences on hydrogen
terminated surfacd$ similarly to hydrogen plasma treated glassy caro Hydrogen
terminated carbon surfaces tend to be both unweh®iand hydrophobit®, properties
which limit their further application. For obtaignreproducible coverage of surface
functionalities as well as for rendering carbon fates with properties suitable for

electrochemistry and biological applications, mmaifion of the surfaces is needed.
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4.2. Tailoring the Surface Chemistry of Pyrolysed @rbon Electrodes for

Electrochemical Detection and Cell-Based Applicatias

Different treatments have enabled modification afbon materials, such as polymer
coatingg>****** plasma modificatiorsd®***® UV-assisted modificatioch™"**® oxidation
using strong acids (e.g. HNGr H,S0,)**®**° or anodizatioff®, and electrochemically-
assisted covalent modificatith Here, plasma treatment and electrochemical rextuct

diazonium salt will be described.

4.2.1. Plasma Treatment

Plasma treatment of carbon surfaces is a rapidctefe, and versatile method that can easily
be tuned to introduce a wide range of functionalugs by varying the plasma parameters,
such as power, pressure, gas mixture, and treattieet®®. The excited species, i.e.
electrons, radicals, and ions within the plasmayngly interact with the pyrolysed carbon
surface, breaking e.g. C=C bonds. The complex mexbfi surface functionalities introduced
by the plasma influence the physical and chemiogpgrties of the surface. Specifically, it
results in a dramatic change of the increasedreleaensity (conveyed by e.g. increased
oxygen functionalization) and roughness, whichuefices the wetting characteristics of the
surfacé’®. Moreover, the introduced functional groups on plyeolysed carbon are active
sites that can be further exploited for tetheringeoules, such as antibodi&s proteins®®
and DNA?,

In this thesis oxygen plasma treatment was perfdrtoancrease the surface wettability of
2D and 3D carbon electrodes (Paper IV), and heeselted in enhanced physisorption of
adhesion factors that are required for cell admesspreading, growth, and differentiation
(see section 4.3). Moreover, the effect of oxygsmpa and water vapour/oxygen plasma
treatments on pyrolysed carbon electrodes was atemluin terms of wettability, surface

composition, and electrochemical behaviour (Palber |

4.2.2. Diazonium Salt Modification
Although plasma treatment of carbon can generdtereint types of surface functionalities,

and can be performed easily and on large areaspatily, the number of obtainable
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functional groups is, nevertheless, limited (Fidl)4Methods for electrochemically assisted
modification of a carbon surface offer the posgiibf selective grafting of functional
groups®. The most commonly used electrochemically assistesiification of carbon
materials are: (i) reduction of aryl diazonium saléading to aryl terminated carbon, and (ii)
oxidation of aryl acetates or amines that graft aryamine groups covalently to the carbon
surface®”,

In diazonium salt modification the molecule usedimy the reaction is commonly a
substituted benzene ring (the substituent on thezdre is the aryl substituelff) The
presence of selected functional groups on the sarktituent can lead to useful electrode
surface propertie&', facilitating further chemistry for immobilizationf enzyme¥>44
antibodie$®™, and electroactive groul& Moreover, since the reaction is induced
electrochemically, it is possible to limit and diteéhe modification specifically to e.g. only
some electrodes in an array of individually addebksworking electrodes.

Electrochemical reduction of aryl diazonium saltsvihe modification used during the work
in this thesis. This method was first applied tcboa electrodes (GC, carbon fibers, carbon
powder, and highly oriented pyrolytic graphite) i992°* and has since then been
extensively studied®. However, it has been also successfully used lmosi®®*®’ stainless
steet®® copper, gold, and platindffi, CNTS"®, graphité’’, graphen¥? and PC3*"* The
method yields a very stable surface functionalargtrequiring mechanical abrasion for its
removal (indicative of the covalent nature of tlimehment)’>. The modification (Fig. 4.3)
involves reaction of phenyl amines with sodiumitgt(NaNQ) to form a phenyl diazonium
ion’, capable of undergoing electrochemically inducee-electron reduction on carbon
electrodes, thus generating a phenyl radical apdtid former of which reacts with the
carbon surface by coupling to an unsatisfied vaenrcadding to a double b8

Y The phenyl amine is first dissolved in hydrochdoaicid, and then a solution of sodium nitrite isled The
reaction between the hydrochloric acid and thataiions produces the nitrous acid HNOhe positive ion,
containing the -N group, is known as a diazonium ion.
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Figure 4.3 Modification of carbon surfaces by phenyl amineguctiord®>"”

Similar to alkanethiol mixed layers on gbi§j obtained from solutions of different
alkanethiol¥, it is possible to use mixed layers of aryl didmomsalts”®.

During the research performed for this thesis, cédao of aryl diazonium salt with a
carboxylic substituent was performed and compaceghlasma modification in terms of
electrochemical behaviour and wettability (PapBr Il

4.3. Biocompatibility

The traditional concept of biocompatibility of masts implicates a “do not harm”
missiont® (i.e. nontoxic, nonmutagenic, etc.) and is oftealeated using measurements of
cell morphology, viability, and growth. However,ede parameters are not sufficient to
assess their effects on the molecular level, sschltarations of gene expressignDue to
the link between gene expression and disease misohathe impact of an experimental
system on cellular functions should be minimalabteast knowtf*. Hence, the choice of
investigated biocompatibility parameters for nobielmaterial as well as microfabricated 2D
and 3D structures is vital. It has therefore beeggssted that the concept of material
biocompatibility should be modified, i.e., a magtrnis biocompatible when it: (1) does not
induce cell death, (2) supports cell proliferatiamd (3) does not alter the transcriptome
profile compared to a reference material such dgspoene (biocomparability§? In the
work performed in this thesis, the biocompatibibityd biocomparability of pyrolysed carbon
electrodes were tested at different conditionsh\aitd without oxygen plasma treatment as
well as with and without polylysine coatings) (Fi4.4) and compared with polystyrene

plastic ware (paper V).

¥ Organic thiols adsorb onto gold surfaces from sotutand form ordered monolayers (self-assembled
monolayers).
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Based on a more ‘positive’ concept of biocompatipilmaterials bring an enhancement of
the desired biological functiof§, which in the case of neural stem cells can resulin

increased manifestation of dopaminergic properti{eaper V). For instance, our
immunocytochemistry experiments for the enzymesiyr® hydroxylase (TH) have revealed
that the obtained percentage of TH positive callsgrowing cells on pyrolysed carbon is
tremendously increased (>70%) compared to cellgviggp on common plasticware (~2%)

(Fig. 4.5).

Figure 4.4. Representative micrographs after 24-h culturingurhan neural stem cells (hNSCs) on
differently treated carbon surfaces. On untreafgdo( plasma treated (B) pyrolysed carbon surface,
hNSCs adhere poorly, forming clusters that do nmoimote cell spreading to acquire the proper
morphology. Oxygen functionalities on plasma trdaturfaces provide anchoring points for
improved physisorption of the primary amine grogpgolylysine that mediate cell attachment (C)
(paper V).

Figure 4.5. Confocal fluorescence images of immunostained grgweuronal stem cells (48h) on:
(PS) PLL modified polystyrene (PS) and (C) oxygdssma and PLL treated flat carbon surfaces.
The images show that a much higher % of cells @ T positive.
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Chapter 5

Micro- and Nanostructures for
Cell-Based Research

In this chapter, a brief explanation of Parkinsonlsease and different ways of detecting
dopamine is presented. Moreover, the mechanismtefaiction between cells and the in vivo

and in vitro environment will be described.
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Micro and nano-engineering techniques are exploitddbrication of biomaterials to obtain
good interfaces and substrates where cells canr@dtwide, grow, and differentidfé
Different materials (e.g. hydrogels, polymers, o@cs, composites, silicon, carbon) are
currently explored for building substrates and f&dd$ for tissue engineering and biomedical
researct?* %8 Micro and nanostructured surfaces may be abtarte the response of cells,
which could be useful within technologies releveme.g. tissue engineering and regenerative
mediciné®*®® Recently, conductive 3D scaffolds (e.g. basediliton nanowire field-effect
transistors, conductive polymers, carbon nanot@i¢T()-doped hydrogels, graphene foam)
have emerged as a new apprd@ct®*%to provide both the necessary structural support f
cell or tissue growth and a means for localizedhskition/monitoring of the functional
dynamics in a cell population. These conductiveffelts are of particular interest in
neuroscience since neuronal functions are stranfllyenced by electrical stimuli due to the
inherent nature of signal transmission in nerveuis During the work done in this thesis, the
suitability of conductive carbon scaffolds has be&mmonstrated for dopamine detection
from a neural stem cell line that is clinically eeant for treatment of Parkinson’s disease
(paper 1V).

5.1. Parkinson’s Disease

In the central nervous system (CNS), dopamine & rsurotransmitter, which belongs to the
catecholamine family, modulating e.g. motor fune§pmemory and learning, feelings of
reward and attention, as well as sf€&pin patients with Parkinson’s disease (PD), the
dopaminergic neurons (able to produce dopamine}uibpstantia nigraof the CNS are
dysfunctional or dying, causing a subsequent ldottopamine, which is manifested as e.g.
slow movement, tremor, rigidity, inability to irdie movement, as well as involuntary
movement* % Treatments with, e.g. deep brain stimulation,yere inhibitors, L-3,4-
dihydroxyphenylalanine (L-DOPA), have been showtéoquite effective in alleviating the
symptoms influencing motor functiofi$*®® However, therapies for treatment of non-motor
symptoms, such as dementia, are still lacking, a@iskase progression cannot be
counteractet’. Clinical trials within cell replacement therapyRT) with transplantation of

neural fetal tissue into the braistfatum area) have provided proof of principle that
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neuronal replacement can result in clinical improeat of PD patients (Fig. 52§92
The fraction of dopaminergic neurons that form frthra transplanted tissue can re-innervate

the striatum and restore dopamine production, givise to clear symptomatic relief in some

patienté%'lgg'zm
neurons | ventricle
striatum. caudate__\?_
utamen—— 3
| i Figure 5.1 Treatment of
- Parkinson’s disease by
substantia transplantation of dopaminergic
CROSS SECTION nigra neurons in the brain (cell
replacement therapy (CRT)).
Adapted frorm™®.

ventricle /.

Stem cells are undifferentiated cells that are abigi) differentiate into many specialized
adult cell types (e.g. hepatocytes, erythrocytesirans, etc.) in response to proper stimuli
(potency; (ii) proliferate and reproduce themselves maimitg their potencyself-renewal.
These cells can be classified according to thegirarembryonic stem cells (ES), neural
stem cells (NSC) and mesenchymal stem cells (M8QYSCs are multipotent cells, derived
from the nervous system, with ability to give rige cells of the three neural lineages:
neurons (some of which can be dopaminergic), agescand oligodendrocyte&

In development of NSCs able to differentiate tcopaminergic lineage, the main concern is
how large a fraction of a cell population can shthwe manifestation of dopaminergic

properties. For preclinical transplantation, dop@emgic neurons from stem cells have been
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producedn vitro from different sources and speé®s*? Previous studies have shown that
the human neural stem cell (hNSC) line hVMbgl-xderived from the ventral
mesencephalon, after differentiation generates Lhghest obtained percentage of
dopaminergic neurons, 17.2% This still imposes a limitation for effective inepentation

of CRT. Hence, novel substrates and scaffolds foecting the fate of hNSCs to
dopaminergic neurons are essential for the fielstexn cell research.

The confirmation of a true dopaminergic propertiigpotype) necessitates detection of the
actually released dopamine. Dopamine is electroaaiy active and thus detectable by e.g.
amperometry or fast scan cyclic voltammé&tty Therefore, conductive substrates and
scaffolds could enable e.g. evaluation of choséferdntiation conditions on the number of
dopaminergic neurons in a cell population.

Due to the clinical relevance of hVMbcl-XNSCs, this cell line was used in the work

presented in this thesis (paper V).

5.2. Neurotransmitter Exocytosis and its Detection

Single-cell studies using fluorescence deteéfioand electrophysiolog%’, have revealed
the mechanism of dopamine release - exocytosisn@pectrical, mechanical, and chemical
stimulation of neurons (e.g. using an elevated eptration of K ions?*#?) the C4" ion
channels present in the presynaptic neuron arelatérexl, causing a Ghion influx??®%2>
This event triggers fusion of the vesicles thatestteurotransmitters (e.g. dopamine) with the
plasma membrane, causing opening of a fusion paoré kading to release of

dopaminé®*#{Fig. 5.2).
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of recei-
ving
transmitters Receptors neuron

Figure 5.2. Within the nervous system, neurons transmit infdiom to other nerve cells through
dendrites, which extend from the neuron cell bodyd receive messages from other neurons.
Synapses are the contact points where one neuromgnicates with another. Inset: mechanism of
neurotransmitter release - When an electrical isgurrives to the gap between two neurons
(synaptic cleft), it causes opening of ?Caon channels and increases the intracellulaf* Ca
concentration. This event triggers fusion of themheane of vesicles containing neurotransmitters
with the plasma membrane of the pre-synaptic nedealing to release of neurotransmitter. In this
way, the electrical signal is converted into itemiical counterpart. Modified frofff.

Real-time monitoring of exocytotic release of dop@mand other catecholamines can be
achieved only by electrochemical detection. This baen demonstrated on single cells
belonging to different model cell lines (e.g. chadfm and pheochromocytoma (PC12)
cells), which have the &adependent machinery for releasing catecholamisesh as
dopamine. Chromaffin and PC12 cells are not neuemts hencen vivo the dopamine in
their vesicles does not function as neurotransmitigt the release mechanism is the same as
the release of dopamine and other neurotransmittars neurons. Hence, information about
the process of neurotransmitter exocytosis origmdtom studies using these model cell

lines. Amperometric measurements of catecholama@weetion have been conducted using
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carbon fiber microelectrod&$?? (placed immediately adjacent to these cells — 5igA),
and exhibit current spikes corresponding to packagfeone vesicle at a time (quantal
release¥’#*°(Fig. 5.3B - C).

A B

Application ﬂ
CFE pipette

y

Figure 5.3. (A) lllustration of amperometric measurements osiragle-cell using a carbon fibre
microelectrode (CFEY’. (B) Typical amperometric recording of currentkgs from a single céft"

(C) Magnification of one current spike with diffeteparameters that can be obtained to characterize
exocytotic events, e.g. the spike amplituggyi the peak width half height{t the rise time (RT —
time ;g:'lquired for recording 25-75% of thg,), the total charge (Qintegration of the current of each
peakj~-.

In order to lower the cost of these types of expernts and to increase their throughput,
amperometric recordings of exocytosis events uplagar (2D) microelectrode chifys>®
are becoming popular, and enable depending on ékigrl dopamine detection from both

single cef****%and cell populatiorfd"#*8(Fig. 5.4).

The propensity of metal electrodes to fouling daepblymerization of dopamine on the
electrode surface poses limitations for dopamintedi®n®. Therefore, microfabricated
electrodes based on carbon represent a very gtadative, and have been employed during

the work done for this thesis.

“ From Q, the total charge, it is possible to detive total number of released dopamine moleéietith the following

equation based on Faraday's law of electrolysisiecules = QA /nF, whereQ is the total chargen is the number of
electrons involved in the oxidative process (2dopamine)F is the Faraday constant (9.6485 X Omol?), andA is the
Avogadro’s constant.
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o]
CH,CH,NH,* \ CH,CH NH;*
—_— +2H"+2e

HO 07 oxidation of Dopamine
Figure 5.4. Amperometric detection of dopamine at planar miecteodes from a cell population:
the dopamine is immediately oxidized at the potdnpioised at the electrode. Inset: reaction of
dopamine oxidation.

Experiments on single cells have been very usef@lucidate the mechanism of dopamine
exocytosis. However, single cell studies cannotcbaducted to evaluate dopaminergic
properties of cell lines such as hVMbgl-NSCs, due to their dependence on surface
anchorage and cytokines produced by neighbourilig icea population. Traditionally, their
capability to release dopamine is determined byecbhg samples of culture medium
containing dopamine released by a cell populatitwllowed by subsequent HPLC
analysi*®?* During the work done for this thesis, electrochehreal-time detection of
dopamine exocytosis from populations of stimulald8Cs has for the first time been

demonstrated using 3D carbon pillar scaffolds (p&yge(Fig. 5.5).

Figure 5.5.Dopamine detection on 3D scaffold from populatidwifferentiated neurons.
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5.3. Interaction of Cells With theln Vivo and In Vitro Environment

Typically in in vivo environment, cells interact and respond to featén@m the macro scale
down to the molecular scaf8 Cells sense most extracellular signals via tramshrane
receptors (integrins) that recognize and tether ¢bk cytoskeleton by forming focal
adhesions through motifs within proteins (for imst@ laminin, fibronectin and vitronectin)
that constitute the fibers of the extracellular ixa(ECM)**°. Upon binding, integrins elicit
complex biochemical cascades of intracellular diggawhich together act to regulate cell
physiology**. Consequently, topographies ranging from nanomtoroscale, for instance
topographies composed of networks of nanoscalespaoidges, and fibers made by ECM
molecules, affect cell physiologyAt the same time, cells are inherently sensitiveheir
surroundings, thus they are influenced by multgles (Fig. 5.6), including: (1) mechanical
and biochemical-interactions with the ECM, (2) geatls of secreted signals (e.g. hormones,
cytokines, and growth factors), and (3) cell-cetintact$*’. These cues dynamically
influence and regulate cell behavior, such as egmwa of ECM proteins, proliferation,
activation of growth factors, maintenance of sualigignals to prevent programmed cell
death (apoptosis), and differentiaffort*>24°

Soluble Growth Factors
M autocrine @ paracrine

. T

J,.

C. ( Nucleus \]

cytoskeleton

e ( } Growth Factor Receptors

Figure 5.6. Different factors affect cell behavior and dirgbeir fate: soluble and matrix bound
factors, cell-cell contact, cell-matrix adhesiorodified from?*°.
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Mostin vitro studies with adherent mammalian cells are perfdroséng standard 2D culture
systems in which cells are plated onto commera&tgpyrene cell culture plastic ware that,
depending on the cell type, is treated or not witcoatings to initiate cell adhesion.

Some cells e.g. fibroblasts, which are one of tlnncomponents of connective tissue, can
grow directly on the plastic ware since they seB@M components that coat the plastic thus
mediating cell adhesion. Other cells, such as heals, whosecapacity to secrete ECM
proteins is essentially non-existent, requires quating of the plastic ware with adhesion
factors. However, 2D formats are poor mimics ofitheivo environment. Compared to cells
on 2D plastic ware, cells growing in a more physgitally resembling environment, such as
a 3D one, vary considerably in their morphologitttell/cell and cell/matrix interactions,

and their differentiation level¥'.

5.3.1. Interaction of Cells with Micro- and Nanotomgraphies

It has been shown that micro- and nanotopograptties, order (e.g. pillars, grooves, ridges,
steps, and pits), and their symmetry (e.g. hexdgomarthogonal or packing of nanopits) can
regulate cell behavid?. Therefore, structuring of nano- and microscaleenia to control

cell behavior has important implications when desig new materials, which could be used

e.g. for tissue engineering.

Figure 5.7.SEM images of growing (A) PC12 cells on 1.4 untapiscaffolds, and (B) hNSCs on 5.1
pm pillars. Scale bar: 2 um.
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One early response of cells to microtopographide iacrease the number of their ‘sensing’
organelles, such as filopodia and microspikes. BigA shows PC12 cells and Fig. 5.7B
hNSCs grown on micropillar scaffolds developed wigithis thesis (paper IV). Regardless of
cell type or substrate, cells exhibit filopodialdaspindle shape protrusions, which serve as

anchoring points to pull the cell body. This pheremon has been shown befdfe
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Chapter 6
Summary of the Papers
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Paper | describes the process optimization of SU-8 for i€aion of high-aspect ratio
micropillar arrays. Different process parametersewehanged during the optimization
related to the baking steps, temperature, rampatg and duration, and the results were
compared. Large areas of pillar arrays with varidimmeter and ~22 pm height were
fabricated. The optimized process yielded pillatsse to the resolution limit of UV

photolithography with diameter 1.8 um, AR = 11.

Paper Il presents the fabrication and thorough charactesizatf the micropillar arrays

described in Paper | before and after pyrolysise Tarbon micropillar arrays and three
carbon film thicknesses were characterized forrtisrinkage, and different properties:
electrical, electrochemical, bulk microstructuree.(idisorder and crystallite formation).
Finally, fabrication of high-aspect ratio micropils on interdigitated electrodes and their
electrochemical behaviour is described. Due tortlgeiod properties, the obtained 3D

interdigitated electrodes can be further used if@elbctrochemical applications.

Paper Il shows the surface modification of pyrolysed carfiloms and of micropillar arrays
presented and characterized in Paper Il. The carbaraces were modified with
electrochemical reduction of diazonium salt, oxy@gei a mixture of water/oxygen plasma
treatments. The effect of the treatments was agdlyand compared using XPS,
electrochemical impedance spectroscopy, cyclic amathetry, and contact angle

measurements.

Paper IV presents the application of the micropillar eledé® as 3D scaffolds for growth
and differentiation of clinically relevant neuraem cells developed for cell replacement
therapy of Parkinson’s disease. The obtained eshiow that the pyrolysed carbon itself
strongly increases the cells’ development to matiogamine releasing neurons and the 3D
environment enhances the growth of neurites. Duthéoconductive properties of the 3D-
carbon scaffolds, these are optimal for electrocbaindetection of exocytotic dopamine
release from stem cell populations, functioningaadopamine trap capable of detecting a
much larger quantity of the released dopamine coeapto 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 repré a new direction in
bioelectrochemical applications. The tailoring pb#isy of the scaffold in terms of shape
and surface functionalization could facilitate ttevelopments of novel biosensors. The
surface treatment of these electrode structureareas their electrochemical performance,
but also to make it possible to change the eleetsadface properties so that small or large
chemical / biological molecules can be attachea dmém, e.g. for bio-sensors that may be
developed, or to make them more compatible withlgelogical applications. Moreover, 3D
carbon scaffold opens up new possibilities in steell research and therapy. The
combination of a conducting 3D carbon scaffold agléctrochemistry gives unique
possibilities to enhance hNSCs differentiation ifftd” phenotype (material) and neurite
elongation (3D topography), and at the same timabks direct confirmation of true
dopaminergic phenotype and neuronal maturatiorctfelehemical dopamine trap).
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UV photolithography

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 pm spacing) with nominal height >20 um and nominal diameter <2.5 um (AR >8). 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 pm, 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) (>8) 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 (> 8) micropillars fabricated with
UV photolithography have been reported only for diameters
>5 um [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

* Corresponding author.
E-mail address: leta@nanotech.dtu.dk (L. Amato).

0167-9317/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.mee.2012.07.092

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-
5min) [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 >20 um. CO,
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 pm) was added in the processing.


http://dx.doi.org/10.1016/j.mee.2012.07.092
mailto:leta@nanotech.dtu.dk
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(a) SU-8 2005 spin-coating + SB1
& flood irradiation

— -
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(b) SU-8 2075 spin-coating + SB2
& masked irradiation

L4080 00

PEB2

(c) Development & Drying

Fig. 1. A schematic flow of the lithographic process.

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-Siiss, France). For the exposure steps, a
MAG6/BAG6 aligner (Karl-Siiss, 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 um, 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~ '. The film was then flood exposed administer-
ing the exposure dose (D) of 500 m] 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-

Table 1

step spin process. A spread cycle of 30s at 1000 rpm with
200 rpm s~ ! 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~! acceleration,
yielding a 23 pm 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 um) 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
CO,. For the supercritical drying, the specimens were placed in an
isopropanol bath directly after development and then transferred
to an Autosamdri-810 CO, supercritical point dryer (Tousimis, USA).

After drying, an additional two-step flood exposure with the to-
tal D=500 m] 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 (N@) = 3 um 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 @ =2.6 + 0.1 um (Fig. 2B). Micropillars
with N@ =2.5 pm fabricated with HTP were not well resolved
forming an indistinct block of photoresist with stretched pillars

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

Pillars (SU-8 2075) SB

5 min at 60 °C, R=2 °C/min; 5 min at 90 °C, R = 2 °C/min
PEB 5 min at 60 °C, R =2 °C/min; 5 min at 90 °C, R = 2 °C/min
2 min at 60 °C, R=2 °C/min; 5 min at 90 °C, R =2 °C/min
PEB 1 min at 60 °C, R =2 °C/min; 5 min at 90 °C, R = 2 °C/min

2 h at room temperature

1 h at 50 °C, R=15 °C/min
1h at 50 °C, R =15 °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 N@ =3 pm, 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

Fig. 3. SEM image of unresolved and delaminated micropillars with nominal @
2 pum fabricated using the LTP. Scale bar: 10 pm.

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 N@ = 2.5 pm indicated by partial merging
of the neighboring pillars.
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Fig. 4. Pillars with AR 11. Top: Optical microscope image of air dried (No CO,) and supercritically dried (CO,) pillars (Scale bar: 20 um). Bottom: SEM images of pillars 7 days
after fabrication. (Scale bar: 5 pm) (C) Collapsed pillars without hard bake. (D) Hard baked standing pillars. Inset: micropillars with aspect ratio 11 (@ 1.8 um and height

20 pm). (E) Zoom-out of standing pillars.

In the case of pillars with N@ = 2 um, 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 N@=1.5 um and N@ =1 pm
could not be fabricated.

3.1. CO, drying

The observed collapsing of the pillars with N@ of 2.5 um (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 um
pillars having a small spacing of only 2.5 pm.

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 CO, was tested to reduce the surface tension. Fig. 4
shows the comparison between samples dried with air (No CO;)
and supercritically dried (CO,). When using supercritical drying,
the isopropanol, which is used for rinsing after the development, is
soluble in CO,. This eliminates the surface tension and hence the
capillary force becomes nonexistent, resulting in straight pillars
(COy).

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 CO,
(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
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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 @
1.8 um (+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 @
1.8 um, AR = 11 having high temporal stability.
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1. Introduction

For miniaturised and portable electrochemical sexysmaximizing the electrode area on a
micro-sized footprint is essential, and can be litabtéd by three-dimensional (3D)
electrodes. Several methods have enabled fabnicafi®@D electrode arrayg. Fabrication

of 3D metal electrodes requires the use of mewdtelplating, sputtering or evaporation
equipment, which often limits fabrication through@nd results in expensive devices that
are not amenable for mass-production. An altereadivd attractive method for 3D electrode
fabrication is based on the carbon MEMS techrigaevery simple, high-yield and cost-
effective process that is based on pyrolysis bbtiraphically patterned polymeric precursors
with strictly defined or arbitrary geometries. Rolgr derived carbon is electrochemically
and structurally similar to glassy carbon (GC): thierostructure contains graphitic (C atoms
form sg bonds as in graphite) and amorphous zones (C afoms spg bonds)®™®. The

graphitic content of pyrolysed carbon can be tubgdtailoring the parameters during
fabrication of the polymer precursor tempfzgt_éz and the pyrolysis conditiohs*

Pyrolysed carbon electrodes exhibit a wide elebiotcal potential windo®, chemical
inertness towards a wide variety of solvents aedtedlytes®, good biocompatibility/, and

outstanding as well as tunable mechanical progeti& All these features make them the
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ideal material choice for applications such as dhahsensind’, heavy metal detecti6h

(2425 and microbatterié& 22

biosensors ™2 cell culture and differentiatid
This work is the first report on fabrication andacicterization of 3D electrode arrays in SU-
8 derived pyrolysed carbon with a spacing and diam&pproaching the resolution limit of
standard UV photolithography (diameter ju#, spacing ;Jum, and aspect ratio of about 8).
SU-8, the polymer precursor in our study, is a tiegghotoresist that is commonly used to
fabricate high-aspect ratio (HAR) micro- and nanestre$®>* Although pyrolysed
micropillar arrays with aspect ratio higher thanhBE¥e been fabricated before, their diameter
and spacing were larger than [i6%*.

Our aim was to fabricate 3D carbon electrodes ofemscale, consisting of HAR pillars
finely patterned in an interdigitated electrode E)dormat (3D-IDE). Different types of 2D
and 3D pyrolysed carbon structures were fabricdtdldwed by thorough characterisation of
surface- and microstructures, as well as investigabf electrical and electrochemical
properties.

The surface exposure and pyrolysis history of pyg@il carbon electrodes can be critical for
its performance, reproducibility, and stability. Macarbon surfac&sare prone to oxidize
upon exposure to air and to adsorb impurities,iteatb varying surface®® and electronit!
properties with time. Most of the proposed metfitdSfor electrode regeneration produce
changes in the structdfé® and properties of carbon electrodes and cannotliteetly
employed for microfabricated 3D electrodes.

Here, we demonstrate a relation between increasggea content and increased resistivity
upon exposure of the electrode to air and presemtethod to efficiently regenerate the

surface and electrical properties of the carboateldes.



2. Experimental section

2.1. Microfabrication of carbon electrodes

2.1.1. Materials

The negative epoxy photoresist SU-8 was purchasech fMicroresist GmbH (Berlin,
Germany). SU-8 2005 (solid content 14 wt.%) and&2RB75 (solid content 73wt.%) were
used as received. SU-8 2035 (solid content 70 wi4$ diluted with cyclopentanone
(BioReagent) to 56 wt.%. Phosphate buffered sal{fR8S), potassium ferricyanide
([Fe(CNY]*), hexaammineruthenium(lll) chloride and hexaammitreenium(ll) chloride
were purchased from Sigma-Aldrich Corporation (&buis, MO, USA). Potassium
ferrocyanide ([Fe(CN)*) was purchased from Fluka BioChemica (Buchs, GeyhaAll
solutions used for electrochemical characterizativare prepared in ultrapure water
(resistivity 18.2 Mohm cm) from a Milli-Q ® water upfication system (Millipore
Corporation, Billerica, MA, USA).



2.1.2 Preparation of unpatterned pyrolysed carbon films

For detailed characterization of the carbon elelrmaterial properties, unpatterned SU-8
films with three different thicknesses were predaaad pyrolysed. 5 um thick films of SU-8
2005 and 9 pm thick films of diluted SU-8 2035 wameestigated as potential thicknesses of
the precursor layer for the definition of the 2@emligitated electrodes. 22 pum thick films of
SU-8 2075 were characterized because films with thickness were later used for the
fabrication of the precursor structures of the Zbbon pillar microelectrodes. The detailed
method for the processing of SU-8 films was desctiearlie?”. Briefly, the resist films were
spin coated on top of 4-inch silicon wafers wit@ @am thick thermal silicon dioxide layer.
This was followed by soft baking on a hotplate odd exposure with UV radiation (i-line,
365 nm). The exposed samples were subjected tsteegposure-bake (PEB) on a hotplate
and the uncrosslinked SU-8 was developed in Prapy&lycol Monomethyl Ether Acetate
(PGMEA). The processing parameters for the SU-@dilwith different thicknesses are
summarized in Table 1.

The different SU-8 films were pyrolysed in a PEQGt@0rnace (ATV Technologie GmbH,
Vaterstetten, Germany) in nitrogen atmosphere. gywelysis protocol featured two stages:
(i) a temperature ramp from room temperature to°@0@llowed by a 30 min dwell time at
200°C to allow for any residual oxygen to be evaedarom the chamber and prevent
combustion of the polymer as the temperature iseased further; and (ii) a temperature
ramp from 200 to 900°C with 1 h dwell time at 900tCcomplete the carbonization. The
samples were heated and cooled down to room tetoperat a ramp of 2°C /min.



Table 1 —Processing parameters for unpatterned SU-8 filrtis efferent thicknesses

SU-8 type 2005 2035 (dil.) 2075

SU-8 thickness 5pum 9 um 22 um

Spin coating I: 2000 rpm/30 s 1000 rpm/30 s 1000 rpm/30 s

Spread cycle 5000 rpm& 200 rpm& 200 rpm&

Spin coating II: None 4000 rpm/120 s 4000 rpm/120 s

Thinning cycle 500 rpm& 500 rpm&

Soft bake 2 h at RT .15 min at 50 °C lhat50°C
(solvent evaporation)

Exposure 500 mJ/cm 500 mJ/crh 500 mJ/crh

Post bake lhat50°C lhat50°C 25hat50°C

2.1.3 Fabrication of 3D carbon micropillar arrays

Large arrays of carbon micropillars with varioumdinsions were designed and fabricated to
allow for initial characterization of electrical @nelectrochemical properties of 3D
microelectrodes. For this purpose, SU-8 micropdlaays were defined on unpatterned SU-8
films following a procedure previously describeddigtaif® and subsequently pyrolysed . A 5
pm thick layer of SU-8 2005 simulating the 2D botttayer of the final device and a 22 pm
thick 3D pillar layer of SU-8 2075 were processeddescribed in Table 1. An air gap
between the mask and the resist caused by thengeesé an edge bead (EB) can severely
reduce the lithographic resolution and the batehatrh reproducibility of HAR pillars.
Thus, an EB removal (EBR) step was performed afpen coating of the pillar layer to
minimize the height of EB. The EBR was optimizeduléng in an EB of 4.6 um (x 0.1;
average = SD, n=4) compared to 6.9 um (x 0.1; @eetaSD, n=4) without EBR.

The pillar layer was exposed with 150 mJ?dhrough a test mask with hole arrays of
different diameters ranging from 3 to 15 um. Aftiavelopment, the sample was dried in
supercritical C@. In order to completely crosslink the resist, skwpvere flood exposed
with 500 mJ/crh and hard baked on a hotplate at 90 ° C for 4% Finally, the SU-8

structures were pyrolysed following the processdiesd above.

2.1.4 Fabrication of 3D interdigitated carbon microelectrodes (3D-1DE)
To obtain the final 3D interdigitated carbon midemtrodes, a polymer precursor structure

with SU-8 micropillars on a patterned SU-8 film wabricated using a multistep process
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(Fig. 1a-d) followed by pyrolysis (Fig. 1e). Primr SU-8 processing, alignment marks were
photolithographically patterned in a positive phiesist (AZ©5214E from Micro- Chemicals
GmbH, Ulm, Germany) using an image reversal prodeiewed by metal deposition (10
nm thick Cr adhesion layer and 150 nm thick Au tayea electron beam evaporation and
lift off in acetone (Fig. la). SU-8 photolithograplwas performed in two steps: (1)
Patterning of planar interdigitated fingers in S5 with 5 um thickness, 5 um width and
5 um spacing (Fig. 1b). The process parameters therenes described in Table 1 with an
exposure dose of 140 mJ/eni2) Fabrication of SU-8 2075 pillars with 22 pmight and 3
pm diameter on top of the planar interdigitatedydirs (Fig. 1c-d) as described in section
2.1.3.

(a) Cr/Au Alignment marks

(b) 2D layer: spin coating and masked irradiation

- - B

(d) Development and drying in CO2

(e) Pyrolysis at 900° C

Figure 1. Schematic view of the fabrication process

(c) 3D layer: spin coating and masked irradiation

- - B B



2.1.5 Electroderegeneration

For regeneration of carbon structures after exmodgor air contamination, temperature
treatment of carbon was performed at 800 °C fom&® with a heating and cooling rate of
10°C /min, similarly to a previously reported prdoes™.

2.2.  Characterization of carbon electrodes
A range of techniques was used to characterissttbetural-, electrical- and electrochemical
properties of the unpatterned carbon films anccrbon microelectrodes.

2.2.1. Shrinkage measurements using SEM and profilometer

A scanning electron microscope (Zeiss Supra VPwW#Y used for imaging of the carbon
micropillar arrays (section 2.1.3) and the 3D-IB#edtion 2.1.4). To evaluate the shrinkage
of the micropillars, the structure height and ditanevere characterized before and after
pyrolysis For the same purpose, the height andhwaditthe IDE structures interconnecting
the pillars were measured before and after pyrslysing a Dektak 8 stylus profiler (Veeco).

The % shrinkags was expressed ‘ds
d

dsus

s=1-—

(1)
wheredgys is a dimensional parameter of the SU-8 microstmgcbefore pyrolysis such as

the thickness, length, width or diameter alhdhe corresponding parameter of the carbon

microstructure after pyrolysis.

2.2.3. Raman spectroscopy

The bulk structure of carbon films obtained fronu® and 22 um thick SU-8 layers was
analysed by visible Raman Spectroscopy performadgua Raman microscope (Model
DXR, Thermo Fisher Scientific Inc, Denmark) with @xcitation wavelength of 532 nm. All

the spectra were recorded with a 10x long workiistpdce objective and 5 mW laser power.

The Raman spectra were analysed using OMNIC sadtivam Thermo Scientific.

2.2.4. X-ray Photoel ectron Spectroscopy (XPS)
The surface composition of carbon films obtainemfr5 um SU-8 layers at day 1 and day

90 after pyrolysis was characterized using XPS. dradysis was carried out in a Thermo K-
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Alpha XPS instrument with a monochromatic Ak-ource and charge compensation. For
each sample a binding energy survey from 0 to E36Was performed followed by detailed
spectral analysis in thei{binding energy ranges. The atomic concentrationsusface
elements were extracted, using the software packdgantage provided by Thermo Fisher

Scientific.

2.2.5. Electrical characterization

Four-point probe (4PP) measurements on unpattezadibn films obtained from 5 um, 9
pm and 22 um thick SU-8 layers were carried oubh @itCAPRES microRSP-M150 using a
lock-in techniqu&. The current set-point was 200 pA and the frequelrk Hz. The static
contact micro-four point probe used in these expents consisted of micro-machined L-
shaped cantilevers extending from the edge ofieosilsuppoff. Electrical characterization
on carbon films obtained from 5 um thick SU-8 layevas done at different days after
pyrolysis (1, 13, 26, 90 days). An identical apptoavas approach was used for electrical
characterisation of the pillars and the flat unalgel carbon sheet (Fig. 2). For these
measurements, cantilevers of a four-point probeh vat pitch matching the one of a

micropillar array were placed on top of the carpdlars as shown in Fig 2B.

(TR R

#" carbon

pillars

Figure 2. (A) Conceptual illustration of the four-point p®l{4PP) measurements on top of the
pillars. (R-= pillar resistance; )= contact resistance between the pillars and tdensyer interface;
Rs = resistance of underlayer). (B) A micrograph o#-point probe aligned on top of the carbon
pillars.



2.2.6 Electrochemical characterization

Electrochemical characterization was performedmpatterned carbon films obtained from 5
pum and 9 um SU-8 layers using electrochemical irapee spectroscopy (EIS) and cyclic
voltammetry (CV). The impedance spectra were aequin the frequency range 0.1 -°10
Hz. The carbon electrode chips were placed in aamiled poly(methylmethacrylate)
(PMMA) holder. The holder (Supporting Informatidsl) formed a 70-puL vial on top of the
electrode chip to facilitate liquid handling duriegperiments. Interconnections between the
electrode chip and the potentiostat (Reference f6@d Gamry Instruments, Warminster,
PA, USA) were obtained using a tailor-made PCB mgwold plated spring loaded pins
(Mill-Max Mfg. Corp., Oyster Bay, NY, USA). Cr/Augts on the carbon film chip served as
electrical contacts for easy interface with an tetehemical system set-up. The Cr/Au metal
layers (20/200nm) were patterned through a shadaskrby sputtering. In all experiments,
an Ag/AgCl electrode served as pseudo-referenagretke (RE) and a platinum wire served
as a counter electrode (CE). The EchemAnalyst soévirom 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 &tidl interdigitated carbon electrodes in
different dimensions derived from SU8 were sucadiysffabricated. Below follows the
charachterisation of these structures before ated pyrolysis using various characterisation
techniques such as profilometry, SEM, 4PP, XPS, &aspectroscopy, EIS, and CV.

Usually during pyrolysis a significant loss of nréé takes place due to evaporation of
hydrocarbons, C& and other gaseous products upon decompositiophoforesist and
aromatization. These events result in weight loss$ @densification, leading to shrinkage of
the structure®. In order to investigate the shrinkage of SUS8 miyipyrolysis, unpatterned
SU-8 films with the three different thicknessesdit® making the final 3D pillar structures
were first prepared, pyrolysed and characterisedhlel 2 summarizes the thickness values

measured before and after pyrolysis.



Table 2 —Thickness of unpatterned films before and afteolygis measured with profilometer

Material SU-8 [um] Carbon [um]
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 pill diameters were fabricated and
successfully pyrolysed, as schematically describd€dg. 1. Fig. 3 shows micropillars before
and after pyrolysis. We investigated the vertigad ¢ateral shrinkage of the pillar structures
by SEM imaging before (Fig. 3A and C) and aftergbysis (Fig. 3B and D). The dimensions

of the micropillars before and after pyrolysis atenmarised in Table 3.

Table 3 - Dimensions (average * s.e.m., n=48) of micropillzefore and after pyrolysis evaluated
from SEM images; ND=Nominal diameter on the litreggtic mask; C=Carbon

Pillar diameter Pillar height
ND [pm] SU-8 [um] C [um] SU-8 [um] C [um]

3 3.07£0.02 1.44 +0.02 23.44 £ 0.07 11.1+0.1

35 3.49£0.03 1.66 £ 0.02 235+0.2 11.37 £ 0.04
4.16 £ 0.03 1.98+0.04 245+0.2 11.69 £ 0.06
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 wiath of SU-8 and their corresponding
carbon structures. Different dimensions of the Seu8ctures induce different degree of
shrinkage during pyrolysis. For instance, SU-8apdlwith diameter ranging from 3 to 4 um
shrunk isometrically, i.e. the height and diametiethe pillars shrank in the same proportion
(~50%).
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Figure 3. SEM images of SU-8 (A and C) and carbon pillarsaf@l D) (Scale bars: 2 um). (E) %
shrinkage in width (sh Width) and height (sh Hejgbit pillars with different diameters (data are
average = sem, n=48).

Finally, 3D-IDEs were fabricated (Fig. 4). For theterdigitated 2D structures that
interconnect the pillars, the shrinkage calculatexnn profilometer analysis exhibited a
decrease of 91.7+0.5% vertically and only 27.2+3.2%erally (average = s.e.m., n=23),
yielding fingers in carbon of 0.4 um in height &8 pm in width. The carbon pillars on the
IDE were 1.4 pm in height and 11 pm in diameter.

2um

Figure 4. SEM images of 3D-IDEs with carbon pillars internented by interdigitated structures (A)
before and (B) after pyrolysis. (C) Photograph dlecon chip with the pyrolysed carbon electrode
array structures (12 three-electrode systems atehtre 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 gragdtion (i.e. disorder and crystallite

formation) of the pyrolysed carbon constituting B electrode chip, Raman spectra of
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carbon films with two thicknesses, 0.4 um and 11 were analysed (Table 2). Fig. 5
compares Raman spectra of the two carbon filmsrdedousing identical experimental
conditions. The spectra featured both the grapbsicd (G-band) and the disorder-induced
(amorphous) band (D-band), characteristic for carbmterial$”*® The D-band at 1350
cmt is ascribed to the microcrystallite graphite doeethe enhanced double resonance
Raman scattering. The G-band at 1590 'trwhich is close to the Raman line of single
graphitic crystals at 1575 ¢h is the band of bond stretching motion pairs &f Gpatoms
present in aromatic rings as well as in olefiniaiod'®. The slight frequency shift (~15 ¢
observed for the G-band in the spectra could betal@stremely small crystallite siZelt is
known that the peak intensity ratio of the D ando&ks varies inversely with,(Ip/lc
«x1/Ly) where L is the crystallite size ang bnd k are the intensities of the D and G peak,
respectively’. Hence, the higher the microstructural disorderth® carbon matrix (and
thereby the higher the number of defects) is, figadr is the D peak intensity and thus the
smaller 1;***° The b/l value for both spectra was 1.1, indicating a simihicrostructure

for the two layers, and thereby a comparable amouatorphous regions.

peak Gpeak

3 AR

© AL
2 E,,mode

7))

C
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500 1000 1500 2000

Raman shift, cm™

Figure 5. Raman spectra of carbon layers with a thickne€sbfim and 11 um. The spectra indicate
the presence of D and G bands, similarly to glasslgon and other pyrolysed carbon materials.
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3.3.  Electrical characterization of unpatterned cabon films and 3D carbon pillars
Electrical characterization using 4PP measuremeats conducted on unpatterned carbon
films with the three different carbon film thickrees shown in Table 2 (0.4, and 1.6 and 11
pm). On 11 um thick carbon films no measurement® wessible. This could be explained
by tendency of thicker carbon films to present @ased roughness, as evidenced by AFM
measurements (Supporting Information S2), whichdé&iad proper contact between the
probe and the carbon surface. Generally, all measemts on the two thinner films showed a
phase change of less than 0.2 degree indicatingod ghmic contact to the sample and a
surface layer with a good conductivity.

The resistivity values of the 0.4 pum film (1.6 8& 10° Qcm; average * s. e. m., n=9) were
higher than the resistivity values of 1.6 um fillhy + 0.04 x 18 Qcm; average # s. e. m.,
n=9), suggesting a correlation between electrodestreity and carbon film thickness. This
phenomenon has previously been observed for pydlysrbon from SUZ and other
carbon-based films such as carbon nanotube corepdsiind graphené®? Park et af?
reported very similar resistivity values for ~ 0.4 fhick films derived from SU-8. However,
for 1.6 um thick carbon films they showed a registimore than one order of magnitude
higher than the one reported here. It was specluthtg thick layers might impede efficient
degassing of various hydrocarbons and carbon oxlbeying down the increase of the
relative amount of carbon in the film. The invetsghaviour with a lower resistivity for
thicker carbon films observed in our case couldrddated to the slow heating during the
pyrolysis process (2°C/min). The low heating rateld facilitate the outgassing of the non-
carbonizing compounds and the build-up of the afiise carbon structuf& leading to
lower resistivity of the thicker carbon film.

The resistivity of the 3D-carbon pillars and that fluinderlayer carbon sheet was determined.
No significant difference was seen between the oredsresistance of the underlayer carbon
film (Fig. 2) (Rs=39.8Q + 0.7 Q; average = s.e.m., n=4) and the resistance throlugh
pillars (R=39.7Q + 0.9Q average * s.e.m., n=4), indicating a negligiblgistance at the
pillar-underlayer sheet interfacegR This essentially means that there is a good ection

between the pillars and the underlayer film.
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3.4. Ageing of carbon and its regeneration

In preliminary experiments, changes of electriaadl @lectrochemical behaviour with time
were observed. Therefore, the dependence of theud.4arbon film resistivity on film
ageing and surface oxidation was evaluated. Atimage of samples in ambient air for 90
days, high-resolution XPS;Cspectra revealed appearance of a “shoulder” imggen from
286 to 289 eV (Fig. 6A), which has been ascribeddsorbate§>* This was accompanied
by higher O/C ratio (from 0.02 to 0.1) in the synapectra of stored samples (Supporting
Information, S3). Samples pyrolysed in the presafadtrogen atmosphere have an oxygen
terminated surface, which tends to adsorb impsftieContamination by adsorbates
increases the O/C ratio on samples exposed tontiiigeat atmosphere in the laboratory, a
phenomenon that has also been observed for glaagyort and pyrolysed positive
photoresi€t Possible mechanisms responsible for adsorptiaronpolar adsorbates are e.g.
creation of induced dipol&s

Resistivity measurements using 4PP measurementiuctad on carbon films at different
days after pyrolysis (Fig. 6B) showed increasedistiggy values for longer air exposure.
The higher resistivity may be caused by the in@dascidation level of the surface, leading
to decreased conductivity of the surface layereAfilm regeneration for 30 min at 800° C,
the resistivity was 1.700 + 0.002 x 4@ cm (average + s.e.m., n=9), which is comparable to
the initial value (1.6 x 16 Q cm). During the thermal treatment, the initial detion
condition might be regenerated and the initial teies properties of the carbon film were

effectively restored.
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Figure 6. (A) Representative &spectra of 0.4 um carbon film after 1 and 90 dagafpyrolysis.
(B) Increase in resistivity of 0.4 um carbon filnitiwthe number of days of exposure to ambient air.
The error bars represent the standard error of nmear®.

3.5.  Electrochemical Characterization

It is known that the resistivity of pyrolysed carbcelectrodes is related to their
electrochemical resporf§&®> However, the electrochemical behaviour of maleris
dependent on other factors, such as the capabilithe surface to participate in electron
transfer and the presence of possible inhomogendityencing the capacitive properties.
Hence, characterization of a material using electige probes can give information beyond
mere conductance measurements. The electrocherheiadviour of the unpatterned
pyrolysed carbon films was evaluated using CV at@l\Eth the redox probe Fe(CN)'*".
The acquired CVs (Fig. 7A9howed lowen\E; values (difference in peak-to-peak potential)
for 1.6 um carbon films (152+8 mV; average = SD4neompared to 0.4 pm films (210+£22
mV; average + SD, n=4). Fig. 7A also depicts amaase in peak current for the 1.6 pum film.
The decrease iAE, values and increase in peak current with incredidmdthickness are
likely due to decreased resistivity for thickemfs, which are thus more favourable for
electron transfer at the electrode surface.

Although CVs are widely used for characterizatidnetectrode materials and electrode
processes, the obtained information cannot conwdstailed understanding of the behaviour

of an electrode material. EIS has been applied Iwifier characterization of electrode
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materials and modifications due to the richnesshifined information. Especially in the
case of micro- and nanofabricated systems, EISydd information of the conductance of
the system, which can be affected by material ptegse and prepared interfacing to
measurement instrumentation. Moreover, when applits using electroactive probes, such
as Fe(CNy*™, both capability for faradaic electron transferogesses and material
capacitive properties can be characterized indepehd of the general contribution of
material conductance, as illustrated by the presene¢sults below. Figs. 7B and C show
typical Nyquist plots for the two film thicknesseistained using EIS. The impedance spectra
of the thin 0.4um carbon film shows a small capacitive semi-cir@teg. 7B) in the high
frequency region, which disappears in the Nyqulist pf the 1.6um thick carbon films (Fig.
7C). This capacitive semi-circle was independertarhposition of the solution (Supporting
Information, S4) and seems to be only related ¢obtlk properties of the pyrolysed carbon.
Due to its inherent nature, pyrolysed carbon caoistai mixture of spand sp carbon regions,
which at molecular level could be pictured as pesclf conducting ($pregion) and
insulating areas (Spegion). In the bulk carbon material this leadslistributed resistances
and capacitances, which can be modelled as sesegpaktitors and resistors in parallel, and
hence as an equivalent resistgriR parallel with an equivalent capacitog @-ig. 3B). Two
equivalent circuits, both related to the modifieah&les model and depicted as insets in Figs.
7B and 7C, were used to fit the impedance speditaireed for the two different carbon
thicknesses. In Figs. 7B and C both the experinhenetsults and the fitted curves are
presented, showing that the given two equivaleruds fitted the experimental results very
well throughout the entire frequency range. Thisvps that the given equivalent circuits
were suitable for interpreting the spectra. Theivadent circuits for boron-doped diamond
electrodes have shown similar characteristics @siie for the 0.4 pm thick carbon fifn
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Figure 7. (A) Representative cyclic voltammograms at carfioms of 0.4 um and 1.6 pum thickness

(in 10 mM potassium hexacyanoferrate (Il/Ill) in ®BH7, scan rate 100 mV* sersus Ag/AgCl

pseudo-reference electrode). Nyquist plots of Gt (B) and 1.6 um (C) carbon films in 10 mM

potassium hexacyanoferrate (lI/11l) in PBS pH 7dts are the corresponding equivalent circuits. R

is the solution resistance; CPE is constant phiaseesmt, Rris the charge transfer resistance,add

Rg are the capacitance and resistance respectivalgsponding to the incomplete capacitive semi-

circle at high frequencies.

real’

Table 4 summarizes the values obtained from thieditRs is the solution resistance; Q is
the magnitude of the constant phase element (CPH)jequencyw=1, anda is the
multiplication factor of the phase anglez{#s the charge transfer resistance,add R are
the capacitance and resistance respectively camespg to the capacitive semi-circle in the
high frequency region.

Generally, the R value indicates the magnitude of the solutionstasice. However, for
microfabricated systemssRRan comprise additional resistance related tes¥lséem. The R
values derived from the fitting are higher for Qu# carbon films than for 1.6 pum thick
films. In our system the same electrolyte solutm redox probe concentration was used
during spectra acquisition, hence aside from tlesgmce of extra capacitive and resistive
components in the equivalent circuit, the increaBedvalue for the thinner carbon films
could be related to the higher overall resistarfct® system, as indicated by the CVs and
the electrical measurements. Generally, for in@@asurface inhomogeneity, such as
roughness and presence of both edge and basalitgraplanes in pyrolysed carbon
electrodé’ (leading to inhomogeneous electron transfer reaatates of redox systems at
pyrolysed carbon surfacs o decreases. Similarly, in our case the decreasinglue

(Table 4) seems to be related to the roughnessaserfor thicker films.

17



Table 4. Values obtained from the fitting of the acquitel® spectra. The relevant values age Rz,
Rs, anda.

Ce(F) Re(®) Rs(®) Rer(@ W(SsH Q(S¥) «
0.4pum 2,03E-10 1,38E+03 2074  330,8 2,21E-03  4,19E-05 0,731
1.6 um  N/A N/A 78,13 3954 251E-03  4,06E-05 0,695

Albeit the increased resistance, indicated by gtadtand electrochemical measurements of
the thin carbon film, the electrochemical behaviotithe 3D-IDE carbon structure with 0.4
pm thick IDE (Fig. 8) is still suitable for furthexpplication. However, by increasing the
thickness of the carbon IDE underlayer it couldplessible to improve the electrochemical

performance of the 3D-IDE electrode.

scan rates, mV s™
5
—10
—25
04 02 00
Potential, V

Figure 8. Representative cyclic voltammograms at carbon BBE-ith 0.4 um thick IDE recorded at
different scan rates versus Ag/AgCl pseudo-refezeziectrode in 1mM ruthenium (II/Ill) hexamine
in PBS pH7.

4. Conclusions

Pyrolysed carbon is an excellent material for etettemical applications that can be
optimized employing different fabrication conditonC-MEMS technique can facilitate
various 2D and 3D electrode designs suitable fowide range of next generation
electrochemical sensors. The results presented $teves the fabrication and thorough

characterization of the 2D and 3 D electrodes ftbm precursor SU-8. The 3D structures
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were high-aspect ratio micropillars with dimensiafese to the resolution of UV lithography

(2.4 pm in diameter and ~11 um in height) which wpatterned on large areas. The
electrodes were characterized with various techasqtor their shrinkage, and different

properties: electrical, electrochemical, bulk mstracture (i.e. disorder and crystallite

formation). Moreover, micropillar arrays were fipglatterned on IDE structure to obtain 3D
IDE carbon microelectrodes. Due to their good prige the obtained 2D and 3D electrodes
can be further used for bioelectrochemical appboet
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Supplementary information

Figure S1.Conceptual drawing of the micromilled electrocheahicell used during electrochemical
characterization. Exploded view of the differentrtpa (1) bottom plate with place for (2) the
electrode chip with 4 different WE areas, (3) midtp defining 4 WE vials with (4) o-rings on top,
and (5) a PCB as a top plate with spring loaded fon connection to Cr/Au pads connected to the
WEs.
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Figure S2.The roughness of carbon films of 0.4 um (A) arél|im (B) was measured using AFM.
The AFM measurements were performed using a Diroan3iL00 platform AFM (Bruker AXS,

Germany). The surface topography images of sanypées acquired in tapping-mode with a silicon
tip. Scan size was 3um x 3um. The roughness wasnd2for 0.4 um film and 0.44 nm for the 1.6

pm film
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Figure S3.XPS Survey spectra of carbon films at 1 day and@®& after pyrolysis. The spectra
show increased oxygen content with exposure ttati@ratory atmosphere.
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Figure S4. Zoom-in of the Nyquist plots for 0.4 um carbonnfilin 1 mM ruthenium (II/1II)
hexaammine (rut), 10 mM potassium hexacyanofe(tti#) (fer), and PBS pH7. The spectra show
the presence of a capacitive semicircle regaraiésise electrolyte solution. Inset: zoom-out of the
same Nyquist plots.
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I ntroduction

Different carbon allotropes have been used asrelitmateridt?, such as graphite, boron
doped diamond, carbon nanotubes (CNTs) and glksselrbons. The latter are carbons
obtained through pyrolysis, which is carbonizatirorganic polymersat high temperature
in an inert atmosphere. Glassy carbon (GC) eleetrodre obtained by pyrolysis of
polyacrylonitrile or phenol formaldehyde polymeresin precursors at 1000-3000 °C. GC
electrodes exhibit excellent electrochemical propsrand thus are often used as the ‘gold
standard’ to compare the electrochemical behawiduwther electrodes. Photoresist-derived
pyrolysed carbon (PC) electrodes are structuraity electrochemically similar to GC and
are very attractive for preparation of patternedctbdes of different sizes and shapes.
Moreover, the use of the negative photoresist Sidbles fabrication of three dimensional
(3D) micro- and nanoelectrod®és!in pyrolysed carbon (3D-PC).

The surface chemistry of carbon electrodes is inapbfor determining their electrochemical
behaviour, as well as for their further applicatietence, significant work has been devoted
to characterization and functionalization of carbaglectrodes? For instance,
functionalization can provide tethering points fmbsequent immobilization of DNA™°
enzyme¥™’ antibodie®!® and electroactive groufis Moreover, due to the inherent
hydrophobicity of 3D micro- and nanostructiffesincreasing hydrophilicity, and hence
wettability, conveyed by the introduced surface ctionalities is required to allow

interfacing of 3D-PC structures for electrochenyistand for cell-based wofk
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Characterization of the surface wettability is thoscessary. Evaluation of surface
wettability, expressed as the contact angle (CAjveen the liquid and the surface, gives
information about e.g. hydrophobicity, roughness] surface heterogeneity

To introduce surface functionalities, which confproperties suitable for a desired
application, carbon materials can be modified ustifferent physical and chemical
treatments, such as polymer coaffifj plasma modificatioff?° UV-assisted
modification ®**% oxidation using strong acifs" or anodizatioh®’ electrochemical
oxidation of amines and reduction of diazonium®3allasma treatment of carbon surfaces is
a rapid, effective, and versatile method that careasily tuned to introduce a wide range of
functional groups by varying plasma parametersh 4 power, pressure, gas mixture, and
treatment tim&2%2°3¢ Furthermore, plasma treatment can be performedrge areas. The
excited species within different plasmas, i.e. tetets, radicals, and ions, strongly interact
with carbon materials, breaking, e.g. C=C and Ge@ids, and hence creating active sites that
react with atoms present in the plastiaghe complex mixture of functionalities introduced
by plasma treatment influence the physical and atemroperties of a surface. Specifically,
it results in a dramatic change in the surface@ri®and roughness, which alter the wetting
characteristics of the surface.

Aryl diazonium modification is performed by situ generation of an aryl diazonium salt
from the corresponding aniline derivative whichthen electrochemically grafted onto the
electrode surface in a single steBy synthesizing diazonium salts with differennétional
groups, the variety can be increased further and ftossible to more strictly control the
introduced functionalization. Electrochemical retilue of diazonium salt thus offers a
versatile and selective grafting of functional gyewon a carbon surface. Moreover, since the
reaction is performed electrochemically, it is pbksto limit and direct the modification to a
specific working electrode in an array of indivitlya addressable electrodes.
Electrochemical reduction of aryl diazonium saltsviast applied to GC electrod@sSince
then, this method has been successfully used oer atarbon materials (e.g. CNf's
graphité®, graphen, and P¢**), as well as semiconductor materials and metak. (e
silicon***° stainless ste® copper, gold, and platindf). This method yields very stable
surface functionalization, requiring mechanicalasiion for its removal, indicative of the

covalent nature of the molecular attachrfent



Previous studies have provided very useful inforomategarding the properties of plasma-
and aryl diazonium modified PC electrotfe®*>*® The purpose of this work was to
investigate differences in functionalization methaaf two dimensional (2D) and 3D PC
structuredy electrochemical grafting of diazonium salt och#hinobenzoic acid and plasma
treatment with oxygen (£) and water vapour/oxygen £8/0;) mixture. The 3D structures

were high-aspect ratio carbon micropillars with fidh in diameter and 11 um in height

For this purpose, X-ray photoelectron spectroscoff®S) analysis, electrochemical
characterization with different electrochemical e and CA measurements were

performed on the PC structures before and aftéaseimodification.

Methods

Chemicals

Hydrochloric acid (HCI) (BioReagent), sodium nirifNaNQ), phosphate buffered saline
(PBS), 4-aminobenzoic acid (4-ABA), potassium feyanide  ([Fe(CN)®),
hexaammineruthenium(lll) chloride,,and hexaammitiegnium(ll) chloride were purchased
from Sigma-Aldrich Corporation (St. Louis, MO, USAotassium ferrocyanide ([Fe(G)

) was purchased from Fluka BioChemica (Buchs, GapnaAll solutions used for
electrochemical characterization were preparedltirapure water (resistivity 18.2 Mohm
cm) from a Milli-Q ® water purification system (Mipore Corporation, Billerica, MA,
USA)

Diazonium salt modification

Modification of PC electrodes by introduction ofrlsaxylic acid functional groups was
achieved by electrochemical reduction of the diamoncation generatech situ from 4-
ABA>%°! Briefly, 1 mM of NaNQ was added into a 1 mM acidic solution (0.5 M HGI}-
ABA to generate the diazonium cation. The soluti@s kept in complete darkness and in an
ice bath and allowed to react for 5 min under gigm and stirring. Surface derivatization was
carried out in the diazonium cation-generating sotuby scanning from 1 V to -1 V vs. a
Ag/AgCI pseudo-reference electrode (RE) at 100 m¥bs two cycles.



Plasma treatment

The plasma treatment was carried out in an AtterR&|System (Diener Electronic GmbH,
Ebhausen, Germany) undep @ H,O/O, atmosphere. The chamber was first evacuated to
below 15 Pa before introduction of the gases. Aftex pressure of the chamber had
stabilized at 30 Pa upon application of gasespw glischarge plasma was initiated at a radio
frequency of 13.56 MHz by setting the electricalvpo at 50 W. Immediately after plasma

treatment for 1 min, the carbon structures wereasharised.

XPS

X-ray photoelectron spectroscopy (XPS) analysis e@se on 2D PC films with a K-Alpha
spectrometer (Thermo Fisher Scientific, UK) using0® pm wide monochromatized AlKa
X-ray spot and by collecting the emitted photoelats at a pass energy of 200 eV for survey
spectra and 50 eV for high resolution spectra. $b#ware package Avantage of the
instrument manufacturer allowed elemental compmsitiand high-resolution carbon
spectrum fitting. For deconvolution ofispectra, a Shirley type backgrodhtf was used.
After baseline subtraction, an asymmetrical Gausdiarentzian sum (30%) function served

for curve fitting using an optimized peak shape.

Electrochemical characterization

Electrochemical characterization was performed @ RC films using electrochemical
impedance spectroscopy (EIS) and cyclic voltammeiriie impedance spectra were
acquired in the frequency range 100 kHz - 0.1 H®e Mmeasurements were performed using
a computer controlled Reference 600 potentiostain fiGamry Instruments (Warminster,
PA). Presentation and analysis of recorded impesl@pectra and cyclic voltammograms
(CVs) were performed using EchemAnalyst (V. 5.%nfrGamry Instruments. CVs were
recorded using a three-electrode system having/Agky) pseudo-reference electrode (RE),
and a platinum wire counter electrode (CE). For E&asurements a two-electrode system

was used.



CA Measurements

CA measurements on films and 3D carbon surfaces werformed with water as wetting

agent using an OCA 20 goniometer (DataPhysicsumstnts GmbH, Filderstadt, Germany),
controlled by the manufacturer's SCA-20 softwarelage. Static, advancing and receding
CA were measured after applying a 2-ul drop of watethe surface. The CA of water drops
deposited on the carbon structures were measuriedeband immediately after plasma

treatment and diazonium salt modification.

AFM Analysis

Atomic force microscopic (AFM) characterization waexformed on flat PC surfaces using a
Dimension 3100 system (Bruker AXS GmbH, KarlsruBermany). The surface topography
images of samples were captured in tapping-mode avdilicon tip. Scan size was 3 um x 3

pum.

Results and Discussions

XPSanalysis

The surface elemental composition of untreated pladma treated 2D PC films was
determined by XPS survey spectra (Table 1). Batlari@ HO/O, plasma treatment resulted
in an increase in oxygen/carbon content ratio (O¢Gnpared to the untreated carbon
surfaces. These findings are in accordance witht iaaa previously been shown for, O
plasma-treated PE?® . Moreover, the results of our study demonstrat 3 plasma
treatment results in a greater increase in thet@@ HO/O, plasma treatment.



Table 1. XPS analysis of untreated, @xd HO/O, plasma-treated PC films. (Average *s.d. (n = 3))

Scope of analysis Analysis of samples

Retrieved parameter Untreated O, plasma Elﬁlr%
Atomic compositioh O/C (%) 22+0.2 29.7+0.1 22.4+0.3
Binding Energy (e\) éii%%i%rih(ﬁ/gical

284.64 + 0.06 C-C&C=C 63.1£0.8 54.4 +£0.5 5682
285.7+0.1 c-6 12.05+0.04 12.3+0.1 13.00 £ 0.05
287.12 £ 0.08 c=6 8.8+0.3 21.2+0.3 16.6 £0.3
289.01 +£0.03 0-C=0 N/A 12.2+04 13.5+0.1
290.20 £ 0.04 shake-up 16.0+£0.6 N/A N/A

'The atomic composition was obtained from surveygspe

*The relative percentage of chemical componentsobtained from @ peaks by deconvolution.
%e.g. alcohol, ethepecies.

*e.g.ketone, aldehyde species.

®e.g.carboxylic, ester species.

XPS analysis was also used to determine the relagercentage of the chemical
component8*that define the composition of PC films (Fig. 1).
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Figure 1. Fitting of high resolution & spectra forA) untreated PC films$B) O,, C) H,O/ O, plasma
treated films. For all the recorded spectra, ttedrels (grey line) were low indicating a good fit
between the fitted curves and the spectrum.

Table 1 lists the assigned chemical componentssiwivere considered for curve fitting of

the Gs spectrum and the calculation of the percentagesobvolution of the ¢ spectrum



gives at most five individual component groups. Timain peak corresponds to?sp
hybridized graphite-like carbon (C=C) atoms antHsybridized carbon (C-C) atortfs The
other peaks are considered to originate from oxyfyerctionalities representing carbon
atoms linked to one or more oxygen atoms that deetrenegative and hencet are
withdrawing electrons from the carbon atom. Thedpectra of untreated PC present shake-
up satellite peaks due tet* transitions in the aromatic rings of the graphigirea¥’. The
area of this region in the untreated sample was.16%

Aside from graphitic carbon, alcoholic groups wtre most abundant functionalities (12%)
on the untreated surfaces. As a consequence ohalaeatment, the relative content of the
main carbon peak decreases, whereas those of O-CG=@,and C—-O bonds increase. In the
collective main Gspeak, the C=C is more reactive than C-C and isdenpected to be the
primary target of the plasma modificatfon The results indicate that plasma induces
oxidation primarily of the C=C bonds thus facilitef introduction of new surface
functionalities on PC surfaces. Specifically, tiedative percentage of C-O groups slightly
increases compared to the untreated counterpgréciedly on the HO/O, plasma-treated
surfaces. Although C=0O groups were the least préaam (~9%) on untreated surfaces,
their content increased after plasma treatmentjgbbigher on @ plasma-treated surfaces
(~21%) compared to #D/O, plasma-treated ones (~17%). Shake-up satellitespdiappear
on all plasma-treated surfaces with the subsegappearance of peaks representing
carboxylic functionalities, which show higher insgly on HO/O, plasma treated samples.

Electrochemical evaluation of plasma treatment and diazonium salt modification

In diazonium salt modification, the molecule usedgrimg the reaction is commonly a
substituted benzene ring. In our case, the substitwas a carboxylic group. The
modification (Fig. 2) involves reaction of 4-amirestzoic acid with sodium nitrite to form a
phenyl diazonium ion, capable of undergoing elexttemically induced one-electron
reduction on carbon electrodes. This generatesal¥bxyphenyl radical and,Nthe former

of which reacts with the carbon surface by couptimgn unsatisfied valence or adding to a
double bond, yielding a 4-carboxyphenil (4CP)-teratéd surfacg>>>°
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Figure 2. Modification of carbon surfaces by reduction ofl aliazonium reagents illustrated by the
reaction of 4-aminobenzoic acid with nitrous acid.

The changes in surface characteristics of PC pfsmma modification and electrochemical
reduction with diazonium salt were monitored ustwglic voltammetry and EIS. Fig. 3
depicts cyclic voltammograms (CVs) of [Fe(GN)*" recorded at an untreated PC films and

the same surface after 4-CP modificatiopQHD, and Q plasma treatment.
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Figure 3. Representative CVs at an untreated PC film atet 4fFCP modification, kD/O,, and Q
plasma treatment (in 10 mM [Fe(GN)"* in PBS pH 7, scan rate 50 mV, potential versus RE).

For the untreated surface, the CV shows quasisélerbehaviour, while for the surface
modified with 4-CP the anodic and cathodic pealkatesl to the redox reactions of
[Fe(CN)]*™ are not visible. This significant blocking effeés caused by surface
passivation as a consequence of 4-CP modificEtich

Different factors contribute to the blocking effexftthe diazonium modification and depend

on the parameters used during diazonium modifinatisuch as aryl substituent,



concentration of the diazonium salt, applied pa&rend its duratiotf % In our case, the
presence of the tethered 4-CP layer causes elettnsgfer limitation due to electrostatic
repulsion of [Fe(CNJ*7*~ as well as generates a physical barrier that hinttes access of
[Fe(CNX]*"* to the carbon electrode (Figure 4A). The.mf the carboxylic group of 4-CP
is close to 2.8 when 4-CP is surface-botinHence, at a neutral pH the carboxylic group is
deprotonated, which renders the net charge negativéhe 4-CP modified surface. This
negative charge at the electrode-electrolyte iaterfrepels the [Fe(CNJ* anions, thus
blocking the diffusion of the redox probe to theeattode surface. Consequently, this
blocking causes a severe decrease in the electnstér kinetics of the redox prabé’. The
physical barrier formed by the tethered 4-CP lageuld be explained by good barrier
properties of closely-packed monolayers due to @an Waals interactions between the
aromatic ringd’. This phenomenon is analogous to the one repéotealkyl chains of thiol
layers®®*forming tightly packed self-assembled monolay&&Nls).

For structurally disordered SAMs on gold electrodim blocking effect is affected by
possible defect sités(Fig. 4B), which shorten the tunnelling distanceveell as result in
decreased electrostatic repulsion due to an inedeggacing between charged functionalities
(e.g. carboxylic groups). These events togetherease 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 ebetiemically tethered on a carbon
surface. A) Highly ordered 4-CP layer with blockieffect due to electrostatic repulsion and physical
barrier; B) Disordered 4-CP layer which increaseglobability of electron transfer.

While 4-CP modification of PC surfaces seems taiigantly hinder electron transfer, both
plasma treatments have only a small effect, regulin slightly lower peak current and
higher peak potential separatioxEp) in the CVs of plasma treated samples (Fig.Btahle

2). For the plasma treated surfaces, the densibggéatively charged functionalities, such as
deprotonated carboxylic groups (at neutral pH irfsPBtroduced by the plasma treatment, is
lower compared to the outcome of the electrochdnreduction of aryl diazonium salt.
Interestingly, theAEp values are higher for,B/O, plasma treatment compared to treatment
with O, plasma, which could be related to the higher dgmdicarboxylic functionalities, as

demonstrated by XPS analysis (Table 1).

Table 2. Values (average * s.e.m, n=4)AfEp, anodic and cathodic peak currents derived €fa
recorded at untreated PC film and after 4-CP mcatibn, HO/O,, and Q plasma treatment (in 10
mM [Fe(CN)]*"* in PBS pH 7, scan rate 50 mV, potential versus RE).

AEp (mV) anodic peak (MA) cathodic peak (LA)
untreated 177 £10 288 +4 -300£7
0, 252 +£12 192 +11 -199 + 11
H,0/0, 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 functionalugointroduced by the plasma treatments
on PC electrodes was also evaluated by EIS. Figwlows the impedance spectra of the
carbon films for the untreated and modified eladttoThe Nyquist plots of untreated and
plasma treated PC surfaces (Fig. 5A) are charaetkéby a semicircle in the high-frequency
domain, representing the capacitive behaviour, an@/arburg line in the low-frequency
domain, characteristic of a diffusion limited preseThe semicircle diameter represents the

charge-transfer resistance;Ri.e. the electron transfer limitation
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Figure 5. (A) Representative Nyquist plots recorded ateated PC films and after modification of
PC films with Q plasma, HO/O, plasma, and (B) 4-CP groups (in 10 mM [Fe(gNf~ in PBS pH

7). Inset: Randles modified equivalent circuit usednodel the acquired EIS spectra. The circuit
includes the ohmic resistance of the electrolytetem (Rs), the Warburg impedance (W), the charge
transfer resistance (R, the constant phase element (CPE).

A Randles equivalent circlft modified by replacing the double layer capacitandth a
constant phase element (CPE) facilitates modediinigterfacial phenomena and was used to
fit experimental EIS spectra for both untreated anudlified electrodes (inset in Figure 5B).
The modified Randles model comprises four elemefjsthe ohmic resistance of the
electrolyte solution (F); (ii) the Warburg impedance (W) due to diffusiimitation of ions
from the bulk electrolyte to the electrode inteefaii) the charge transfer resistance{R
which exists if a redox probe is present in thectetdyte solution; (iv) the CPE at the
electrode-electrolyte interface includes the doublger capacitance of the surface and is
related to the surface condition of the electroblee CPE was employed instead of a pure
capacito?® due to surface inhomogeneity of carbon electtfdesriginating from the
presence of both edge and basal graphitic plafiée electron transfer reaction rates of
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redox systems at basal planes are more sluggisparenh to the ones at the edge pl&hes
resulting in inhomogeneous reaction rates and hendeg rise to non-ideal capacitive
behaviour, modelled as CPE.

The acquired spectra were fitted to the equival@rtuit using nonlinear least-squares
regression (dotted line in Figure 5). The fittimglicated good agreement of the equivalent
circuit model with the acquired data over the enéipplied frequency range. Table 3 shows

the extracted parameters.

Table 3. Values extracted from the analysis of EIS speat@uired at untreated and 4-CP modified
PC films (spectra recorded in 10 mM [Fe(GIRf* in PBS pH 7). @, values were calculated using
equation 2.

untreated 4-CP modified

Rs 2,1E+02 2,1E+02
Q 4,0E-05 1,2E-06
o 7,4E-01 9,1E-01
Rer 3,3E+02 3,3E+05
CoL 6,2E-06 5,3E-07

The untreated carbon film reveals the smallest cecte domain, implying a low & (330
Q). The Ry value is of the same order of magnitude as foe Iptaissy carbon electrodés
After plasma treatment, the observed increasearséimicircle diameter in the Nyquist plots
indicates the increase incR These results can also be analysed by considehag

electrochemical basis of the-R as indicated in Eq.%%

RT

252 0
C*n2F2 Ak Yy

Rer = Equation 1

whereR is the molar gas constant,is the absolute temperature of the systé€m,is the
equal concentration of the oxidized and reducedhfof the used redox probe,is the
number of electrons involved in the redox procésis Faraday’s constand is the area of
the electrode surface available for the redox ms)emdkoapp Is the apparent standard rate
constant of the redox process at very small overgi@ (for an electrochemical system at
equilibrium).

In this specific casekoapp in eq.1 can be primarily affected by surface madiiions.

Generally, for electrode surface modifications, grenary effect is either an increase or
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decrease in the rate of a redox process. The iepulsetween the negatively charged
carboxylic groups on the surface and the [Fe@Nj™ anions reduces the ability of the
redox probe to access the electrode surface, amsl dacreases the kinetics of the redox
probe, which results in an increase ierR>". In the case of D/O, plasma modification the
increase in Br is more pronounced than on Plasma modified surfaces. These results are
in agreement both with the parameters extractad tiee CVs, shown in Table 2, as well as
higher density of carboxylic functionality shown B§PS analysis as a consequence of
H,0O/0, plasma treatment (Table 1).

In agreement with the cyclic voltammetry data obl€a2, Nyquist plots of plasma modified
surfaces (Figure 5A) exhibit a considerably lowetr Rhan the one on 4-CP-modified
surfaces. The blocking effect of the 4-CP film digantly increases the && on the surface
(3.3 x 10Q) compared to the untreated electrode surface. dWere the Warburg line is not
visible due to hindered electron transfer and henass transfer limitation is not manifested.
These results are similar to the ones reportedforelectrodes modified with 4-CP groups
56,57.

Aside from R1*"*®and Ky, determination of the capacitances(Efrom the CPE*® can

be employed to evaluate the effect of electrodeifications’”®""° In this work, the G,

value was calculated from the parameters derivad the fitting (table 3) using Eq®%'™*

Equation 2

WhereQ is the magnitude of CPE at frequensyl, « is the multiplication factor of the
phase angle and is an empirically derived constBm. other parameters are the same as
previously described.

The value ofa can vary between 1 (pure capacitive behaviour) @nfpure resistive
behaviour). For untreated PC carbon films$s quite low (0.74) in comparison with untreated
smooth e-beam evaporated gold surfaces (20&)d increases upon modification with
diazonium salt (0.91), indicating that the degréénbomogeneity decreases. Moreover, the
Cp. value calculated for 4-CP modified PC films wasédo compared to thedc value of the

untreated film. Generally, any chemical modificatitauses a decrease in the overall double
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layer capacitance wt), Which, similarly to metal electrodes, comprisgsseries of

individual capacitive contributions, described hg mathematical relation in Eq*3

11 1

Equation 3

CpLtot CpLpC Cpr,MoD

In our system, the CPE consists of the contributbthe untreated PC film to the double
layer capacitance @pc) as well as the additional series capacitor of theface
modification (G mop).

Depending on the mechanism of electron transfangaglace between the electrode and the
electroactive speci&s™ two different classes of reactions can be disiistued: (1) Outer
sphere redox system, at which chemical interactimtween the electrode and the
electroactive species can be considered as noteekig2) Inner sphere redox system at
which the electrode and the electroactive speciesiradirect contact and therefore the
electron transfer occurs directly.

The Fe(CNy*™ couple studied above is considered a non-‘ideaBiosphere systemdue to

its sensitivity to impurities and negatively chadgaurface oxides (e.g. carboxylatés}"®

as is clearly evidenced by the above results. ThgNRs)s> "

redox system, on the other
hand, is considered as outer sphere and shouldenimifluenced by impurities and different
surface characteristics of electrodes, since itsdoet interact with any surface sites or
functional groups on the electrdd€® The Ru(NH)s>** redox system was therefore used
to compare a 2D PC surface and a 3D PC pillar senfdth the same basic footprint before
and after 4-PC modification. The grey and red C¥@nsin Fig. 6 for the untreated 2D and
3D PC surfaces show no increase of the peak curresiite of the fact that the surface area
of the 3D PC surface is 1.9 times that of the 2DsB@ace, indicating that the pillar surface
was not sufficiently wetted or accessible to thectbchemical probe. This was subsequently
confirmed, as indicated in the blue CV in Fig. & fthe 3D PC surface after 4-CP
modification, showing approximately 60% increasehsd peak current as compared to the
untreated 3D PC surface. It can be observed tleanEp is slightly increased after 4-CP
modification, indicating a more sluggish electraansfer, which corroborates the above

results that 4-CP seems to have a somewhat pasgiedfect on the electron transfer.
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Figure 6. Representative CVs f(’rRu(NI—t;)ewz+ at an untreated 2D surface and for untreated and 4-

CP modified 3D PC pillar electrode (pillar diamete4 um). 5 mM Ru(Nk)¢*"" in PBS pH 7, scan
rate 50 mV 3, potential versus Ag/AgCl RE.

Contact angle (CA) analysis

In order to study the degree of wettability of BB and 3D PC surfaces after surface
modification, contact angle (CA) measurements wesdormed. For determination of the
CA, the sessile drop method involves measuringXAe directly from a liquid drop profile
after placing it on the surfacé.is the equilibrium CA, described by Young's eqogf,
which is only valid for ideal systems, e.g. cherftichomogeneous and smooth surfaces at
atomic scale. In these cases, a single unique Ggtsex The failure of the system to meet
the ideal conditions is the theoretical basis foe hysteresis, which is defined as the
difference between the advanciitg, and the receding contact angig,, A6 = 04 - g*>%

The equilibrium CA is betweedn and0gr. Hence, a drop on a surface has CA values ranging
from 04 to Or. Aside from the static CA (Fig. 7A-B), which isetlequilibrium CA, the CA
hysteresis should also be evaluated to better idesttre surface heterogenéityn terms of

e.g. roughness, as well as surface functionalizatio
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Figure 7. Representative photographs of static CA measurenmempillar structures before (A) and
after (B) Qplasma treatment. (C) Static (stat), advancing)(aawd receding (rec) CA measurements
on 2D PC (flat) and micropillars (3D) surfaces Wefguntreated) and after modification with O
plasma, HO/O, plasma, and 4-CP. The bars indicate the average.t. (n=4).

Here, the effect of the surface modifications omwretting characteristics of 2D PC surfaces

and PC areas of 3D carbon pillar arrays (pillanditer of 1.4 um and 6 um center-to-center

spacing’, Fig. 8) was studied using static, advancing @eeding CA measurements.

Figure 8. Scanning electron microscope
image of carbon pillar arrays with 1.4 pm
diameter and 6 pm center-to-center spacing.

10 pm EHT = 5.00 kV Signal A = InLens Date :11 Jun 2012
WD = 9.0 mm Mag= 4.00KX Time :13:13:23

For untreated surfaces, the CA was normally higioer3D structures compared to 2D
structures, a phenomenon previously observed fdases having micro- and nanosized
pattern&®. Generally, all samples after treatment show aedae in CA (Figure 7C). This is

mainly due to the oxygen functionalities introdudsdthe plasma modifications and not due
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to a change in surface roughness, as shown by ArRdges (Supporting Information, S1).
However, in the case of tethered 4-CP, the decli@eaS4 is less pronounced, which may be
explained by the partially exposed aromatic ringshe 4-CP film conferring hydrophobic
characteristics. The results support however thgirfgs in Fig. 6 that the 4-CP modification
leads to improved wetting of the 3D PC surface. dexpents designed to better understand
these phenomena are currently underway in our oy

The hysteresis is more pronounced on 3D structimngas on flat surfaces, as is expected for
heterogeneous surfaces with microtopograghiesfter both plasma treatments and 4-CP
modification, the hysteresis decreases due to timeobeneity introduced by each surface
modification. These results demonstrate that sarfaodification has a dominant effect on

hysteresis compared to pillar topography.

Conclusions

The presented results show the possible purpossing a certain functionalization method
for a specific application. For instance, applicas requiring voltammetry can benefit from
plasma modifications whereas impedance based afipis can benefit from effective
tethering using diazonium salt as well as the rudgé of functionalities with good stability

and control on the homogeneity of functionalizatiorromparison with plasma.
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Supporting information

S1. AFM

AFM analysis of not-treated and plasma-treated aserf provided information about
treatment effect on carbon film morphology. Anadysif these surfaces over an area of 3
umx3 um showed that the root-mean square (rms) roughaiéss Q@ plasma (3.0 A; fig
S1B) and HO/O, plasma (2.8 A; Fig. S1C) were still below nanométeel similarly to the
untreated counterpart (2.1 A; 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.



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
functions'. 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 patients’. 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 materials®* 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 formats’. Moreover, in a longer perspective, 3D scaffolds will be the key to building
artificial tissues, organs, and implants’,

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 therein®®. 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 networks’, direct the differentiation of
progenitor and stem cells toward specific neuronal lineages, and facilitate stimulation of
differentiated NSCs'®. Recently, graphene foam was found to be excellent for growth and
differentiation of NSCs, as well as for electrical stimulation of neural activity®.

The fabrication of pyrolysed carbon structures from polymer precursors was pioneered already in

12-14 . 13-1
and nanometer-sized”> "> pyrolysed carbon structures have

the 1970s''. Since then, micro-
emerged for various applications, e.g. biosensors', microbatteries'’, cell culture substrates'’. 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) Organised'® and random"’
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 precursor'. (2) By changing the chemical composition of

the polymer precursor and the pyrolysis conditions, the carbon conductivity can be tailored'**. (3)
3



Similarly, the mechanical properties of the scaffold can be tuned" to match the stiffness cells
experience in vivo’. 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 hANSC 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 devices? 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-SUS8 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 described”. During pyrolysis, the 3D-SU8
scaffold is decomposed with concomitant gas evolution and aromatization, causing weight loss and

densification''. This results in ~50% isometric shrinkage of the 3D-SU8 scaffold'®. The 3D-SU8
4



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-SUS 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-SUS
scaffold having pillars with 3-um diameter and 22-pum height. b, 3D-carbon scaffold obtained after
pyrolysis of the scaffold in (a). The SUS pillar diameter and height shrank to 1.4 pm and 11 pm,

respectively. The inter-pillar spacing increased from 3 um to 4.6 um. Scale bars, 5 pm.

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 materials®*. 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 substrates®. Pyrolysed carbon materials can be
modified chemically and physically to present specific surface functionalities that improve
wettability and biocompatibility*®*’. Increased wettability, due to oxygen plasma treatment, has
shown to improve adhesion, spreading, and growth of neural cells®®, as well as nerve growth factor
induced differentiation of PCI12 cells”. 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.



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 energy”*. 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
pum pillars), 59°+4 (5.1 um pillars) and 43°+1 (flat); average + s.e.m, n=4), as expected for surfaces
having micro- and nanosized roughness”. 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)*. 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. 3¢ 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), 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 cells'’. 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.
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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 Cis (285 eV) and Oy (532 eV). b, Static contact angle
measurements on flat carbon (flat) and 3D-carbon scaffolds with pillar diameter of 1.4 pm and 5.1 pm. The

error bars represent the standard error of mean, n = 4 for all carbon structures. c-g, Representative bright



field images of ventral mesencephalon—derived hNSCs (hVM1-Bcl-XL). The cells are growing (48 h) on (¢)
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-x;, hNSCs growing
(48h) on (g) PLL-coated TCPS and (h) oxygen plasma treated and PLL-coated flat carbon surfaces. Scale
bars, 40 pm. 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™).

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 polymer™, fabrication and templation method", as well as

203132 and atmosphere®. The resistivity of the 3D-carbon scaffold was

pyrolysis temperature
determined using a microscopic four-point probe'® and was found to be 1.6 + 0.3 x 10* Qm
(average + s.e.m., n=9), which is of the same order of magnitude as previously reported for
carbonised SU-8 films* (5-7 x 10™ Qm). This can be compared with other carbon based electrode
materials, such as nitrogen doped diamond-like carbon® (9.4x 10 Qm), boron doped diamond™*
(0.5-1.0 x 10 Qm), glassy carbon®® (1-8 x 10 Qm), and graphite®® (basal plane: 2.5-5.0 x 10®
Qm).

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 um 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 pm 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

3739 (2) The effect of plasma treatment on the

described for chemically modified metal electrodes
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.



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 detection” and electrophysiology*', 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 microelectrodes** or
planar (2D) microelectrode chips®***.

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 exocytosis*® with the most
abundant catecholamine being dopamine®’. 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).
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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-pm and 5.1-um 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
measurements™, the amount of signalling substance (ultimately number of molecules)
detected/released by a cell population can be determined by integrating the recorded current™. 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-um 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 pm pillars and
1.4 um pillars the increase in surface area is 1.6 and 1.9 fold, respectively, all chips having a 22 x
22 mm?® footprint), which normally could explain the first trend, i.c., 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 um than the 5.1 pm
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

. - 43,49
accordance with previous reports ™™

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-1) 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 studies™. 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.
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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-um
(b,h), and 1.4-um (c,i) 3D-carbon scaffolds. Inset of i: magnification of hNSCs interacting with carbon
pillars. Scale bars, 20 pm (a,g) and 10 um (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-um (e,k), and 1.4-pm (f,1) 3D-
carbon scaffolds as well as on TCPS (m). Scale bars, 40 um. 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-um and 5.1-pm 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 (KCI).
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 pathways’. 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 analysis™.
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 Ca®" channels after K'-induced depolarization®, i.e. they are able to undergo
repetitive depolarization. This cellular property is traditionally verified by fluorescence microscopic
imaging of Ca®" influx, as seen in Fig. 50 for hNSCs differentiated on the PLL-coated TCPS.
However, this is a characteristic feature of all neurons undergoing exocytosis, not only
dopaminergic neurons™. 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 Ca®" 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 (O,).
After the pressure of the chamber had stabilized at 30 Pa upon introduction of O,, 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 pA; 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 um 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-ul 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-ul 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 Ca*’, 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-um 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
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55 uL 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 pL 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, Ziirich, Switzerland).
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S-1 Schematic overview of 3D-carbon scaffold fabrication
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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
(CO,) the 3D-SUS scaffold is pyrolysed to obtain the final 3D-carbon scaffold.



S-2  Atomic Force Microscopic (AFM) characterization of pyrolysed
carbon surfaces
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Figure S2 | Effect of O, plasma treatment on surface roughness. Representative Atomic
Force Microscopic (AFM) images of a, untreated and b, O, plasma treated flat pyrolysed
carbon surface (3 um x 3 um).

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 um x 3 um 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 A over an area of 3 x 3 um. This structure is typical of carbon
films obtained by pyrolysis at 700 °C—1000 °C in an inert atmosphere' and comparable to
pyrolytic graphite surfaces having rms surface roughness of 2.4 A% The oxygen plasma
treated surfaces (Fig. S3b) featured a rms roughness of 3.9 A, increases the surface
roughness. Generally, rms surface roughness of untreated pyrolysed carbon surfaces has been
shown to be below 5 A'. This indicates that despite the increased surface roughness as a
consequence of O, 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 20.4°.



S-3 Dopamine electrochemistry on pyrolysed carbon structures
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Figure S3 | Effect of O, 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-pm and 5.1-pm pillars before (blue) and after O, plasma treatment (red). Error bars
represent s.d., n=2.

The obtained results lead to two significant conclusions on the effect of O, 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 O, 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)** and overoxidized polypyrrole),
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 SAMs®*, 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 O,
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 O;plasma treatmnet. This indicates
that the increase in the anodic peak current on the 3D-carbon scaffolds (1.4-um pillars and
5.1-um 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 O, plasma-induced increase in anodic (i,) and cathodic
(ic) peak current of dopamine CVs on different 3D-carbon scaffolds.

3D-carbon Increase in peak current Student’s t-test (one-tailedz)
scaffold A (nA)' Aia (nA)' P (90 % confidence level)
1.4-pm pillars 94 £ 25 40+ 11 0.0547
5.1-pm pillars 89 £ 21 38+9 0.0428

' Presented as average + s.d., n = 2.
? One-tailed t-test was applied based on the assumption that in all cases Ai, > Ai.



S-4 Control experiments: amperometric current-time traces
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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 ¢, 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-um and S.1-pm pillars).

Substrate material Growing hNSCs' Differentiation hNSCs’
(% of population =+ s.d.) (% of population * s.d.)
TCPS 2.5+0.6 24 +£2
Flat carbon 75+9 74+£9
3D-carbon gcaffold R0 + 7 75 4 14
1.4-pum pillars
3D-carbon scaffold R0 + 8 7349

5.1-um pillars

' The cells were allowed to grow for 48 h prior to analysis.

% 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 Differentiation hNSCs
(p, 95 % confidence level) (p, 95 % confidence level)
Flat carbon N/A 0.835
3D-carbon spaffold 0.232 0.982
1.4-pum pillars
3D-carbon scaffold 0.393 0.694

5.1-um pillars




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 pg/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-f) was added to induce differentiation. All cell preparations were maintained
in a humidified incubator 5 % CO, / 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-B 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 O, 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 10° cells
per cm’.

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 vesicles®, 1 hour before



the measurements the cells on the chips were incubated with fresh medium containing 100
uM 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 elsewhere’. AlbuMAX-I and N, 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
pg/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, SmM HEPES, 0.6 % (w/v)
glucose, 1 % (v/v) Ny 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 uM of dibutyryl-cAMP (differentiation
medium). All cell preparations were maintained in a humidified incubator 5 % CO;, / 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 pg/ml, 2 — 3 h). Cells were
seeded at the density of 30,000 cells/cm” 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-um 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

A

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). ¢-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 pl), 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. S9-1¢ 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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