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Abstract

Merging human induced pluripotent stem cell (iPSC)-derived neurons with the advantages of functional-

ized micro- and nanostructured cell culture substrates might open up new pathways for, e.g., bioengineer-

ing and regenerative medicine. This advanced type of cells, however, is exceptionally difficult to cultivate

making the feasibility of such a unique combination uncertain.

In this thesis, the cultivation of human iPSC-derived neurons was thus investigated on a selection

of micro- and nanostructured substrates to identify potential challenges such as an altered differentia-

tion outcome of the Petri dish-established culturing protocols due to the modified growth environment.

Specifically, the neuronal differentiation while being cultured on nanowire (NW) arrays as well as the

formation of neuronal networks inside 3D-printed microscaffolds were tested and verified. Both types of

substrates are of keen interest in stem cell culture: on the one hand, NW arrays are able to facilitate, for

example, the delivery of biological payloads, or to enhance the electrochemical coupling to the substrate

for superior sensing/stimulation. On the other hand, 3D-printed microscaffolds allow for establishing de-

fined neuronal networks and improved resemblance of the three-dimensional nature of the human brain for

brain-on-a-chip (BoC) applications. The functionality of the neurons, i.e., the quality of the generated cells,

and the neuronal networks were analyzed using electrophysiological patch clamp measurements. Immuno-

cytochemistry (ICC) served to substantiate the neuronal characterization. The interactions of the cells

with the substrates were analyzed using confocal laser scanning microscopy (CLSM) and cross-sectional

scanning electron microscopy (SEM) prepared by focused ion beam (FIB) milling. One key result of

this work is the demonstration of equal neuronal differentiation on several types of NW arrays featuring

substantially diverse substrate geometries such as altered NW lengths, array pitches, and NW diameters

compared to planar controls. The positive outcome of the extensive study suggests that prospectively,

the well-established applications of NW arrays, which have so far only been demonstrated on basic cell

lines and primary cells from animals, might be applicable to human iPSC-derived neurons. Another

major achievement of this thesis is the generation of defined neuronal networks inside the 3D-printed

microscaffolds in which the human iPSC-derived neurons showed spontaneous excitatory postsynaptic

currents (sEPSCs) indicating functional network activity. Here, the versatility of the two-photon poly-

merization (2PP) direct laser writing (DLW) technique employed to prepare the 3D scaffolds enables

the fabrication of scaffolds with arbitrarily complex network topologies which might then enhance, for

instance, brain organoid cultivation and BoC applications.

Concludingly, both types of the utilized hybrid systems might in the future set new standards in life sci-

ences and biotechnology by facilitating unconventional approaches for, e.g., personalized high-throughput

drug screenings and neurodegenerative disease studies.
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Inhaltsangabe

Die experimentelle Verknüpfung von humanen induzierten pluripotenten Stammzell (iPSC)-abgeleiteten

Neuronen mit den Vorzügen von funktionalisierten mikro- und nanostrukturierten Zellkultursubstraten

könnte elementare Fortschritte in Forschungsfeldern wie z.B. der regenerativen Medizin liefern. Allerdings

ist die Kultivierung solch fortschrittlicher Zellen ausgesprochen anspruchsvoll, sodass eine erfolgreiche

Umsetzung dieser besonderen Vereinigung nicht zwingerdermaßen trivial ist.

In dieser Arbeit wurde deshalb die Kultivierung von humanen iPSC-abgeleiteten Neuronen auf einer

breiten Auswahl an mikro- und nanostrukturierten Substraten getestet. Ein fundamentales Ziel war die

Prüfung eines potentiellen Einflusses der neuen Zellkulturumgebung auf die Entwicklung der Neurone

gegenüber herkömmlichen Petrischalen, sowie die Identifizierung von ggf. einhergehenden neuronalen

Veränderungen wie z.B. einer reduzierten Funktionalität. In diesem Kontext wurden insbesondere sowohl

die neuronale Ableitung auf Nanodrahtanordnungen (NW arrays) als auch die Bildung von biologischen

neuronalen Netzwerken in 3D-gedruckten Mikrogerüsten (3D microscaffolds) untersucht. Beide Substrat-

typen sind von besonderem Interesse für die Kultivierung von Stammzellen: Die NW arrays können

beispielsweise für eine verbesserte intrazelluläre Anlieferung von biologischen Nutzlasten sorgen oder

die elektrochemische Ankopplung der Zellmembran an das Substrat, welche z. B. für weitere Messungen

und Stimulierungen relevant ist, stärken. Die 3D microscaffolds erlauben die Herstellung von definierten

neuronalen Netzwerken für eine sinnmäßigere Nachbildung der dreidimensionalen Struktur des men-

schlichen Gehirns für sogenannte brain-on-a-chip (BoC) Anwendungen. Sowohl die Funktionalität der Neu-

rone—m.a.W. die Qualität der generierten Zellen—als auch die neuronalen Netzwerke wurden vornehm-

lich mittels der Patch-Clamp-Technik untersucht. Des Weiteren wurden die Zellen durch immunzyto-

chemische (ICC) Färbungen charakterisiert. Die Interaktion der Zellen mit den Substraten wurde durch

querschnittsbildgebende Verfahren wie Konfokal- (CLSM) und Rasterelektronenmikroskopie (SEM) unter-

sucht, wobei letzteres durch Materialabtragung mittels fokussiertem Ionenstrahl (FIB milling) ermöglicht

wurde. Ein wesentliches Ergebnis dieser Thesis ist die Darlegung einer zu planaren Substraten gleich-

wertigen neuronalen Ableitung auf diversen Typen von NW arrays dessen geometrische Charakteristiken

wie z.B. die NW Längen, die array Schrittweiten und die NW Durchmesser fundamental variiert wurden.

Dieses positive Resultat der umfassenden Untersuchung legt nahe, dass in Zukunft die etablierten Anwen-

dungen von NA arrays, welche bisher lediglich mit herkömmlichen Zellenlinien oder primären Tierzellen

gezeigt wurden, auch auf humane iPSC-abgeleitete Neurone anwendbar sind. Ein weiteres Kernresul-

tat dieser Arbeit ist die definierte Herstellung von neuronalen Netzwerken innerhalb der 3D-gedruckten

microscaffolds, wobei die humanen iPSC-abgeleiteten Neurone spontane stimulierende postsynaptische

Ströme (sEPSCs), die auf eine Netzwerkaktivität hinweisen, zeigten. Die Vielseitigkeit des für die Her-

stellung der microscaffolds verwendeten Zwei-Photonen-Lithographie (2PP) 3D-Druckverfahrens (DLW)

erlaubt es dabei Strukturen mit beliebig komplexen Netzwerktopologien herzustellen von denen zukünftig

z.B. das Heranziehen von cerebralen Organoiden oder die Durchführung von BoC-Applikationen profi-

tieren könnten.

Zusammenfassend setzen die beiden verwendeten Hybridsysteme möglicherweise in der Zukunft neue

Maßstäbe in den Biowissenschaften durch die Förderung von unkonventionellen Methodiken für z. B. per-

sonalisierte Hochdurchsatz-Arzneimitteltests oder Untersuchungen von neurodegenerativen Erkrankun-

gen.
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II Harberts, J.; Zierold, R.; Fendler, C.; Koitmäe, A.; Bayat, P.; Fernandez-Cuesta, I.; Loers, G.;

Diercks, B.-P.; Fliegert, R.; Guse, A. H.; Ronning, C.; Otnes, G.; Borgström, M.; Blick, R. H.,

Culturing and patch clamping of Jurkat T cells and neurons on Al2O3 coated nanowire arrays of

altered morphology. RSC Adv. 2019, 9(20), 11194–11201. [2]

III Harberts, J.; Bours, K.; Siegmund, M.; Hedrich, C.; Glatza, M.; Schöler, H. R.; Haferkamp, U.;
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1

Motivation and scope

Overcoming the boundaries between traditional practice in physics, chemistry, and biology might be a key

factor to push life sciences to unrivaled dimensions.12–14 Advances in micro- and nanofabrication allow

for engineering biological metamaterials, which are considered promising candidates, e.g., to support

biomedical translation, to fabricate minimal invasive nanoelectronics, or to be utilized as nanotools in

neuroscience and regenerative medicine.15–20 Based on that mindset, this work employed central elements

from the natural sciences to merge some of their unique features into hybrid cell/micro-nano systems

for testing their applicability for future medical applications (Figure 1.1). Specifically, human induced

pluripotent stem cell (iPSC)-derived neurons were cultivated on various types of nanowire (NW) arrays,

i.e., high-aspect-ratio nanostructures, as well as inside three-dimensional (3D) scaffolds and investigated

by in vitro experiments (e.g., patch clamping). Note, the motives for choosing these three constituents

will be further elaborated on in the subsequent sections. One focus of this work was to ensure the

preservation of the differentiation outcome including neuronal functionality despite potential modulation

of the intracellular signaling during the growth elicited by the sophisticated substrate topographies.21

Here, strong interactions between the cells and the artificial substrates might substantially alter the

outcome of the stem-cell protocols originally established in regular Petri dishes.22

Both NW arrays and 3D microscaffolds used as cell culture substrates play an increasingly important

role in interrogating cells on molecular and cellular levels, and in bridging the gap between conventional

planar cell cultures and live tissue by mimicking natural cell environments, respectively.23–27 Currently,

the experiments in the respective fields are still being dominated by ordinary cell lines such as HEK293

and HeLa cells or rodent neurons for reasons elaborated later.28–31 The impact of NW arrays and 3D

scaffolds on medical applications such as drug screenings and neurodegenerative disease studies might,

however, be significantly improved by employing the right type of cells, namely, cells derived from human

iPSCs.32,33 One of the major advantages of employing human iPSCs is, for example, the avoidance

of high clinical failure rates from the animal model to the human physiology.34,35 Especially neurons

derived from human iPSCs—which were employed in this thesis—are of keen interest as they resemble

a crucial building block for recreating human brain-like tissues in vitro in order to study, for instance,

Figure 1.1 – Motivation and scope of the work. Unique features from biology, physics, and chemistry (1) such as stem
cell technologies and nano-/microfabrication techniques (2) were employed to merge human iPSC-derived neurons
with NW arrays and 3D cell culture scaffolds (3) into hybrid systems (4) to test in in vitro studies (5) their
potential for future medical applications (6). Not published.
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Chapter 1. Motivation and scope

pathophysiological conditions including Parkinson’s or Alzheimer’s disease.36–38 To exemplify potential

applications of the utilized hybrid systems in human iPSC research: appropriately designed NW arrays

are capable to induce cellular reprogramming, to enhance differentiation (mesenchymal stem cells), or to

enable electrical recordings in neuronal cells.39 Complementary, 3D cell culture scaffolds are considered

to facilitate the development of iPSC-derived brain organoids and microfluidic brain-on-a-chip (BoC)

devices for preclinical nanomedicine.40–42

The analysis of the cell cultivation on the artificial substrates was conducted predominantly by

the patch clamp technique whose quantitative, temporal, and spatial resolution is essentially still un-

matched.43 For that reason, investigating the neuronal differentiation of human iPSCs cultured on NW ar-

rays and inside 3D scaffolds not only by immunocytochemistry (ICC) but also by patch clamping to

obtain evidence of functional electrophysiology is indispensable. Note, particularly dense/encapsulated

3D systems become increasingly challenging to be investigated with conventional techniques such as

epifluorescence microscopy or patch clamping.44,45 However, ordinary experimental methods—including

the here mainly used patch clamp technique—can be made applicable by transiently reducing the size and

complexity of the neuronal network for proof-of-concept studies by employing neuronal guiding techniques

combined with tailor-made microscaffolds. One potent tool to fabricate such microscaffolds for biological

applications is direct laser writing (DLW) via two-photon polymerization (2PP), which allows for freely

recreating computer-aided design (CAD) drafts with feature sizes down to 150 nm.46–49

In the following chapter, more details regarding integral aspects of the work such as the applications

of NW arrays, the principles of neuronal guiding for BoC applications, the advantages and challenges of

iPSC culture, and the techniques used for sample preparation will be given.
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2

Background

In this chapter, the background regarding the different aspects of the thesis will be elaborated. First, this

will cover a detailed presentation of the applications feasible with NW arrays as well as approaches to

guide and control neuronal growth including cell culture in 3D. Subsequently, the advantages of human

cells derived from iPSCs will be highlighted. Also, the main technique for verifying the outcome of the

differentiations, namely, the patch clamp technique, will be introduced. Lastly, the general procedures for

the NW array fabrication and the principle of DLW will be presented.

NW arrays used as cell culture substrates can elicit profoundly diverse types of interactions between

the cell and the substrate (Figure 2.1). Naturally, the type of interaction might have a strong impact on the

overgrowing cells and, likewise, define the range of later applications associated with the NW arrays.50 The

settling regimes can alter from a fakir-like state on a bed-of-nails (Figure 2.1a) to encapsulating states

including nucleus deformations (panels b–d) depending on the array characteristics such as the array

density and the lengths of the NWs. A model to predict the settling regimes depending on the mean array

density (i.e., array pitch (P)), NW length (L), and NW diameter (D) was devised by Buch-Månson et al.51

In general, a fakir-like resting state is favored in case of a high array density, long NWs, and thin NWs.

Correspondingly, the encapsulating states are more likely for low array densities, short NWs, and thick

NWs. The NW length and diameter, however, are less pivotal for the settling regimes compared to the

array density. Thus, depending on the array densities, the NW arrays used in this thesis will be rated

high-density (HD) if a fakir-like state is expected and low-density (LD) if NW encapsulation is likely. Note,

the arrangement of the NWs within the array, namely, ordered or random, is irrelevant. The NW length

plays of course an important role in the degree of cell indentation. In the case of short NWs primarily

the cell membrane is deformed (Figure 2.1b). The cell’s nucleus, however, is also being deformed if the

NWs are in the dimension of the cell’s height (panel c). If the NW lengths exceed the cell size, the cell is

likely to be no longer in contact with the bottom of the substrate (panel d). Extremely thin NWs might

even pierce through the entire soma.52 The strong interaction between the cells and the NWs can have an

impact on cellular growth and moreover, renders possible a multitude of applications such as biosensing to

examine cells.53–61 Specifically, variations in the array densities, NW lengths, and NW diameters have been

Figure 2.1 – Illustration of typical settling regimes of cells cultured on NW arrays with varying characteristics such as array
pitch and NW length. a) Cells cultured on high-density (HD) NW arrays rest in a fakir-like state on a bed-of-nails.
b) Using low-density (LD) NW arrays, the cell encapsulated the NWs. c) With increasing NW length, the NWs
begin to interact with the cell’s nucleus. d) Once the NW lengths exceed the cell’s dimension, contact with the
bottom of the substrate becomes unlikely. Adapted from publication III.
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shown to influence viability, movement, proliferation, adhesion, morphology, and spreading of overgrowing

cells.62–81 Moreover, NW arrays were used to measure mechanical cell properties,82–85 to interact with

the cell’s nucleus,86,87 to reorganize actin,88 to stimulate the mechanotransduction machinery,89 or to

direct cell polarization such as outgrowth and branching of neurites.90–99 Among passive functions, the

arrays can also have an executing function by either being functionalized themselves or being used to

improve other experiments: the former is distinguished by enhancing cell transfection, cell activation, or

the delivery of drugs and other payloads such as nanoparticles (NPs)—partly by hollow NWs, which also

can be used for cell sampling.100–123 The latter can be characterized, for example, in the form of a modified

electrode surface of microelectrode arrays (MEAs) to improve electrochemical coupling between external

electrodes and the cell for advanced sensing and stimulation.124–137 Ultimately, photoelectrochemical

properties of NWs—either in arrays or free-standing, i.e., detached from the substrate—can be used

to modulate neuronal or cardiac activity in vitro or as retina implants.138–141 Transparent NW arrays,

fabricated, for instance, by embedding the NWs into a translucent polymer, can in addition facilitate

optical imaging of living cells.142 The substantial variety of potential applications thus renders devices that

implement NW arrays promising candidates for next-generation biomedical instruments and nano-enabled

neuronal interfaces.143–147 Yet, the applicability of cultivating human iPSC-derived neurons on NW arrays

needs to be verified since the outcome of the delicate culturing protocols for obtaining these neurons might

be altered by, for instance, topography-induced intracellular signaling and gene regulation like it has been

observed for the growth and differentiation of, e.g., mesenchymal stem cells (MSCs) and embryonic stem

cells (ESCs).148–156 Nevertheless, material cues are also considered to be potent regulators of epigenetics

and general stem cell function and might thus have a substantial positive implication on the human iPSC

culture.157

Guiding of neuronal networks inside cell culture scaffolds including cell adhesion and movement

can be achieved by employing directing principles such as chemotaxis, topotaxis, and their respective

tropisms.158,159 Figure 2.2 illustrates three examples of neuronal guiding in either 2D, 2.5D, or 3D.

In 2D (panel a/a′), a planar substrate can be modified with adhesion-promoting amino acids such as

poly-D-lysine (PDL), poly-L-lysine (PLL), and poly-L-ornithine (PLO), or repellent substances such as

polyethylene glycol (PEG) to control adhesion and growth just by chemical cues.160–164 While the surface

Figure 2.2 – Exemplification of neuronal guiding in 2D, 2.5D, and 3D. a) Planar substrate micropatterned with chemical
cues (e.g., PDL) to control adhesion and growth in 2D by chemotaxis. b) Trenches prepared by, e.g., reactive ion
etching (RIE) in 2.5D to induce topotaxis via contact guiding. c) Microprinted scaffold prepared, for example,
by DLW to bridge the gap between 2.5D and 3D. a'–c') Respective cross-sectional view of the upper panels. Not
published.
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chemistry is important for the adhesion165,166 and usually sufficient to guide on planar surfaces by mi-

cropatterning,167–169 the guiding efficiency can be substantially amplified by employing not only chemical

but also topographical guiding cues at which the dominating guiding stimulus is often evoked by the to-

pographical conditions.170–175 Topographical cues, for example, can be introduced by cavities to hold the

cells and by narrow trenches to guide the neurites (Figure 2.2b,b′). In addition to such confinements in

neurocages, groves, and microchannels,176–190 guiding was achieved by guidance barriers,191–195 (function-

alized) microstructures,196,197 or microtube arrays.198–200 While considerable progress to create designer

neuronal networks was accomplished with such devices, the networks are restricted to 2D and 2.5D,

respectively. Nevertheless, 3D cell culture being closer to natural biological tissue might be crucial for

drug discovery by potentially offering more efficient and cost-effective preclinical screenings.201–203 Both

scaffold-free and scaffold-assisted approaches are used in the field, but notably, techniques without a scaf-

fold such as hanging-drop culture lack structural support and the opportunity to control the outgrowth of

the network.204 To offer at least structural support—but yet without guiding capabilities—and to mimic

the extracellular matrix, materials such as hydrogels, fibrinogen, and cellulose nanofibrils were used to cre-

ate aerogels or suchlike porous structures.205–209 Also polydimethylsiloxane (PDMS) lattices or graphene

foam and even micropillar-based scaffolds were made use of to improve neuronal cell culture.210–213 In

general, changes with regard to, e.g., viability, proliferation, and gene expression were observed with cells

cultured in the 3D scaffolds.214–216 Although the scaffolds have a beneficial impact on the cell culture

per se, guiding of neuronal networks within the structures is not feasible since the structures lack defined

guiding cues—predominantly because of the microscopic scale of the feature details and the self-assembly

nature of the fabrication techniques.217 Yet, in the context of designing defined 3D neuronal networks for,

e.g., BoC applications, the capability of the scaffold to control the neuronal growth is essential. As stated

in the motivation section, DLW should be considered one of the future tools to fabricate biocompatible 3D

microscaffolds with guiding capabilities. Figure 2.2c and c′ illustrate an example of a scaffold design where

elevated cavities are interlinked with freestanding microchannels. So far, 3D DLW scaffolds consisting of

microtowers or woodpile structures have been presented in the literature but, in fact, without guiding

capabilities.218–220 At least, selective adhesion within pole-like scaffolds was achieved by employing a

two-component polymer system featuring adhesive and repellent surface characteristics, respectively.221

To achieve comprehensive guiding also in the DLW scaffolds, the reasonable approach in 3D is to employ

the guiding strategies well-established in 2D/2.5D such as cavities and microchannels. In addition, the

microfluidic character of such design chimes in excellently with microfluidic approaches to study cells and

to build blood–brain barriers and BoC devices.222–228

Brain-on-a-chip (BoC) is a continuative approach of organ-on-a-chip, which essentially aims for cre-

ating physiological in vitro microenvironments of, e.g., lungs, hearts, or livers on a single chip for ad-

vanced preclinical studies such as drug screenings.229–239 Recreating the brain is a particular challenge

due to the enormous complexity, for example, in terms of chemistry, neuronal wiring, or phenomenons

and functions such as synchronicity and memory, respectively.240,241 The clinical need for physiological

brain models, however, is beyond dispute as they not only would help to understand the function of

the brain but would equally facilitate improved neurodegenerative disease studies.242–245 Initial and also

more recent approaches for BoC used 2D microfluidic systems, for example, to test neurites, myelination,

network formation, and regeneration after axotomy.246–251 However, studies with 2D cell cultures lack

the cytoarchitecture and cell–cell interactions naturally found in in vivo tissue, and thus, data collected

from cultures with 3D cross-talk between different cells, e.g., regarding synaptogenesis, might be more

relevant for understanding neuronal networks and their function.252 As mentioned earlier, 3D cultures

can be generated both scaffold-free and scaffold-assisted. Scaffold-free cultures to generate, for instance,

human iPSC-derived brain organoids—introduced in the following paragraph—indeed fail to offer control

of the formation of the neuronal networks, but such organoids were demonstrated to be valuable for

5
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studying neurodegenerative diseases such as Huntington’s or Parkinson’s.253 In this context, confined

structures and microfluidics might even highlight the preclinical impact by improving the handling and

reproducibility of organoid cultures.254 One additional major challenge lies in the limited accessibility of a

scaffold-free 3D culture in terms of, e.g., electrophysiology, which would thus require the implementation

of electronics, for instance, by flexible 3D MEAs.255,256 The 3D DLW scaffolds presented in this thesis

reflect a promising intermediate step between conventional 2D culture and intricate organoid culture that

excels by facilitating neuronal guiding and accessibility of individual cells for quantitative patch clamp

measurements. The application of human neurons obtained by neuronal differentiation of iPSCs is in this

context a prerequisite to resemble the nature of a human brain at its best.257

Human iPSC-derived cells are considered to be key players in the context of advancing

high-throughput drug or toxicity screenings and neurodegenerative disease studies, in particular, by

enabling human (patient-specific) in vitro models without limitations in cell availability.258–262 The fun-

damental restriction in the availability of primary human cells is hereby overcome by the underlying

procedure of sampling, reprogramming, and differentiation into any cells as illustrated in Figure 2.3 and

specified later. The procedure was initially published in 2006 by Takahashi et al. and awarded a Nobel

prize in 2012.263,264 Especially, the differentiation into human neurons for studying neurodegenerative dis-

eases such as Alzheimer’s or Parkinson’s is of keen interest since adequate cell models otherwise scarcely

exist.265–267 The problem in neuronal cell culture is that mature neurons no longer proliferate, which

makes maintaining a neuronal cell culture virtually impossible—not to mention that gaining samples of

primary human neurons would be beyond the means for obvious reasons.268 Primary neurons could be

obtained from animals such as rodents but suchlike conceptualized studies often suffer from errors during

the translation from the animal model to the human physiology.34,35,269,270. Human neuron-like cells have

been generated for a long time, e.g., from neuronal tumors, but these cells frequently show significant

physiological alterations compared to the cell type they were obtained from.271 Human embryonic stem

cells (hESCs) resembled the next historical improvement for deriving human cells in the Petri dish.272

Their use, however, raises sharp ethical and political controversies since the creation of such ESCs re-

quires the destruction of the human embryo.273 For that reason, the generation and cultivation of hESCs

is either highly restricted or entirely prohibited in most of the world’s countries.274 Creating human

iPSCs (hiPSCs), in contrast, only requires an initial cell sample obtained by a harmless skin biopsy from

the proband (Figure 2.3a).275 Subsequently, the dermal fibroblasts are reprogrammed into iPSCs using

retroviral vectors according to the original procedure developed by Takahashi et al. (Figure 2.3b). In

Figure 2.3 – Simplified scheme of the generation of iPSC-derived neurons including the approximate cultivation peri-
ods. a) Skin biopsy of a patient to obtain the initial patient-specific cell sample. b) Reprogramming of dermal
fibroblasts using retroviral vectors to generate colonies of iPSCs that can be transformed into neural progenitor
cells (NPCs) after embryoid body harvesting and clonal expansion. c) Final neuronal differentiation into mature
human iPSC-derived neurons showing trains of action potentials (APs). Not published.
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this work, not the hiPSCs themselves were used to differentiate the neurons from, but instead, hiPSCs

in an intermediate multipotent neuronal differentiation state were utilized—namely, neural progenitor

cells (NPCs). One substantial benefit of employing such predifferentiated NPCs to generate the neurons

is accentuated by the significantly reduced total cultivation time required to reach mature neurons (weeks

instead of months). Remarkably, the NPCs still have the ability to proliferate, which ensures having an

infinite stock of cells. Moreover, these cells can also be frozen to enable long-term storage and thawed later

for further experiments. To derive the NPCs from the iPSCs, neuronal differentiation is initiated, which

results in embryoid bodies (neural rosettes) that are manually picked and split multiple times to generate

pure NPC cultures. The NPCs can be maintained for several passages using specific NPC cell culture

media, which suspend neuronal maturation and minimize spontaneous neuronal differentiation. Typically,

the iPSC reprogramming and generation of NPCs with its manifold steps of culturing require up to months

of delicate cell handling.276 Note, particular steps of the procedure vary among the multitude of specific

protocols. In general, final neuronal maturation is initiated by replacing the differentiation-inhibiting

NPC medium with growth media that contain directing neuronal growth factors such as brain-derived or

glial-derived neurotrophic factors (BDNF/GDNF) (Figure 2.3c).277–280 The glutamatergic or dopamin-

ergic phenotype can be promoted, for instance, by supplemental small molecules such as cyclopamine

or purmorphamine.281,282 Noteworthy, the functional neuronal maturation including the proper firing

of action potential (AP) trains instead of only single spikes requires a few weeks up to several months

depending on the culturing protocol.283,284 In this work, 2–4 weeks of differentiation were conducted to

obtain functional neurons growing as individual cells. Pioneering advances in the understanding of stem

cell behavior and sophisticated control of the biological microenvironments even allow for the cultivation

of iPSC-derived organoids, which characterize self-organized miniaturized model systems of organs.285

State-of-the-art protocols facilitate not only the generation of internal organs such as liver or lung but

also brain organoids for human disease studies.286–291 As briefly stated in the beginning and to be elab-

orated in more detail in the ’Future perspectives’ chapter, organoid cultures have their own particular

challenges at which microfluidic platforms and 3D microscaffolds might further improve the impact of

organoid models in stem cell biology, for instance, by enabling mimicking neurovascular systems or 3D

electrophysiological readout.292–296 In this work, the electrophysiological readout to test the iPSC-derived

cells for, e.g., neuronal differentiation by recordings of characteristic APs is enabled by the patch clamp

technique.

The patch clamp technique allows for testing electrophysiological properties (i.e., electrical properties

of cells) such as currents and potentials across the cell membrane by employing a thin glass pipette

to establish an indirect electrochemical contact with the cell interior (Figure 2.4a).297 The technique

was initially described by Sakman and Neher in 1976 by showing recordings of single-channel currents

in frog muscle fibers and in 1991 their work was rewarded with the Nobel prize.298 Specifically, the

currents and potentials are recorded using an electrode placed inside a glass pipette that is filled with

an electrolyte similar to the intracellular fluid (pipette solution) and a ground electrode placed in an

electrolyte similar to the extracellular fluid (bath solution). Crucial for low-noise measurements is an

electrical seal between the pipette and the cell membrane in the gigaohm range—also called ’gigaseal’ or

’tight seal’ (Figure 2.4b).299 The gigaseal is usually established by attaching the pipette instantaneously

to the membrane without any additional movement or subsequent repositioning of the pipette since

this would contaminate the orifice of the pipette with membrane patches or even damage the cell. The

immediate attachment is in general only achieved by following a strict routine where at first, a positive

pressure is applied to the pipette in order to cause an outflow of the pipette solution (Figure 2.4c). Then,

the pipette is brought extremely close to the cell whereas the outflow of the fluid slightly indents the

cell membrane preventing unintentional contact with the cell (1.). Subsequently, the gigaseal is formed

by changing the positive pressure into a mild suction and the membrane juts out toward the pipette
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Chapter 2. Background

Figure 2.4 – Schematic diagram of the patch clamp procedure including illustrations of patch clamping of neurons cultured
on top of NW arrays and within 3D microscaffolds. a) Illustration of the patch clamp routine: The pipette is in contact
with the cell (gigaseal) to enable an electrochemical connection between the bath electrode and the pipette electrode.
b) Electrical configuration of the patch clamp technique used for measuring currents and potentials across the cell
membrane. c) Illustration of the patch pipette approaching the cell. A positive pressure causes an outflow of the
pipette solution and prevents unintentional contact between pipette and cell (1.). The release of the pressure
elicits the on-cell mode, where individual ion channels are measurable (2.). By applying a pulse of suction the
membrane patch inside the pipette orifice ruptures creating the whole-cell mode (3.) and the ion channels in the
entire membrane are now recorded. d) Exemplary trace of an AP train. e) Illustration of patch clamping a neuron
that is cultivated on a NW array. f ) Illustration of a neuron cultivated and patch clamped inside a 3D microscaffold.
Note, the scaffold is partly cut open to enable highlighting the cell. Not published.

orifice (2.). Note, the success rates for establishing gigaseals strongly depend on the right ensemble of

experimental details such as the shape/size of the pipette, the choice of patch clamp solutions, or the

cell type/batch. Nevertheless, the proportion of successful seals can reach about 90% in a well-running

patch clamp experiment. The configuration after establishing the gigaseal is called on-cell mode and

facilitates the examination of individual ion channels. In this thesis, however, all experiments were con-

ducted in whole-cell mode, which measures currents and voltages across the entire cell membrane (3.).

The whole-cell mode is obtained by a short pulse of suction that ruptures the membrane patch at the

pipette opening.300 Measurements were conducted in both voltage- and current-clamp mode, which either

fixate the voltage or current to measure currents and voltages, respectively.301 The voltage-clamp mode

was used, for example, to determine gating characteristics of voltage-gated ion channels, to measure

characteristic membrane currents, or to detect postsynaptic events.302 The current-clamp mode was

used, for instance, to determine resting membrane potentials or to record APs (Figure 2.4d).303 In the

main part of the thesis, electrophysiological measurements were performed on cells that were cultivated

on either NW arrays (Figure 2.4e) or in 3D microscaffolds (Figure 2.4f). One key aspect with regard

to the NW arrays was to demonstrate that the cells being cultivated on such substrates maintain their

electrophysiological properties, i.e., for example, their identical neuronal differentiation state, despite the

challenging substrate topography. The focus with regard to the microscaffolds was to enable the formation

of tailor-made neuronal networks that then also show network activity. The respective substrates were

fabricated by top-down/bottom-up approaches (NW arrays) and DLW via 2PP (3D microscaffolds) briefly

described in the following paragraphs.

The preparation of the NW arrays used in this thesis was carried out either in a top-down or bottom-up

approach and both paradigms are well described in the literature (Figure 2.5a and b).304 Specifically,
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Figure 2.5 – NW fabrication via top-down and bottom-up approaches including patterning procedure. a) Schematic of
the top-down approach. A (hard) mask is used to shield the plain substrate while with time unprotected areas are
stripped via reactive ion etching (RIE). a') Example of a NW array prepared with the top-down approach (Si).
Tilt: 45° (corrected). b) Schematic of the bottom-up approach. Material in the vapor phase condensates at the
catalyst droplet causing material deposition under the catalyst droplet while with time elevating the very one
simultaneously. b') Example of a NW array prepared with the bottom-up approach (GaAs). Tilt: 20°. Recorded by
W. Kim. c) Exemplary schematic of a patterning routine using electron-beam lithography (EBL). Not published.

the top-down approach describes the procedure which starts with a (hard) masked bulk material that

is then selectively etched away (Figure 2.5a). To fabricate NWs, the mask consists of circles whose

diameters define the NW diameters whereas the etching time controls the NW lengths. The prerequisite

for transferring the mask adequately to the bulk material is the application of an anisotropic etching

technique such as reactive ion etching (RIE).305 This dry etching technology uses a chemically reactive

plasma created by a radio-frequency electric field. The electric field is arranged perpendicularly to the

substrate creating a fundamental directionality of the RIE process by accelerating the reactive ions

likewise perpendicularly toward the surface of the material. However, the final etching behavior, e.g., wall

slope, undercut, etch depth, and surface roughness, depends on a multitude of processing parameters

such as gas composition, chamber pressure, material, doping, and mask design, to name a few.306–309

With an appropriate ensemble of settings, the etching profiles show almost vertical walls suitable for NW

fabrication (Figure 2.5a′). In doing so, NW arrays prepared by RIE have been obtained, for example, from

Si, Ge, GaAs, or GaN substrates.310–313 The alternative bottom-up approach to fabricate NWs uses a

catalyst droplet to locally deposit material on the substrate, i.e., to literally grow the NWs (Figure 2.5b).

The material in the vapor phase adsorbs to the liquid catalyst droplet and then, supersaturation in the

alloy droplet initiates the epitaxial crystallization of solid material at the surface of the substrate—also

known as vapor-liquid-solid (VLS) mechanism by referencing the respective states of matter.314 The

bottom-up approach via VLS growth has been used to fabricate NW arrays, for instance, from materials

such as GaAs, GaN, InP, ZnO, and Si using catalysts such as Ga, Ni, and Au (Figure 2.5b′).315–319 The

NW diameter is tunable by the catalyst droplet size and growth parameters such as the chamber pressure

and eutectic composition.320,321 The length of the NWs depends on the growth time whereas the growth

direction is usually biased by the crystal orientation of the growth substrate.322 By dynamically changing

the ambient conditions during the NW growth, fundamental characteristics along the axial orientation

such as the doping or—if the catalyst is part of the NW material, e.g., Ga for GaAs NWs—the diameter

are adjustable.315,323 For either approach, the array density is determined by the layout of the mask’s

circles and the catalyst droplets, respectively. To arrange these, preceding lithography steps using, for

instance, electron-beam lithography (EBL) are required.324 A typical routine to structure a substrate

is illustrated in Figure 2.5c. First, the substrate is spin-coated with a thin layer of e-beam resist. The
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patterns are then written with EBL and subsequently developed. A metal, e.g., Cr as a hard mask or

Au as a catalyst, is deposited by physical vapor deposition (PVD) and after the lift-off, a grid of circle

structures remains on the substrate. The sample is then further processed either by RIE or VLS growth.

Note, if a defined arrangement of the NWs is not required, the circle structures might be prepared by

self-assembly processes such as dewetting of thin metal films.325

The preparation of the 3D microscaffolds was conducted by direct laser writing (DLW), which se-

quentially exposes a resin with a scanning laser (Figure 2.6a). The resin is being cross-linked only in the

focal spot of the scanning laser by employing two-photon polymerization (2PP). The application of such

a multi-photon process, which has been theorized already in the 1930s by Göppert-Mayer,327 is crucial

as it prevents the cross-linking of the resin by single-photon polymerization in the expanded beam before

and after the focal spot. Fundamentally, the DLW technique is based on the non-linear probability of

multi-photon processes to polymerize the resin depending on the number of photons per volume,328 i.e.,

the 2PP-rate (R2PP) has a quadratic dependency on the laser power P:

R2PP =
δ

2
l
A

CP2, (2.1)

with the 2-photon cross section δ , the focus volume l/A, the molar concentration C, and a 1/2 nor-

malization to consider the need for two photons.329 For that reason, the probability for polymerization

outside the focus, which contains low photon densities, is vanishingly small and the resin is only being

polymerized at the focal spot with the highest spatial compression of the photons (Figure 2.6b).330 The

complex theory behind 2PP might be approached by a full quantum mechanical description based on

the second-order perturbation theory.331 However, a more graphical explanation is given by considering a

transition from the ground state E0 to an excited state E1 by means of a virtual state V (Figure 2.6c).332

The virtual state is created by a non-resonant interaction between the photons and the molecule, and its

short lifetime of about 10−15 s is defined by Heisenberg’s time-energy uncertainty relation.333 To enable

multi-photon absorption, the second photon needs to be absorbed within the lifetime of the virtual state,

which results in 2-photon cross sections in the order of only 10−48 to 10−50 cm4s/photon.334,335 Due to

the small cross section, considerable polymerization rates are only feasible with extremely high photon

fluxes. Experimentally, this is achieved by employing pulsed lasers instead of continuous lasers to make

use of temporal compression of the photons (Figure 2.6d). In this work, a Nanoscribe GT2 was used

equipped with a 50–150mW pulsed laser (780 nm) with a pulse length of 100–200 fs and a repetition rate

of 80MHz.336

The next chapter will be committed to the results selected from the main publications I to VII and

the co-authored publications VIII to XI. Moreover, a preceding section is added to summarize the types

of cells, NW arrays, and microscaffolds that have been used in the studies.

Figure 2.6 – 3D microscaffold fabrication using direct laser writing (DLW) by means of two-photon polymerization
(2PP). a) Illustration of the DLW process using a focused laser beam (red) to write the scaffold within the resin
droplet (blue). b) Spatial compression: illustration of the photon density at the focal spot of the laser and the
respective polymerization rate R2PP. c) Schematic of the energy states (Ei) used in sequential photon absorption
compared to simultaneous photon absorption, i.e., 2PP in the resin, via a virtual state V. d) Temporal compres-
sion: comparison of the photon density in a constant wave laser and a pulsed laser with the same laser power. b, d)
adapted from Spangenberg et al.326
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3

Cells cultivated on NW arrays and inside 3D microscaffolds

Hybrid systems that combine biological cells with micro- and nanostructured materials were analyzed in

the context of this PhD thesis. Specifically, two different topics were investigated—namely, NW arrays

to enhance the interaction of the cells with the substrate and topographical confinements in the form of

channels and cavities to guide cellular growth. The experiments undertaken cover a broad spectrum of

methods and techniques, which range from initial micro- and nanoprocessing for preparing the cell culture

substrates to the final cultivation and examination of the cells growing on these substrates. The subset of

results presented in this manuscript focuses on the electrophysiology and growth of the cells cultured on

the micro- and nanostructures. Important results beyond the electrophysiology, e.g., immunofluorescence

stainings have been included in cases where they help to understand the gist of the thesis or to complete

the main narrative. The utilized experimental techniques are briefly described at first appearance and

important details are highlighted, but for the sake of readability, comprehensive specifications such as dye

concentrations are not provided here. The same argument applies to the sample preparation and the cell

culture protocols, which are also not further stated in the next sections. Naturally, precise experimental

information such as the sample fabrication, the compositions of the growth media, the dye concentra-

tion, or the used patch clamp solutions can be found in full in the original manuscripts (OMs) or their

supporting information (SI) being attached in the appendix.

To outline the selected results: First, general electrophysiological studies are presented. In this context,

a temperature-controlled microscope inset for the patch clamp setup was developed to enable recordings

at physiological temperatures. Secondly, the culturing of cells on NW arrays with altering characteris-

tics showing functional electrophysiology is demonstrated. Finally, 2D and 3D scaffolds for tailor-made

neuronal networks are introduced and network activity is indicated by patch clamp recordings.

Five different types of cells were used in the experiments. Note, so far, only cells derived from hu-

man iPSCs were introduced. However, some results were collected with a cell line and primary rodent

cells, respectively. Thus, the utilized cells fundamentally differ in function and origin, which are both

briefly described in the next paragraphs. Specifically, Jurkat cells/human T lymphocytes (T cells), murine

primary neurons (mPNs), human iPSC-derived neural progenitor cells (hiNPCs), human iPSC-derived

glutamatergic neurons (hiGNs), and human iPSC-derived dopaminergic neurons (hiDNs) were employed.

A comparison of the morphology of the five cell types is compiled in Figure 3.1 and important data such

as the biological origin and the culturing periods are summarized in Table 3.1.

Figure 3.1 – Bright-field microscopy images of the utilized cell types to visualize size and morphology. a) Jurkat
cells/human T lymphocytes (T cells) feature a simple roundish shape and large cell diameters of about 15µm.
b) Murine primary neurons (mPNs) are smaller with respect to the cell soma. c) Human iPSC-derived neural
progenitor cells (hiNPCs) grow on very dense cell clusters. d) Human iPSC-derived glutamatergic neurons (hiGNs)
and e) human iPSC-derived dopaminergic neurons (hiDNs) develop a more complex morphology with similar sizes
of the somata compared to the murine primary neurons (mPNs). Not published.
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Table 3.1 – Overview of the cells used for the experiments. †The cultivation period refers to the total cultivation period
until the cell is mature enough for the experiment. For T cells and hiNPCs, no value is given since the cells do not
require to mature, however, as they continuously proliferate the experiment has to be timed with the passaging
routine. ‡The adhesion period refers to the time required to grow on the final substrate until the experiment can be
conducted. Note, the proportions of the cultivation period and the adhesion period of the hiDNs vary significantly
depending on the reviewed publication. The particular values are specified in the respective sections.

General notation Type Souce Origin Host
Cultivation Adhesion

Abbreviation
period† period‡

Jurkat cells T lymphocyte cell line blood human n/a 15–30min T cells
Cerebellar granule cells glutamatergic primary cerebellum mouse 4–10 days 4–10 days mPNs
iPSC-derived hiNPCs neuronal progenitor iPSC-derived skin human n/a 1 h–4 days hiNPCs
iPSC-derived neurons glutamatergic iPSC-derived fetal skin human 4weeks 2weeks hiGNs
iPSC-derived neurons dopaminergic iPSC-derived skin human 2–3weeks 1–15 days hiDNs

The Jurkat cells are an immortalized cell line of human T lymphocytes (T cells) obtained from a

leukemia patient in the 1970s and since then routinely used to study T cell signaling, for example, in the

context of immune responses including diseases such as HIV.337 As a part of the immune system, T cells

are located in the blood system and have a simple spherical shape (Figure 3.1a). Compared to primary

T cells,338 Jurkat cells are comparatively big with diameters of about 15µm. The simple shape and the

large size make them ideal candidates to practice the patch clamp technique. Moreover, the cell culture

protocol is extremely simple as the cell suspension just needs to be diluted with a standard cell culture

medium every 2–3 days.339 Since T cells are not adherently growing cells they need to be attached to

the respective substrates using adhesive coatings such as PDL or PLL in order to conduct patch clamp

measurements.340 However, the adhesion procedure only requires a few minutes.

The mPNs used herein were obtained from 6–7 days old mice, which were bred at the Center for

Molecular Neurobiology Hamburg (ZMNH) of the University Medical Center Hamburg (UKE). Dissected

cerebellar were provided and then in-house processed until dissociated cerebellar granule cells were ob-

tained. The cells were then cultured for about one week according to a previously described protocol by

Loers et al.342 During that time, the neurons mature further and neuronal networks are formed (Fig-

ure 3.1b). Note, the enhanced complexity of the neuronal morphology and also the significantly smaller

size of the somata make it more challenging to patch clamp these cells. However, since the majority of the

cerebellum consists of granule cells,343 the cell culture results in a quite pure ensemble of neuronal cells

and the selection of cells for the patch clamp experiment is simplified. The homogeneity of the cell culture

can be maintained for several days as long as, e.g., cytosine arabinoside (AraC) is used to suppress the

proliferation of other cells such as astrocytes.344

The hiNPCs, hiGNs, and hiDNs (Figure 3.1c–e) originate from two independent protocols describing

the hiNPC generation including the neuronal differentiation promoting a dopaminergic phenotype as

well as the generation of another type of hiNPCs, which were used for the differentiation favoring a

glutamatergic phenotype, respectively.276,277 Note, the latter type of hiNPCs was not used in this thesis

since only the derived hiDNs—obtained from a collaborator—were used (discussed later). The neural

progenitors still proliferate but are already preprogrammed to become neuronal cells. As a result, mature

Table 3.2 – Types of NW arrays that were used for the cell culture. Materials indicated with a † were uniformly coated
with biocompatible Al2O3 by atomic layer deposition (ALD) to avoid a potential influence of the surface chemistry
within the same study.341 The NWs were either prepared by a top-down approach using reactive ion etching (RIE)
or a bottom-up approach using epitaxial growth (EG). Note, the epitaxial growth was done by collaborators: 1Linke
group, Lund University, 2Ronning group, Jena University, 3Yu Group, Nanjing University, 4Fontcuberta i Morral
Group, école polytechnique fédérale de Lausanne.

Material Arrangement
Prep. Length Diameter Pitch Density

Cells used Coating
Publi-

method /µm /nm /µm /NWs×100 µm2 cation

InP† Hexagonal EG1 2 180 0.5 460 T cells, mPNs PDL+lam. II

ZnO† Random EG2 3 70–180 0.3 1300 T cells, mPNs PDL+lam. II
Si Rectangular RIE 1.5, 3, 5 700 1, 3, 5, 10 100, 11.1, 4, 1 hiNPCs Matrigel III

Si3N4
† Hex., Rect. RIE 1.2 250 1.8, 4 31, 6 hiGNs PLO+lam. IV

Si3N4
† Random RIE 1.2 200–400 1.8 31 hiGNs PLO+lam. IV

Si Random EG3 1 30–100 0.44 600 hiDNs Matrigel V

Si† Rectangular RIE 1, 3, 5 270–1070 1, 3, 5 100, 11.1, 4 hiDNs Matrigel VI

GaAs† Rectangular EG4 2, 4.5 250–600 1, 3, 5 100, 11.1, 4 hiDNs Matrigel VI
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Table 3.3 – Types of cell culture substrates/scaffolds that were used to guide neuronal growth. Materials were uniformly
coated with biocompatible Al2O3 or parylene C, respectively, to avoid a potential impact of the surface chem-
istry.341,345

Material Passivation layer Dimension Guiding cues Preparation method Coating Type of cells Publication

Glass Al2O3 2D PDL PDL-printing PDL+ lam. mPNs VIII
Si parylene C 2.5D trenches RIE PDL+ lam. mPNs VIII

InAlGaAs parylene C 2.5D microtubes lattice mismatch PLL mPNs IX
InAlGaAs parylene C 2.5D microtubes lattice mismatch PLL mPNs X
IP-DIP Al2O3 3D microscaffold DLW PDL+ lam. mPNs XI
IP-DIP Al2O3 3D microscaffold DLW PLL+ lam. hiDNs VII

neurons are generated within only a few weeks instead of months since time-consuming steps such as cell

reprogramming and harvesting of neural rosettes are skipped. Still, culturing of the iPSC-derived cells

remains to be both time-consuming and challenging. First of all, the hiNPCs have to be passaged every

4–6 days. Moreover, the differentiating cells also require a further reseeding step and need, in addition,

various types of culturing media depending on the state of the differentiation. Since all cultivation stages

are constantly running, depending on each other, and need to be conducted strictly to the protocols

to maintain reproducibility and comparability of the trials, the planning as well as the coordination of

experiments running in parallel can reach any level of complexity. For patch clamping, the hiGNs and

hiDNs were the most difficult ones because stem cell differentiation never results in perfectly pure cultures

of neurons and suitable cells must be selected by, e.g., morphology and size. Note, the hiGNs—only used

in publication IV—were cultured in collaboration with the Fraunhofer Institute (IME/ITMP, Screening-

Port) based on previously published work.278–280 The initial cell culture including seeding onto the NW

samples was conducted in the Fraunhofer laboratories. Afterward, the samples were transferred back

to the Center for Hybrid Nanostructures (CHyN) for the final maturing and the experiments conducted.

The hiDNs, however, were cultivated entirely in-house and the reproduction of the differentiation protocol

was established specifically in the framework of this PhD thesis. In addition to the cells described above,

human neurons differentiated from SH-SY5Y cells generated from a neuroblastoma were patched during

the PhD period.346 But since they were not applied to any micro- or nanostructured materials these

cells are not further discussed. For the sake of completeness, the hiNPCs were in fact only used for, e.g.,

proliferation studies on the NW arrays but not for any patch clamp experiments since their immature

differentiation state would not yet allow for expressing distinct features of neuronal functionality such as

the firing of APs.347

The micro- or nanostructured cell culture substrates featured, on the one hand, different types of

NW arrays with altered array pitches, NW lengths, and NW diameters, and, on the other hand, different

topographical constraints such as trenches and 3D scaffolds to direct the cellular growth. The specific

type of substrate is introduced in detail in the corresponding section. However, respective anticipatory

tabular listings of the NWs arrays and scaffolds are compiled in Tables 3.2 and 3.3.

In the next subsection—before presenting any experiments on the micro- or nanostructured sub-

strates—a more general patch clamp study, namely, a comparison of electrophysiological properties mea-

sured at both physiological and room temperature (RT) will be presented. One focus of this study was to

test the custom-built temperature control. Hence, the measurements were conducted simply on regular

glass coverslips.

3.0.1 Patch clamping at physiological temperatures (Publication I)

In general, patch clamping at just RT is a widely disseminated standard in the electrophysiology com-

munity.348 However, RT does not represent the natural physiological body temperature of mammals

of about 37 °C and literature is reporting repeatedly, for instance, on the temperature sensitivity of

ligand- or voltage-gated ion channels.349–351 Although the T cells, mPNs, and hiDNs used herein were, in

fact, already successfully patch clamped at RT elsewhere,277,352,353 a temperature control for the patch
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Chapter 3. Cells cultivated on NW arrays and inside 3D microscaffolds

clamp setup was developed to test for a potential benefit of an environment closer to a physiological one.

In contrast to commercially available temperature controls, the custom-built device is rather affordable

and also can easily be adapted to different setup configurations. After construction, the temperature

controller was tested using T cells and hiDNs. Figure 3.2a displays an image of the microscope inset

during a patch clamp procedure. The inset consists of a Peltier element, which creates a temperature

gradient between two copper plates. A passive heatsink is attached to the bottom plate to dissipate

the thermal energy generated from the Peltier element (either heat or cold). The upper plate holds a

35mm Petri dish containing the cells. A temperature sensor is dipped into the bath solution to read the

water temperature and a thin tube is adding fluid to replace evaporating bath solution during long-term

experiments. Another temperature sensor is built into the upper copper plate. Two thermometers were

installed since the built-in sensor responded faster to temperature changes because of direct thermal

coupling and thus allowed for more precise temperature control. Nevertheless, the bath thermometer is

required to calibrate the offset between the temperature of the plate and the actual temperature of the

bath solution. The control electronics including the switches, potentiometers, and connectors to choose

the heating/cooling mode, to set the temperature, and to connect the peripherals (power supply, Peltier

element, thermometers) are mounted in a custom-made 3D-printed case (Figure 3.2b). Further details

regarding the design, the operation modes, and the electrical circuit can be found in the OM.

The controller is designed to enable both heating and cooling of the platform. On the one hand,

heating is of course required to reach physiological temperatures. On the other hand, cooling down of

the cells can be used to slow down temperature-dependent processes that are too fast for standard

detection methods and thus enables resolving recordings beyond the amplifier’s time resolution.354 The

temperature controller was able to operate at temperatures from 15 °C to 60 °C (Figure 3.2c). The upper

and lower limits were primarily defined by the utilized power supply, which delivered 3A, and by the

passive heatsink. If necessary, both limits could easily be extended by using a power supply that is able

to deliver more current and/or applying a more efficient thermal coupling of the lower copper plate by,

e.g., a water cooling system. Nevertheless, the employed components were by all means sufficient to reach

physiological temperatures of about 37 °C. Eventually, the final experiments were conducted at 36 °C,

which is close to the natural body temperatures but still offers a 1 °C safety zone to avoid pyrexia. Such

temperature was reached in less than 5minutes and stable within approx. ±0.25 °C (Figure 3.2d).

Figure 3.2 – Patch clamp temperature control including controller and characterization of the cooling/heating capabilities.
a) Image of the temperature-controlled microscope inset for the patch clamp setup. A Peltier element is positioned
between two copper plates to create a temperature gradient in between. The bottom plate is equipped with a
passive heatsink to dissipate produced thermal energy. The upper plate holds the 35mm Petri dish with the cells.
A temperature sensor is dipped into the patch clamp solution and a thin tube is adding fluid to compensate for
evaporation during long-term measurements. b) Case for the control electronics incl. switches, potentiometers, and
connectors (inset) to choose the heating/cooling mode, to set the temperature, and to connect the power supply, the
Peltier element, and the thermometers, respectively. c) Temperatures reached for cooling and heating, respectively.
Error bar is ±0.25 °C. d) Exemplary trace of the temperature depending on the time with a set-point of 36 °C.
The final temperature is reached without overshoot in less than five minutes and stable within approx. ±0.25 °C.
Adapted from publication I.
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The T cells and the hiDNs were tested for diverse electrophysiological characteristics such as the

opening of voltage-gated ion channels and the capability to fire APs, respectively. Figure 3.3a displays

an exemplary trace of APs recorded from a neuron at 36 °C in which the APs were stimulated by a small

current injection to depolarize the cell above the threshold potential. Note, also at RT, the neurons were

able to release APs. A direct comparison, however, of the maximal frequency and amplitude of the APs

revealed that the mean maximal frequency of about 36Hz at 36 °C was almost twice as high compared to

RT (20Hz) whereas the mean amplitude of the APs was reduced from 80.8 to 54.2mV (Figure 3.3b). In

general, these values are appropriate amplitudes for APs measured on human iPSC-derived neurons.355,356

The higher AP frequency at 36 °C can be explained by faster gating sodium and potassium ion channels,

which was described for other cells in the literature.357,358 These ion channels form the crucial elements

of the AP dynamics and a faster response allows for a more rapid sequence of depolarization and repolar-

ization of the cell. That also explains the smaller amplitude of the APs since the compensating ion flux

for repolarization begins earlier and the peak heights of the APs are lowered. The literature regarding the

temperature dependency of APs is not consistent as for rodent neurons, for example, both temperature

dependency as well as insensitivity were reported.359,360 For the T cells, the gating potentials of the

potassium ion channels were determined to be −22.7mV at 36 °C and −24.4mV at RT (Figure 3.3c). In

general, such values are in accordance with the literature,361 and a fundamental change with respect to

an altered temperature was not expected since the channels are voltage-gated. Next, the membrane time

constants (MTCs) and the membrane capacitances (MCs) were identified (Figure 3.3d and e). For the

MTCs, an increase from 5.7 to 9.7ms and from 21.5 to 29.3ms for T cells and neurons, respectively, was

observed. The MCs were basically not affected by the temperature, which is reasonable since no gating

dynamics are involved. In fact, the capacitance primarily depends on the membrane area, which does not

change with temperature.362

The temperature control for the patch clamp setup makes it possible to conduct the experiments at,

for instance, physiological temperatures. However, the results with regard to the temperature-dependency

were mixed, which is in a way consistent with the literature also reporting on inconsistent behavior of

electrophysiological properties such as a two-way temperature correlation regarding firing frequencies

of APs.363 Hence, it is important to keep in mind that the comparison of absolute values should be

done carefully if the patch clamp measurements were done at different temperatures. In any case, a direct

comparison of biological studies is often virtually impossible anyways since identical cell culture protocols

are rarely employed, especially, in the case of iPSC-derived cells. Thus, differences in electrophysiology

should only be accentuated if they were at least measured at similar temperatures. Nevertheless, the

patch clamp measurements presented in the following sections were all conducted at RT since concomi-

tant difficulties outweighed potential advantages. The hypothetical benefits of establishing physiological

temperatures during the patch clamp measurements were in no adequate relation to the effort required

Figure 3.3 – Comparison of electrophysiological measurements on T cells and hiDNs at RT and 36 °C. a) Exemplary trace
of APs recorded at 36 °C from a hiDN. b) Maximal frequency and amplitude of the AP trains reached at RT and
36 °C. c) Gating potentials of potassium ion channels of T cells at RT and 36 °C. d) Membrane capacitances (MCs)
of T cells and hiDNs at RT and 36 °C. e) Membrane time constants (MTCs) of T cells and hiDNs at RT and 36 °C.
The error bars are standard deviations (SDs). n=7–11. Adapted from publication I.
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to handle the additional susceptibility to noise, the need to compensate for increased evaporation of

the bath fluid, and the thermal expansion-dependent shifts of the sample.364 Thus, patch clamping of

the cells on the micro- and nano-structured substrates at RT instead of physiological temperatures was

considered appropriate. The next chapter presents the initial results of electrophysiologically intact T

cells and mPNs cultured on ordered InP and randomly distributed ZnO NW arrays.

3.1 Studies using NW arrays

The herein presented studies on cells interfaced with NW arrays started with T cells and mPNs cultured

on HD InP and ZnO NW arrays. During the course of the PhD studies, hiGNs and hiDNs were employed

and the differentiation was tested on various types of NW arrays with varying characteristics, such as the

array densities or the NW lengths and shapes.

Albeit cells cultured on NW arrays have been investigated in many ways—for example, in terms of via-

bility, proliferation, or movement, to name a few—their electrophysiology has been examined rather rarely.

One trivial reason might be that the patch clamp technique, although delivering unmatched high-quality

data and in principle well-established, is not quite widespread among bio-laboratories, presumably, due to

the high labor requirements, the complex experimental procedure, and the comparatively low screening

throughput.365 Even when patch clamp setups are available in well-appointed bio-institutes, so are these

setups often installed in inverted configurations designed for regular transparent dishes. Consequently,

such inverted setups are not suitable for inherently opaque substrates such as the NW arrays. By being

restricted to upright-oriented patch clamp setups, the scarce options to conduct electrophysiological

studies are further reduced, which is, as mentioned, reflected in the marginal number of patch clamp

studies of cells cultured on NW arrays. Note, the setup used in this thesis was explicitly built by me

for patch clamping cells on NW arrays (Master’s thesis).366 Another but yet important reason for the

limited number of patch clamp studies in the field might be a fundamental restriction of applying the

patch clamp technique to cells cultured on NW arrays. Specifically, the NW array’s spiky character might

substantially damage the cells during the sealing procedure. To remind the reader, attaching the patch

pipette to the cell membrane goes along with inflicting a certain amount of unavoidable mechanical stress

against the cell. For that reason, it was not clear in the beginning whether the spiky topography of the

NW arrays might prevent successful patch clamping in the first place. The work presented here now

shows that electrophysiological readout of cells cultured on NW arrays via patch clamping is feasible.

Needless to say, however, the general patch clamp routine was rendered more difficult, for example, due

to varying visibility of the cells depending on the array characteristics (e.g., HD arrays appear very dark)

and—of course—the increased requirement to approach the cell with great care to prevent damages during

establishing the gigaseal.

3.1.1 Intact electrophysiology of T cells and mPNs cultured on NW arrays (Publication II)

In this section, the growth and electrophysiology of T cells and mPNs cultured on HD NW arrays with

altering morphology were tested. Specifically, well-arranged InP NW arrays (Figure 3.4a) and randomly

distributed ZnO NW arrays (Figure 3.4b) were used as cell culture substrates. The arranged growth of the

InP wires was defined via nanoimprint lithography, which created hexagonal patterns of gold droplets to

serve as catalysts during the epitaxial growth process.367 The nanoimprint lithography not only allows for

defining the diameter of the seed particles but also ensures a uniform size, which results in identical NW

geometries, namely, length and diameter. Herein, the diameter was 180 nm, the length was 2µm and the

pitch was 500 nm. The ZnO NWs were fabricated in a self-catalytic and self-assembled epitaxial growth

process resulting in a randomized arrangement with an average pitch of 300 nm with NW diameters of 70
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Figure 3.4 – Imaging of T cells and mPNs cultured on NW arrays. a) Top-view scanning electron microscopy (SEM)
image of the ordered InP NW array. The pitch is 500 nm, the NW diameter is 180 nm, and the length is 2µm.
Inset: 40° tilt. b) Top-view SEM image of the randomly arranged ZnO NW array. The average pitch is about 300 nm,
the NW diameters range from 70 to 180 nm, and the length is approx. 3µm. Inset: 40° tilt. c) Cross-sectional SEM
image of a neuron cultured on ordered InP NWs prepared with focused ion beam (FIB) milling. The cell is just
in contact with the very NW tip. d) Cross-sectional SEM image of a T cell cultured on randomly arranged ZnO
NWs prepared with FIB milling. The cell is just in contact with the very NW tip. e) Epifluorescence microscopy
image of calcein (Ca)- (green) and membrane-stained (red) T cells cultured on ordered InP NWs. Inset: close-up
of none Ca-labeled cell. f ) Epifluorescence microscopy image of Ca- (green) and membrane-stained (red) neurons
cultured on randomly arranged ZnO NWs. Adapted from publication II.

to 180 nm and slightly varying NW lengths (about 3 µm).368 The utilized array pitches result in densities

of more than 400NWs/100µm2, which corresponds to a HD in the field.55 The samples were passivated

with Al2O3 to avoid the potential influence of the material of the NWs and to ensure biocompatibility.369

Moreover, untreated ZnO was found to be chemically unstable during long-term culture at ph 7.4 of the

cell culture medium, which is in accordance with the literature.370

The hybrid interface and cell viability were tested by cross-sectional scanning electron mi-

croscopy (SEM) imaging (Figure 3.4c,d) and fluorescent microscopy (Figure 3.4e,f), respectively. Details

will be discussed below. To enhance the adhesion of the T cells and mPNs to the NW arrays, the samples

were coated with PDL.340 In addition, substrates used for the mPNs were also treated with laminin to

promote neuronal growth.371 The T cells adhered for about 15min to the NW arrays whereas the mPNs

were cultivated for 6–7 days on the NWs. Due to the HD character of the employed NW arrays, the cells

were expected to grow in a fakir-like state on NWs.51 Such a settling regime on a bed-of-nails was con-

firmed for both T cells and mPNs on the ordered InP and the random ZnO NWs arrays by cross-sectional

SEM imaging prepared by focused ion beam (FIB) milling (examples in Figure 3.4c and d, others in the

OM).372 The insets with corresponding close-ups emphasized that only the very NW tips were in contact

with the cells and heavy deformations of the membrane were absent. This type of cell/NW interface

is in accordance with the literature where cells on HD NW arrays were inspected by cross-sectional

imaging.102,373 In a next step, viability assays of the cells cultured on both types of substrates were

prepared in which all cells were labeled in red by an unspecific membrane strain and viable cells were

then identified in green by using Ca (examples in Figure 3.4e,f, others in the OM). Ca labels only viable

cells since only these still contain the esterases to transform the non-fluorescent acetomethoxy derivate

of calcein (calcein-AM) into fluorescent Ca.374 Note, Thermofisher just refers to a ’viability indicator’ in

their ready-to-use staining kit.375 The proportion of viable cells was semi-manually determined using the

cell counter plugin in ImageJ/Fiji.376,377 The viability of the T cells was almost 100% on all types of

substrates (Figure 3.5a). In general, high viability of cancer-cell lines is normal and thus the results are in
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accordance with the literature.378 Worth mentioning, determining the cell viability right after adhesion

might have even further increased the proportion of viable cells because of the selective nature of the ad-

hesion process in which necrotic cells and cell debris would not actively attach to the PDL-coated surface

of the NWs. The viabilities of the neurons after one week of culturing were 65.4± 4.5% and 66.5± 4.4%

on the NW substrates and 73.9± 3.6% and 72.9± 6.2% on the control substrates (Figure 3.5b). In general,

such viabilities are in line with the literature.342 The slightly reduced viability on the NW arrays can be

explained by the challenging substrate topography. The type of HD NW array, however, does not play

any role in cell viability.

The electrophysiological integrity of the cells cultured on the NW arrays was finally tested in terms

of cell-specific ion channel activity/responses and basic membrane characteristics such as the resting

membrane potential (RMP) and the MC. For T cells the gating properties of voltage-gated ion channels

were tested by applying voltage ramps from −60 to +10mV with a slope of 80mV/100ms while measuring

the ionic membrane currents through the cell membrane (Figure 3.5c). The increase of the ionic current at

about −30mV originates from the gating of the voltage-gated ion channels, which significantly increases

the conductivity of the membrane allowing for higher membrane currents. In general, no fundamental

differences between the traces recorded on NW arrays and control samples were observed and thus state

the equivalence of the substrates. Furthermore, such gating potentials are normal for Jurkat cells/human

T lymphocytes and can be assigned to voltage-gated potassium channels.361 The mPNs cultured on the

NW arrays were tested for the capability to release APs to verify that the neurons are functional and able

to process neuronal information. Here, equal quality of the NW substrates to culture the neurons was

proven by recordings of AP trains during a current injection with amplitudes between 45 and 85mV and

firing rates of approx. 27Hz (Figure 3.5d). Additionally, the measured values are in agreement with the

literature.379,380 For both cell types, also basic membrane parameters were determined (OM). For T cells

measured on all types of substrates, the RMPs and MCs ranged from −53.4± 2.9mV to −56.6± 8.9mV,

and from 8.0± 1.7 pF to 10.6± 2.5 pF, respectively (n=5). For neurons, the RMPs and MCs were be-

tween −55.9± 7.2mV and −58.1± 4.9mV, and 3.7± 1.0 pF and 4.7± 0.8 pF (n=5). Within the groups,

no statistically significant deviations were found, which demonstrates that the substrates have no critical

impact on the cells and their growth (Welch’s t-test with a 95% confidence interval). Also, these results

match the literature.379,381–385 To briefly conclude, the T cells and mPNs rested in a fakir-like state on

the NW arrays only interacting with the very NW tips. For both cell types, no detrimental impact on

the cell viability while being cultured on NWs was observed. Moreover, the patch clamp measurements

Figure 3.5 – Viability and electrophysiology of T cells and mPNs cultured on NW arrays. a) Bar chart of the viability
of T cells cultured on NW and control substrates. b) Bar chart of the viability of neurons cultured on NW and
control substrates. Error bars are SDs. c) Recordings of the membrane currents of T cells cultured on NW and
control substrates during the application of voltage ramps from −60 to +10mV with a slope of 80mV/100ms. The
increase in current at about −30mV indicates the gating of the voltage-gated ion channels. d) Exemplary traces of
APs recorded of neurons cultured on planar Al2O3 and NW substrates. The amplitudes of the APs were between
45 and 85mV with firing rates of approx. 27Hz. n=5. Adapted from publication II.
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demonstrated that the electrophysiological parameters were maintained independent of an ordered or ran-

dom arrangement of the NW arrays. Finally, the results also confirmed, that the patch clamp technique is

a suitable tool to determine electrophysiological properties of cells on NW arrays despite applying some

mechanical stress during the sealing procedure. This crucial outcome was then also the starting point for

further studies.

In the following sections, cells derived from human iPSCs were employed for the studies. First, the

results of culturing the hiNPCs on various types of NW arrays will be summarized. Subsequently, the

analysis of the terminal differentiation of NPCs into hiGNs and hiDNs, respectively, while being cultivated

on NW arrays with varying geometrical characteristics will be presented.

3.1.2 Proliferation and survival of hiNPCs cultured on NW arrays (Publication III)

The general feasibility to cultivate the hiNPCs on the NW arrays is a prerequisite for the overarching

objective of a further differentiation of these cells toward functional neurons while being cultured on these

substrates. For that reason, the proliferation and viability of the hiNPCs were investigated on various

types of NW arrays. These NW arrays featured array pitches of 1, 3, 5, and 10µm (P1, P3, P3, P10)

combined with NW lengths of 1.5, 3, and 5 µm (L1.5, L3, L5) (Figure 3.6). The utilized pitches result

in array densities of 100, 11.1, 4, and 1NWs/100 µm2, respectively. Both pitch and length encase array

characteristics frequently used in the field.55 Also, these parameters cover sufficiently diverse parameters

to expect changing settling regimes from a fakir-like state to a complete encapsulation of the NWs.

In the following paragraphs, a pitch of 1 µm is referred to as HD, the larger pitches are classified as

low(er)-density (LD). The NWs were prepared in a top-down approach from plain silicon using RIE. The

utilized chromium hard mask featured dots with a diameter of 700 nm and was defined by EBL. The

NW lengths were controlled by the RIE time. The application of RIE to fabricate NW arrays has been

reported before, but often only shorter NWs of about 1 µm were produced.386 Usually, longer NWs are

prepared in a multi-step deep RIE (DRIE) process.387,388

The proliferation and viability of the hiNPCs cultured on the NW arrays were assessed by quantifying

the number of viable cells right after adhesion (after about 1 h, referred to as 0 days in vitro (DIV))

and the following four consecutive days (1–4 DIV). The cells were identified using cell-permeant

Hoechst 33342, which labels the deoxyribonucleic acid (DNA) in the cell’s nucleus (examples of 0 and

4DIV in Figure 3.7a and b). Additionally, viable and dead cells were indicated using Ca (green) and

propidium iodide (PI) (red), respectively (Figure 3.7c, example of 4DIV). Similar to Hoechst, PI also

binds to the DNA but it is not permeant to viable cells and thus only stains dead cells. Using the

’CellProfiler’ software,389 cells were initially identified using the Hoechst channel and sorted into viable

and dead cells by reading the Ca and PI channels. The numbers of viable cells were determined 0–4DIV

for all types of NW arrays and compared to planar controls (0, 3, and 4DIV in Figure 3.7d, 1 and

Figure 3.6 – Exemplary SEM images of Si NW arrays used for the hiNPC cell culture. The NW arrays with array
pitches (P) of 1, 3, 5, and 10µm and NW lengths (L) of 1.5, 3, and 5 µm were produced in a top-down approach
using RIE. The utilized pitches result in array densities of 100, 11.1, 4, and 1NWs/100 µm2, respectively. a) Pitch
of 1µm and length of 3 µm. b) Pitch of 3 µm and length of 1.5 µm. c) Pitch of 5 µm and length of 5 µm. d) Pitch
of 10µm and length of 3µm. Adapted from publication III.
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Figure 3.7 – Proliferation and viability of hiNPCs on altered NW arrays. a, b) Exemplary micrographs of Hoechst-stained
hiNPCs (blue) cultured on NW arrays imaged directly after adhesion (0DIV) and 4DIV, respectively. c) Exemplary
merged micrograph of Ca- (green) and propidium iodide (PI)-stained (red) hiNPCs cultured on NW arrays imaged
after 4DIV. d) Number of viable cells cultured on NW arrays and controls from 0, 3, and 4DIV. e) Viability of
cells cultured on NW arrays after 4DIV. f ) Cluster density of cells cultured on NW arrays after 1 and 2DIV.
n(images)≥ 15. Control: Si. Error bars are SDs. Indicated significances were calculated using an ANOVA analysis
with post-hoc Tukey’s test and labeled as follows: *α=0.05, **α=0.01, ***α=0.001. Adapted from publication III.

2DIV in the OM, control was plain silicon being equal to glass (SI)). Three basic statements could be

made based on the results. First, L1.5 NW arrays had no influence on the cell numbers after 4DIV.

Second, there was scarcely a difference between L3 and L5 samples. Third, with increasing array density

in the case of the L3 and L5 NWs, the number of cells decreased. The first and the second observation

were consistent in themselves, but the third one raised some questions after closer inspection: For LD

NW arrays (P≥3), i.e., encapsulating regimes, the results were reasonable since more indentations per cell

were induced with increasing array density. The higher number of indentations went along with a larger

impact on the proliferation—a phenomenon, which is in accordance with the literature.70,75,390 For the

HD NW arrays (P1), however, i.e., the fakir-like regime, the reduced cell numbers were contra-intuitive

since cells in a fakir-like would not be influenced by any indentations. Moreover, this is, for example, also

in direct contrast to other work showing that HD arrays can even enhance the proliferation of murine

neural stem cells.155 To highlight another contradiction, the L1.5P1 samples showed normal cell numbers,

which means that within the P1 group of samples, the NW lengths had a decisive impact. The perceived

inconsistencies were attributed to particular interactions between the cells and the NW arrays, which

were further elaborated by SEM and confocal laser scanning microscopy (CLSM) presented in the next

paragraph. Nevertheless, more data were extracted from the Hoechst/Ca/PI images and are discussed

first. The cell viability was tracked also on five consecutive days and the final viability after 4DIV is

presented in Figure 3.7e. In general, viabilities of more than 85% were observed and only dropped below

80% for the HD NW arrays (P1L3 and P1L5) in which case also reduced proliferation was found. A

neglectable influence of the NWs on the viability is overall in agreement with the literature.53,62,391–393

However, universal conclusions were difficult to draw since factors such as cell type, culturing time, NW

length, or array pitch sometimes play decisive roles. For instance, Bonde et al. showed that HEK293 cells

showed lower viability when cultured on NW arrays in settling regimes in which the NWs were partly or

fully encapsulated by the cell.71 Yet in fakir-like settling states, viability should not be affected.394 As

mentioned before, this case will be inspected in more detail later. The spreading and movement of the
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cells on the NW arrays were investigated by determining the distances between individual cells. First, a

density-based spatial clustering of applications with noise (DBSCAN) algorithm was used to determine

the proportion of cells in cell clusters (OM).395 The proportion of cells belonging to clusters increased

from about 25% to 75% within one day and plateaued at about 90% after 4DIV. In general, clusters

are formed by movement and cell division. Since the cell numbers hardly increased between 0 and 1DIV,

initial clusters were predominantly caused by migration. In the proportion of cells in clusters, however, no

differences were found. In contrast, the quantification of the distances between individual cells in clusters

using ImageJ/Fiji showed that the average distance was slightly yet significantly larger on LD arrays

than on HD arrays and control after 1DIV (Figure 3.7f). This observation allowed for the conclusion

that migration was hindered at low array densities, which is also reported in the literature.75,153,396,397

Normal movement on HD NW arrays is in accordance with the literature as well.74,398 The differences

disappeared the day after since proliferation started to outplay migration. Next, the inconsistent cell

numbers on the HD NW arrays (P1) were further investigated by characterizing the cell/NW interface.

The interaction between the cells and the NWs was analyzed by additional imaging to address the

remaining open question of the reduced proliferation on the HD NW arrays. Initially, the samples were

examined via SEM imaging, which showed that hiNPCs cultured on P1 NW arrays repeatedly formed

narrow extensions along the array axes while growing in a fakir-like state (Figure 3.8a–c). Note, the

elongations appeared independent of the NW lengths. In a next step, staining of f-actin with phalloidin

revealed that these extrusions were part of the cytoskeleton (Figure 3.8d). The ability of well-ordered

NW arrays to generate guiding forces to polarize cells or to direct neurite growth is described in the

literature.91,93–96,98,172,399 In these publications, several parameters were tuned, but in the end, the array

pitch was found to be decisive whereas guiding occurs only in between two thresholds: for extremely

small pitches, cells consider the surface homogeneous without any directing forces; for substantially large

pitches, the cells are not able to reach the next NW and thus guiding is also not possible. Despite

Figure 3.8 – Alignment of the cytoskeleton along the NW axes of HD NW arrays (P1). a–c) Exemplary SEM images of a
hiNPC with elongation along a NW axis using P1L1.5, P1L3, and P1L5 NW arrays. d) Exemplary epifluorescence
microscopy image of cells cultured on HD NW arrays with the cytoskeleton stained by phalloidin (green). The
arrows point to examples of the elongations. e) Quantification of the angular orientations of the elongations formed
by cells cultured on HD NW arrays sorted by lengths (L1.5, L3, and L5). The gray lines indicate the SDs. The
peaks at ±90° and 0° were less distinct for L1.5 NW arrays. Adapted from publication III.
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many studies reporting this phenomenon, a direct comparison of the threshold values, however, was only

possible with Bucaro et al. as they at least used comparable array pitches (0.8 to 5µm with fixed 5µm

length). They determined a window for guiding from 1.25 µm to 3.5µm, which is in contrast with the

results found here, i.e., guiding at a pitch of 1µm. Anyhow, the impact on, for instance, proliferation

and viability, was not tested in Bucaro et al. but the potential need for such studies was explicitly

mentioned. The findings here suggested, that the reorganization of the cytoskeleton also changed the

normal cell dynamics and interfered with regular proliferation.400,401 So far, the mere visual inspection

of the SEM and phalloidin images did not explain the normal cell numbers on L1.5P1 samples since

the elongations were found in all three types of P1 NW arrays. A difference between the P1 samples

was found, however, by comparing the normalized angle distributions of the elongations determined with

the OrientationJ plugin ImageJ/Fiji (Figure 3.8e). All samples showed indeed clear peaks at 0 and ±90°

corresponding to the array axes but for the L1.5 samples, the minima were less distinct of about 0.5

compared to approx. 0.25 for the longer NWs (L3, L5). Hence, the guiding forces on arrays with the

shortest NWs must have been less. To detect potential differences in the interaction of the cells with the

NWs, high-resolution 3D images were reconstructed from z-stacks prepared by CLSM (Figure 3.9a and b,

green: cytoskeleton/phalloidin, red: nuclei/DRAQ5, purple: NW tips). Note, the main panels show the

Figure 3.9 – CLSM imaging of the cytoskeleton for determining the settling states. The cytoskeleton/f-actin was stained
with phalloidin (green), the nuclei were labeled with DRAQ5 (red), and the reflections of the NW tips appeared in
purple. Note, the nuclei were stained with DRAQ5 (ex/em 647/681 nm) merely because the confocal microscope
does not support ultraviolet (UV) excitation required for Hoechst. a) Exemplary image of a cell cluster cultured on
HD NW arrays with long wires with focus on the NW tips. Main panel: top view. Adherent panels: cross sections
along the NW tips. The cells were just in contact with the NW tips. b) Exemplary image of a cell cluster cultured
on HD NW arrays with short wires with focus on the NW tips. Main panel: top view. Adherent panels: cross
sections along the NW tips. The cells rested on the NW tips but the same image area with the focus on the
NW bottom (panel c)) showed that the cells also interacted with the substrate bottom. The cross sections were
positioned between the NWs and the positions of the NW tips and the substrate bottom were indicated with
dashed lines. d) Exemplary image of a cell cluster cultured on NW arrays with a pitch of 3µm and 5µm long
wires with focus on the NW tips. The NWs were partly encapsulated and the nuclei were poked multiple times.
e) Exemplary image of a cell cluster cultured on NW arrays with a pitch of 5µm and 5µm long wires with focus
on the NW tips. The NWs were completely encapsulated and the nuclei were deeply indented by the NWs or
squeezed/deformed (inset). f ) Exemplary image of a cell cluster cultured on NW arrays with a pitch of 10µm and
5 µm long wires with focus on the NW tips. Even though the nuclei would smoothly fit between the NWs, still
some nuclei were severely indented. Adapted from publication III.
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x-y plane with the focus on the NW tips and the attached panels display the corresponding cross sections

along the rows of NWs. Initially, the cross sections along the NWs drew a similar picture of a fakir-like

state for the cells cultured on P1 NW arrays with either long (shown here: L5) or short (L1.5) NWs.

However, when focused on the substrate bottom it became clear that for L1.5 NWs the cells were also

in contact with the bottom (Figure 3.9c). The cross sections now prepared between the NWs emphasized

that part of the cytoskeleton was between the NWs (side panels of Figure 3.9c). Worth mentioning, the

position of the tips was indicated by the dotted line since they do not appear when focused between the

NWs. To emphasize the results, the proliferation on the P1 NW arrays was normal since the cells rested

in a mixed state on the arrays responsible for a less prominent alignment of the cytoskeleton, i.e., less

auxiliary stress. Finally, the cells were also imaged on all the other types of substrates and particularly

impressive configurations, namely, P3L5, P5L5, and P10L5 samples, in which the cells underwent heavy

deformations (Figure 3.9d–f). Specifically, for a pitch of 3µm, the cells settled in an intermediate state

on the NWs partly encapsulating the nanostructures (Figure 3.9d). Noteworthy, each of the nuclei was

impaled by multiple NWs. Using a pitch of 5µm, the NWs were completely encapsulated and also the

nuclei were deeply indented. Moreover, the nuclei were squeezed and deformed by the NWs as shown

in the inset only containing the DRAQ5 color channel (Figure 3.9e). Even with a pitch of 10µm, some

nuclei were indented although the nuclei would have smoothly fit between the NWs (Figure 3.9f). A

strong interaction between the nucleus and the NWs was described before.70,402,403 For shorter wires,

similar effects were observed but the deformations were less distinct (OM). The general trends of the

hiNPCs favoring a fakir-like settling state for small array pitches and long NWs as well as preferring NW

encapsulation for large array pitches and short NWs are in good agreement with the literature.51,74,95

Concludingly, it is remarkable that the hiNPCs overall maintained their viability—particularly on samples

containing the longest NWs (L5). Moreover, the strong interaction of the NW and the nucleus might offer

the opportunity to use the NW substrates prospectively for future applications such as gene transfection

or biomolecule delivery.102,107,404

Next, the differentiation of hiNPCs into functional neurons while being cultured on multiple types

of NW arrays was investigated. Initially, the neuronal differentiation was tested on several types of

NW arrays featuring only short NWs (about 1 µm) in order to start with rather conservative NW array

topographies. In the following section, the generation of hiGNs from hiNPCs cultured on short Si3N4

NW arrays was tested and is presented in the next section.

3.1.3 Interfacing hiGNs with silicon nitride NW arrays (Publication IV)

The differentiation toward hiGNs was tested on multiple types of Si3N4 NW arrays (Figure 3.10a–e).

Specifically, two different densities of approx. 31NWs/100µm2 (HD) and 6NWs/100 µm2 (LD), a NW

length of 1.2µm, and altering array arrangements featuring random, hexagonal, and rectangular patterns

were used. The NW arrays were prepared using RIE similar to the previous chapter. The mask of random

arrays was prepared in a de-wetting process of a thin gold film deposited by sputtering. The ordered

arrays were defined with EBL. The differentiation of the hiNPCs into hiGNs was initiated in conventional

multi well-plates and the cells were cultured like that for two weeks. The pre-differentiated cells were

detached and transferred to the NW sample in order to mature for another two weeks—thus four weeks

of differentiation in total—until imaging and measurements were conducted. To remind the reader, the

cell culture was started in the Fraunhofer Institute (IME/ITMP, ScreeningPort) and the samples/cells

were transferred back to the CHyN a few days before the experiments. Note, the glutamatergic phenotype

of the culturing protocol was verified in the Fraunhofer Institute from control samples using quantitative

real-time polymerase chain reaction (qRT-PCR) showing an up-regulation of genes of the glutamatergic

system, e.g., GRIN1 (glutamate ionotropic receptor N -methyl-D-aspartate type subunit 1) (OM).
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Figure 3.10 – SEM images of the utilized Si3N4 NW arrays and the cell/NW interface prepared by FIB milling. a–e) SEM
images of Si3N4 NW arrays with random, hexagonal, and rectangular arrangements with array densities of about
31NWs/100µm2 (HD) and 6NWs/100µm2 (LD). The pitches of the ordered arrays were 1.8 and 4 µm, respectively.
The NW lengths were approx. 1.2µm. Tilt was 45° (corrected). f ) Exemplary SEM image of hiGNs cultured on
random Si3N4 NW arrays. Tilt was 45° (corrected). Not published. g–j) Exemplary cross-sectional SEM images
prepared by FIB milling. Using HD NW arrays, the cell rested on the NW tips and with LDs, the NWs were either
completely or partly encapsulated by the cell (others: OM). Tilt was 54° (corrected). Adapted from publication IV.

The neuronal growth and the settling regimes were investigated by SEM (example in Figure 3.10f),

CLSM (OM), and cross sections prepared by FIB milling (Figure 3.10g–j). Specifically, exemplary cross

sections of random, rectangular, and hexagonal arrangements at HD and LD are shown (others in the OM).

In the case of HD arrays, the cells rested in a fakir-like state in the NW tips (panels g and h) whereas, for

LD arrays, the NWs were entirely or partly encapsulated (panels i and j). The respective settling states

were reconfirmed with CLSM (OM). Both regimes of a fakir-like state and NW encapsulation for HD and

LD NW arrays match the literature.52,402,405 In addition, guiding of the neurites was observed by CLSM

when the ordered HD NW arrays, which has been reported in other work as well.94,172,406 Next, the

viability of the cells was tested by Ca and PI staining and the results confirmed that the viability of the

neurons is maintained compared to planar control after two weeks of culturing on the NW arrays (OM).

Unimpaired viability is in good agreement with the previous results and the literature.71

The electrophysiology of the hiGNs was tested on all types of NW arrays by the patch clamp tech-

nique (Figure 3.11a). Here, the neurons showed excellent firing of APs proving not only the functionality

of the neurons but also the mature state (Figure 3.11b). Note, immature neurons, i.e., neurons in an early

stage of neuronal development would either be incapable to fire APs or only release single spikes.407 The

overall mean height of the APs was 93.6± 14.3mV (Figure 3.11c) and showed no statistically significant

variations to the controls (ANOVA with post-hoc Tukey’s test). Such amplitudes of the APs correspond

to a notably distinct characteristic of the spikes compared to the literature.277,280,284,355,356,408,409 In

a next step, the accurate interplay of the sodium and the potassium ion channels was confirmed by

measurements of the membrane currents, which showed the characteristic early-inward currents (neg-

ative peaks) and late-outward currents (positive, constant), respectively (Figure 3.11d, here HD/LD

hexagonal, others in the OM).279 Basic electrophysiological parameters such as the RMP, MC, input
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Figure 3.11 – Electrophysiology of hiGNs cultured on Si3N4 NW arrays. a) Exemplary bright-field image of the patch
clamping procedure taken with the patch clamp microscope. b) Exemplary traces of APs recorded on control and
different NW arrays (controls in the OM). c) Quantification of the AP heights recorded on controls and NW arrays
measured peak to peak. d) Exemplary traces of early-inward (negative peaks, sodium) and late-outward (positive,
potassium) currents recorded on HD and LD NW arrays (hex. and rect. arrangement, respectively, others: OM).
Voltage steps from −70mV to +30 mV were applied. Others in the OM. e) Bar charts of RMPs and MCs recorded
on controls and NW arrays. Error bars are SDs. No statistical significances were determined (ANOVA with post-hoc
Tukey’s test, α=0.05). n=6–9. Adapted from publication IV.

resistance (IR), and MTC were determined, which revealed no statistically significant deviations between

control and NW substrates (Figure 3.11e, IR and MTC in the OM). Since no deviations were found only

the overall means are compared to the literature: The RMPs were normal to above-average for mature neu-

rons (−52.8± 7.4mV).277,280,355,356,409,410 The MCs were in average 21.4± 7.9 pF and comparable to other

studies.277,284,356,410 From similar MCs one also can conclude that the cellular outgrowth is equal since

the capacitance directly scales with the surface area of the membrane.411 The average IRs of 1.9± 0.7GΩ

were appropriate,280,284,355,356,409 and the same applied for the MTCs of 42.2± 12.2ms.412,413

In summary, the electrophysiological characterization stated an excellent condition of the hiGNs and

emphasizes that the differentiation is robust toward the substrate’s topography. This work resembles a

crucial step for employing human iPSC-derived dopaminergic neurons in future studies with functionalized

NWs arrays. In the next two sections, the differentiation into a different type of human iPSC-derived

neurons was tested with various types of NW arrays in order to extend the versatility of potential appli-

cations in stem cell research. Specifically, the respective protocol generates predominantly dopaminergic

instead of glutamatergic neurons and the neuronal differentiation was first examined using short spiky Si

NW arrays.

3.1.4 Robust differentiation toward hiDNs on spiky silicon NW arrays (Publication V)

The generation of hiDNs was tested here on spiky Si NW arrays (Figure 3.12a). The NWs were fabri-

cated using a self-assembled growth process, which caused a random distribution and a random angle

orientation.319,414 The average NW length was about 1µm and the NWs featured a gradually tapered

shape with a narrow tip of approx. 30 nm. The array density was about 600NWs/100µm2. This value

corresponds to a very high NW density compared to the other NW substrates used in this manuscript and

the NW arrays used in the field.51 Initially, the neuronal outgrowth was inspected via SEM (Figure 3.12b).

The observed formation of a distinct neuronal network on the NWs and the growth in both single cells
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Figure 3.12 – Images of hiDNs cultured on spiky Si NWs. a) Top-view SEM image of spiky Si NWs. The average
length is about 1µm and the density is approx. 600NWs/100 µm2. b) Top-view SEM image of neurons cultured
on the spiky NWs. c) Cross-sectional SEM image prepared via FIB milling. Tilt is 54°. d) Close-up view of the
NW/cell interface also shown in panel c. The cell was hovering about 1 µm—the NW length—above the bottom
of the substrate. Tilt is 54° (corrected). e) Cross-sectional CLSM image of a cell (membrane: red) cultured on
NWs (yellow). The cell membrane was in close contact with the NWs. Adapted from publication V.

and cell clusters with multiple neurites per cell is comparable to other studies.68,394 Cross-sectional SEM

imaging prepared with FIB milling revealed that the cells rest in a fakir-like state on the NW arrays (Fig-

ure 3.12c). Note, the cell hovered about 1µm—the length of the NWs—above the substrate’s bottom and

was only in contact with the very NW tips (Figure 3.12d). This type of interaction is similar to other

reports using HD NW arrays.373 CLSM confirmed the close contact between the cell membrane (red)

and the NWs (yellow) (Figure 3.12e). The close contact between the cell and the NWs in combination

with the conical shape of the NWs potentially facilitates in future experiments the delivery of biological

payloads or cell transfection, which has been demonstrated in the literature already using basic cell lines

or MSCs.104,112

Immunofluorescence microscopy was used to study the cellular outgrowth on the NW substrates in

terms of proliferation, viability, spreading, and neuronal differentiation (Figure 3.13). Note, the differen-

tiation was—similarly to the previous section—initiated in regular multi-well plates but here only for six

days. Then, the cells were transferred to the NW arrays for further maturing of the neurons (additional

15DIV). This reseeding procedure is a regular step in the original protocol.277 To track the development

of the cell culture, the samples were fixed 1, 7, 11, and 15DIV after seeding onto the NW arrays for

subsequent imaging. First, the nuclei were labeled with Hoechst (Figure 3.13a and b, examples of 1 and

15DIV). Visual inspection of the images revealed that with culturing time the substrates were covered

more densely with cells. The cell numbers were then determined from the Hoechst-stained images using

CellProfiler showing that the initial cell number (about 500 cells per analyzed image) quadrupled to

approx. 2000 cells within 11 days at which a plateau was reached (Figure 3.13c). The increase of cell

numbers was to be expected since the differentiation from proliferating hiNPCs to post-mitotic neurons
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Figure 3.13 – Immunofluorescence microscopy of hiDNs cultured on spiky Si NWs and quantification of the differentiation
efficiency. a, b) Hoechst-stained nuclei of neurons cultured on Si NWs 1 and 15 days post-plating. c) Quantification
of the cell numbers 1, 7, 11, and 15 days post-plating on NW substrates compared to planar control (glass).
d) Microtubule-associated protein 2 (MAP2)-stained neurons (green) with Hoechst counterstain (blue) cultured on
Si NWs 15 days post-plating. e) Quantification of microtubule-associated protein 2 (MAP2)-positive cells cultured
on Si NWs 1, 7, 11, and 15 days post-plating compared to planar control. Error bars are the standard deviations
Indicated significances were calculated using a Mann-Whitney U test and P values were labeled as follows: *P=0.05,
**P=0.01, ***P=0.001. Adapted from publication V.

is a gradual process that requires time to develop. Notably, the final cell numbers on the NWs were in

mean smaller (about 2000 vs. 2500 cells). In general, reduced cell numbers on NW arrays are in accordance

with the literature reporting on reduced proliferation on HD NW arrays.73 The analysis of the cell colonies

revealed that the proportion of single cells, which do not belong to clusters was significantly increased on

the NW arrays (e.g., 35% vs. 13% one day post-plating, OM). Since cell movement is one reason for cluster

formation the larger amount of single cells on the NW arrays implied that the cell movement was impaired

by the NWs. Reduced cell mobility on NW arrays has been reported before.75 The cell viability of about

55% was maintained on the NWs, which is also in accordance with the literature in which densely spaced

NW arrays had no detrimental impact on the cell viability.71 The differentiation yields were determined by

ICC using microtubule-associated protein 2 (MAP2) antibodies to label neuron-specific cytoskeletal pro-

teins (Figure 3.13d). Quantification of the MAP2-positive cells 1, 7, 11, and 15 days post-plating showed,

that the proportion of neurons increased from about 20% to up to 60% (Figure 3.13e). Remarkably, the

yield of the neuronal differentiation was higher after 11 and 15DIV when cultured on NW substrates

compared to planar control (about 50%). A potential reason for the higher percentage in neurons on

the NW arrays is the slightly reduced proliferation of the remaining hiNPCs, i.e., the generation of new

undifferentiated cells. To emphasize, the NW arrays not only represented an equivalent growth substrate

but also had a supportive effect on increasing the proportion of differentiated cells. The assertive influence

of NW arrays on cell differentiation has been described before, for example, with human embryonic stem

cells toward definitive endoderm or neuron-like differentiation of mesenchymal stem cells.153,154 The

quality of the NW substrates being employed for neuronal differentiation was moreover reflected in the

similar neurite lengths of about 80µm per cell (SI). The formation of focal adhesions was comparable

to the controls (SI), which is in agreement with the literature showing no influence in the case of HD

NW arrays.74

The electrophysiological state of the hiDNs was examined using the patch clamp technique (Fig-

ure 3.14). Basic parameters such as the RMP and MC of neurons cultured on the NW arrays

were −51± 6.1mV and 11.1± 4.7 pF, respectively, comparable to the control and to other human

iPSC-derived neurons (OM).277,356,409 Proper interplay of the sodium and potassium ion channels was

confirmed by adequate early-inward and late-outward currents (Figure 3.14a). The corresponding peak

currents normalized to the MCs plotted against the applied voltage of the voltage steps showed dependen-

cies similar to control and literature.277,415 Functionality of the neurons was testified by measurements

of APs showing trains of spikes (Figure 3.14c). Analysis of the kinetics of the APs approves similar

characteristics compared to the control and literature (Figure 3.14d).280,355,409,412,416 Specifically, the

AP amplitude was 67.0± 8.6mV, the AP threshold was−20.4± 4.0mV, the afterhyperpolarization (AHP)

was 15.1± 5.9mV, and the AP duration was 3.3± 0.8ms.

27



Chapter 3. Cells cultivated on NW arrays and inside 3D microscaffolds

Figure 3.14 – Electrophysiological analysis of hiDNs cultured on spiky Si NWs. a) Exemplary traces of early-inward
and late-outward currents recorded on neurons cultured on NWs. Voltage-steps from –70 to +30mV with 10mV
intervals were applied. Inset: Zoom onto the early-inward currents. b) Plot of the peak inward/outward currents
normalized to the MC depending of the applied voltage. The error bars are SDs. c) Exemplary traces of AP trains
recorded from a neuron cultured on NWs. Currents from 5 to 20 pA in 5 pA steps were applied. d) Analysis of the
kinetics of the APs: AP amplitude from threshold to peak (AP ampl.), AP threshold (AP thr.), afterhyperpolar-
ization (AHP, undershoot after AP), and full-width half maximum of the APs (AP duration). Control: glass. No
statistical significances were found (Mann-Whitney U test: all P> 0.05). n(NWs)=7, n(ctrl.)= 10. Error bars are
SDs. Adapted from publication V.

So far, the differentiation toward neurons while being cultured on NW arrays was tested only with

rather short NWs of about 1µm. In the next section, the neuronal differentiation was tested across a

wide range of array characteristics including up to 5µm long NWs. Overall, 18 different combinations of

NW length, array pitch, and NW diameter were employed.

3.1.5 Neuronal differentiation on 18 different types of NW arrays (Publication VI)

In this section, the neuronal differentiation toward hiDNs was tested with a set of NW arrays whose

specifications were significantly varied. The tests with the hiNPCs showed already (section 3.1.2), that

long NWs (L≥ 3 µm) were able to deform the cell and its nucleus significantly, yet, the hiNPCs showed

no fundamental alterations after four days of cultivation. The differentiation toward hiDNs, however,

requires significantly more time on the NW arrays, namely, at least eight days. Specifically, the six-days

predifferentiated cells were seeded onto the NW arrays and differentiated for another eight days to reach

a mature neuronal state (two weeks in total). The temporally longer cultivation on the NW arrays while

strongly interacting with the NW arrays might—after all—have an influence on the differentiation toward

neurons. For that reason, the generation of neurons was tested with NW arrays featuring varying degrees

of expected impact on the cells such as the number and depth of the indentations elicited by the NWs.

The NW arrays used in this section featured lengths of 1, 3, and 5 µm (L1, L3, L5), array pitches

of 1, 3, and 5 µm (P1, P3, P3), and diameters of thin (D−, 270–600 nm) and thick (D+, 590–1070 nm)

character (Figure 3.15). The NW arrays were fabricated from Si in a top-down process via RIE. The

top-down approach was used because it allows for large-scale fabrication of the NW array with high

reproducibility. In contrast, bottom-up approaches using, for instance, VLS growth often suffer from

defects such as missing or askew NWs.417–419 Yet, a defect-free nature of the NW arrays was crucial to

study their potential impact on the neuronal differentiation systematically. Missing NWs in P5 NW arrays,

for example, would appear as P10 to individual cells—or even as flat if the cell is located in between

the NWs—and thus such defects would distort the results. However, VLS grown NWs have also advan-

tages such as improved surface states, fewer materials defects, and the feasibility to add functionality by

integrating hetero-junctions by varying the doping during the growth, e.g., to build NW solar cells for

stimulating overgrowing cells.420–423 For that reason, the feasibility to generate neurons on NW arrays

fabricated in such a bottom-up approach was also tested and verified with different types of VLS grown

GaAs NW arrays (SI). Nevertheless, the comprehensive study was then conducted with NW arrays pre-

pared by the more reliable top-down approach using RIE masked by chromium circles defined by EBL.
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Figure 3.15 – Compilation of SEM images of the utilized Si NW arrays featuring altering lengths, pitches, and diameters.
The lengths of the NWs were 1, 3, and 5µm (L1, L3, L5). The array pitches (L) were 1, 3, and 5µm (P1, P3, P3).
The diameters for the thin type (D−) were between 270 and 600 nm depending on the length and pitch (longer
NWs and larger pitches required larger diameters to be compatible with the RIE processing). The thick type (D+)
was about 600 nm in diameter for P1NW arrays and approx. 1000 nm for the P3/P5NW arrays. Adapted from
publication VI.

The used diameters of the circles for D− NWs were the minimal value that was compatible with the RIE

process (approx. 270–600 nm). Specifically, longer wires (L3, L5) and larger pitches (P3, P5) required grad-

ually increased diameters to compensate for the occurring tapering toward the base of the NWs (clearly

visible in Figure 3.15o and q). For D+ NW arrays the diameter was arbitrarily set to a rather large value of

approx. 1000 nm. Note, for P1D+ NW arrays, the diameter was only about 600 nm to balance the spacing

and the diameter of the NWs. The used lengths and pitches are similar to values frequently found in the

literature.55 The D− diameters achieved by RIE cover rather the upper range of NW diameters used in

the field—especially for the L5 NW arrays. Thinner NWs used for cell culture are usually prepared by

epitaxial growth, which allows for diameters even below the three-digit nm range.424,425 However, for,

e.g., solar cell applications diameters of around 300–400 nm can be appropriate.426–428 Employing even

thicker NWs (D+) extends the universality of the study since, for example, also NWs with a diameter of

about 1 µm influence cell spread or facilitate cell transfection.429,430 Moreover, such larger diameters fill

to some extent the gap between NW and micropillar arrays used in cell culture.431–434

The interaction of the neurons with the NW arrays was investigated using CLSM using MAP2 (green)

and DRAQ5 (red) (Figure 3.16). The compilation illustrates the three typically observed setting states,

namely, fakir-like (panel c), intermediate (panel f), and encapsulating (panel h) predominantly depend-

ing on the array pitches P1, P3, and P5. Thus, the cells followed in general the rules modeled by

Buch-Månson et al. for the settling regimes to favor the fakir-like state for HD arrays and the encap-

sulating state for LD arrays.51 However, peculiarities depending on the NW diameter were observed

and are discussed as follows: Thin (D−) NWs were more likely to be enwrapped by the cell causing, for

example, intermediate states using L1P1 NW arrays (Figure 3.16a). Note, for rather short NWs the nuclei

are usually unaffected. Also, in the case of L1/3P3 NW arrays with D− diameters the cells were more

likely to encapsulate the NWs (Figure 3.16b,d). In contrast, P3 NW arrays with D+ diameters favored

fakir-like or intermediate regimes (Figure 3.16e). This contradictive observation might be explained by

the effective NW spacing (i.e., pitch minus diameter) falling below the threshold for NW encapsulation. A

comparable phenomenon has been described in the literature in which for a constant pitch of 1µm and a

NW length of 500 nm the cells encapsulated NWs featuring a diameter of <200 nm but were fakir-like for
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Chapter 3. Cells cultivated on NW arrays and inside 3D microscaffolds

Figure 3.16 – Exemplary CLSM images of hiDNs cultivated on Si NW arrays sorted by length, pitch, and diameter.
The neurons were labeled with MAP2 (green) and DRAQ5 (red, nuclei). The main panels show the top views
whereas the panels below contain the corresponding cross-sectional views. The numbers indicate the quantity of
the imaged cells found in a fakir-like (F), intermediate (I), and encapsulating (E) state. Note, the shown states are
underlined. The subset of images exemplifies the interactions observed (all other images in the OM). Overall, small
pitches (P1) favored fakir-like states (e.g., panel c) and larger pitches (P5) encapsulating states (e.g., panel h). In
the encapsulating regime, long NWs (L5) caused massive deformations of the nuclei. Thin NWs (D−) were more
likely to be enwrapped by the cells (e.g., panel a and d). Adapted from publication VI.

500 nm thick NWs due to the decreased effective array pitch (500 vs 800 nm).402 This might also explain

the occurring intermediate states instead of only fakir-like states in the case of the L1P1D− NW arrays.

Using the longest NWs (L5), the cells were exposed to the strongest deformations of the somata and

nuclei (Figure 3.16f–h). However, L3P3D−NW arrays mostly elicited intermediate regimes unable to

enwrap the entire NWs (Figure 3.16f). To briefly conclude, the general behavior of the cells throughout

the samples is in accordance to other literature in which HDNW arrays elicited fakir-like states whereas

LDNW arrays caused encapsulating states.71,102,373,435 Noteworthy, in direct comparison to the previous

tests with the hiNPCs cultured on NW arrays, the differentiated neurons were more likely to favor a

fakir-like state at similar specifications of the NW arrays. The inspection of individual cells via CLSM

showed already that neurons were generated on all types of NW arrays. In a next step, epifluorescent ICC

imaging was used to quantify the overall differentiation rates across the entire arrays to test whether the

massive deformations have an impact on the overall outcome of the neuronal differentiation.

ICC was used to study the proportion of neurons in the cell culture (Figure 3.17). In comparison to

the previous study, ICC was conducted not only with MAP2 but also with neuronal nuclei (NeuN) and

tyrosine hydroxylase (TH) to broaden the neuronal characterization (examples shown in Figure 3.17a

and b, respectively, others in the SI). NeuN binds to a neuron-specific nuclear protein and is frequently

used in the stem-cell community to specify neuronal differentiation.436,437 TH is an enzyme that is
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3.1. Studies using NW arrays

Figure 3.17 – ICC stainings and analyses of MAP2-, NeuN-, and TH-positive hiDNs. a) Examples of MAP2- (green) and
NeuN-positive (red) cells (others: SI). b) Examples of MAP2- (green) and TH-positive (red) cells (others: SI). c) Pro-
portion of MAP2-positive cells. d) Proportion of MAP2/NeuN double-positive cells. e) Proportion of MAP2/TH
double-positive cells. No statistically significant deviations from the controls (ANOVA with post-hoc Tukey’s test,
α=0.05). controls: Si, glass. n(images)= 7. Error bars are SDs. Adapted from publication VI.

involved in the catalyzation of L-DOPA, a precursor of dopamine, and is used to indicate a dopaminergic

phenotype of neurons.438–440 The quantification of the MAP2 stainings showed that about 65% of the

cells cultivated on the NW arrays were MAP2-positive, which was comparable to the controls on plain Si

and glass (Figure 3.17c). Similar proportions of MAP2-positive cells are reported in the literature using

regular well plates.441 About 65% of the cells cultured on the NW arrays were, in addition, double-positive

regarding MAP2/NeuN comparable to the controls and the literature (Figure 3.17d).409 Moreover, on

all types of NW substrates also MAP2/TH double-positive cells were observed (approx. 2.5%, similar to

the controls) indicating the differentiation toward a dopaminergic phenotype (Figure 3.17e). Notably, the

proportion of TH-positive neurons was rather small but TH being a rather later neuronal marker—for

example, a significant TH upregulation after 20 days of differentiation was reported in Gilmozzi et al.—the

referred values here are appropriate as literature also reports on single-digit proportions for even longer

cultured cells (30DIV).442 Note, dead cells were excluded from the analysis by discriminating the bright

nuclei, i.e, apoptotic cells, in the Hoechst channel (about 50% dead cells, SI). Overall, the given ICC

values reflect rather normal yields compared to the literature but in fact, it is remarkable that the

NW arrays have virtually no impact on the yields of the differentiation although fundamental changes in

the interaction regimes were observed. Consequentially, the cultivation of the hiDNs on NW arrays with

the intention to use such substrates in future applications with functionalized NWs including varying

geometrical specifications for, e.g., optimized electrical coupling is outright feasible. In a next step, the

equality of the NW arrays regarding the development of neuronal functionality was tested using the patch

clamping technique.

The electrophysiology of the hiDNs was especially tested by verifying their functionality, i.e., the

capability to fire trains of APs (Figure 3.18a). Notably, APs were recorded on all types of NW ar-

rays (traces of the controls in the SI). The quantification of the AP amplitudes showed regardless of the

type of NW arrays mean values of about 70mV, which was comparable to the controls and is also in good

agreement with the literature (Figure 3.18b).284,356,416 The AP thresholds and AP widths were in average

approx. −25mV and 3.6ms, respectively (Figure 3.18c and d). Again, the findings on the NW arrays were

comparable to the controls and also in accordance with the literature.284,356,416 The RMPs of the neurons
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were abound −50mV, which was comparable to the controls and other studies (Figure 3.18e).284,356,416

The average MCs were about 12 pF and comparable to the controls (Figure 3.18f). Such values of the

MCs are similar to other publications.284,356,416 Lastly, the early-inward and late-outward currents were

measured (Figure 3.18g, example from P1L1D−, others in the SI). The peak currents were normalized

Figure 3.18 – AP traces recorded from hiDNs cultured on NW arrays with an extensive variation of the array specifications
including analyses. a) Compilation of AP traces recorded from neurons cultivated on the respective NW arrays.
b) Analysis of the AP amplitude. c) Analysis of the AP threshold. d) Analysis of the AP width. e) Analysis of
the RMPs. f ) Analysis of the MCs. No statistically significant deviations compared to the controls (ANOVA with
post-hoc Tukey’s test, α =0.05) g) Example of the in- and outward currents (here: L1P1D−, all other traces in
the OM/SI). Inset: Zoom-in of inward currents. h) Compilation of normalized voltage-current dependencies of
the peak in- and outward currents of hiDNs generated on the NW arrays. Diamond: inward, square: outward.
i) Normalized voltage-current dependencies of the peak in- and outward currents for Si control (glass in the
SI). Diamond: inward, square: outward. No statistically significant deviations from the controls (ANOVA with
post-hoc Tukey’s test, α=0.05). Controls: Si, glass. n(analyzed cells)= 4, 6, 3, 4, 4, 3, 3, 6, 2, 2, 3, 5, 3, 6, 4, 3, 4, 5, 7, 7.
Error bars are SDs. Adapted from publication VI.
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to the MCs and plotted against the applied potential (Figure 3.18h, Si: panel i, glass: SI). The overall

character of the peak current-voltage dependency was similar on all substrates. Moreover, such normal-

ized currents are similar to the literature.277,415 Concludingly, also the functional development of hiDNs

was equal on all types of NW arrays despite the tremendous differences in the hiDN/NW interactions

highlighting again the potential to employ the hiDNs in future applications with NW arrays.

To briefly recapitulate the NW/cell section, the reliable generation of hiGNs and hiDNs while being

cultured on the NW arrays is an excellent stepping stone for employing further functionalized NW arrays

in future applications such as neural interfaces or regenerative medicine.443–445 The next section will deal

with creating defined neuronal networks using both chemical and topographical guiding cues to control

cell adhesion and neurite growth for being prospectively employed in BoC applications.

3.2 Studies using cell culture scaffolds

The initial experiments regarding guided neuronal growth were conducted using mPNs. These studies

began with basic experiments with patterned surface coatings (2D) and subsequently, the intricacy of the

substrates gradually advanced by employing 2.5D and 3D microstructuring. Finally, the closing studies

were conducted with hiDNs cultivated in 3D microscaffolds.

3.2.1 Neurite guiding of mPNs in 2D, 2.5D, and 3D (Publications VIII, IX, X, and XI)

In this section, a brief summary of work to achieve neurite guiding in 2D, 2.5D, and 3D using mPNs is

presented. Both chemical and topographical guiding cues were used and a set of different approaches has

been compiled in Figure 3.19.

Chemical cues were tested first to direct the settling and growth of mPNs on flat substrates just

patterned with a surface modification, namely, a laterally structured PDL coating (Figure 3.19a). The

neurons adhered predominantly to the areas covered with PDL indicated by the dash-lined circles. Overall,

the promoting effect of PDL to create defined neuronal networks is in accordance with the literature that

used PDL or similar amino acids such as PLL.160,161,446–448 The strong directional guiding by PDL was

confirmed by the neurites mostly growing either directly or diagonally to the neighboring PDL spots

despite gaps of about 50µm. Larger distances of, for example, about 150µm, however, were no longer

bridged (OM). The relevance of the inter-spacing to connect or separate cells with surface coatings is

known in literature162 and the findings here are in good agreement with work from Petrelli et al., which

reports a critical distance of about 60 µm.449

Topographical guiding cues for basic path finding of the neurites were tested next. Trenches with

step heights of 3, 6, and 9 µm were prepared with RIE to elicit growth along the edges. As a result,

neurites were well controlled by wall heights of 9µm (3.19b), but less or not at all with 6 or 3µm

high edges, respectively (OM). Thresholds to overcome barriers are known in literature and have been

linked to the size of the growth cone as shown by Li et al. for cortical neurons (10–11 µm).171 Partial

orientation of the neurites along steps with a height of 6 µm (OM) is also in agreement with the literature

that reports on a similar form of contact guiding.30,173,450,451 To further constrain the neuronal growth,

microtubes horizontally lying on a substrate were employed at which the somata were positioned at the en-

trances of the microtubes (Figure 3.19c) and the neurites were growing through the tubes (Figure 3.19d).

By arranging such microtubes in arrays and covering the intersections with, e.g., PLL (Figure 3.19e),

controlled neuronal networks with neurons settling at the crossings and neurites growing through the

microtubes were created (Figure 3.19f). The potential to use microtube arrays to guide neurons has

also been shown in other studies.199,200 The functionality of the mPNs cultured on microtube arrays

was tested by patch clamp measurements (Figure 3.19g), which proved the capability to fire APs (Fig-
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Chapter 3. Cells cultivated on NW arrays and inside 3D microscaffolds

Figure 3.19 – Neurite guiding of mPNs in 2D and 2.5D by chemical and topographical guiding cues. a) Fluorescent mi-
croscopy image of neurons (green) growing on a PDL-micropatterned glass chip (2D). Dots with PDL were prepared
using a customizable ink-jet printer (Dimatix DMP-2831, Fujifilm) and are indicated by circles. Neurons settled on
the surface-modified areas and neurites grew predominantly to the next neighboring dots (horizontally, vertically,
and diagonally). b) CLSM image of a neurite (green) trapped by steps with a 9µm height difference (indicated
by dark/bright background) prepared by RIE (2.5D). c) SEM image of neuronal guiding by physical confinement
with microtubes (diameter: 3 µm) where the neurites grew through the microtubes (cross-sectional image prepared
with FIB milling shown in panel d)). e) SEM image of the microtubes arrangement with points of intersection
surface-modified with PLL. f ) Fluorescent microscopy image of neurons (yellow) settling on the intersections and
neurites growing through the microtubes. g) Widefield microscopy image of a neuron cultured on a sample with
arranged microtubes and being patch clamped. h) Exemplary trace of APs recorded from a cell cultured on a
sample with arranged microtubes. Adapted from publications VIII, IX, and X.

ure 3.19h). Strategies to create functional neuronal networks in 2D and 2.5D were elaborated here so far,

but the utilized techniques for sample fabrication are fundamentally limited to producing flat networks.

Nevertheless, 3D microscaffolds are required for controlling neuronal growth also in the third dimension in

order to tackle fundamental challenges in neuroscience such as a better understanding of the function of

the—three-dimensional—human brain.452 One promising approach to micro-engineer such 3D cell culture

scaffolds is to use DLW since the technique allows for micro-engineering such scaffolds with the required

precision of the feature details.453

3D microscaffolds prepared by DLW (Nanoscribe) were used to transfer the planar neuronal networks

into the third dimension by means of arrays of individual towers with cavities to hold the cells connected

by freestanding microchannels to guide the neurites (Figure 3.20a). The rendered image shows a segment

of the scaffold with 3×3 towers to illustrate the dimensions. Specifically, the towers with heights of 45, 55,

and 65 µm were spaced by 25 µm and featured a cavity on the top with a size of 20×20×10 µm3 (W×D×H).

Note, the final 3D-printed microscaffold then consisted of 10×10 towers (image section in Figure 3.20b,

entire scaffold: OM). The entrances to the microchannels featured an orifice diameter of a few micrometers

similar to the microtubes shown earlier (Figure 3.20c). The neurons (red) rested inside the cavities and the

neurites grew into the microchannel (example in Figure 3.20d). Cross-sectional SEM imaging gave insight

into the microchannels used for neurite guiding and illustrated that the neurites (red) grew in the corners

of the channels—a result of contact guidance (Figure 3.20e). The controlled adhesion of the cells into the

cavities and improved guiding properties of the scaffold were both achieved by a site-specific coating of

the scaffold interior with PDL. Precise coating of the scaffold was done using a pipette filled with PDL,

which was brought in contact with a wall of a cavity—capillary forces then distributed the solution into

the entire structure (video in the SI). Additionally, neuronal growth was enhanced with a complementary
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Figure 3.20 – 3D microprinted scaffolds prepared by DLW for culturing of mPNs with defined neuronal networks. a) Ren-
dered image of a section (3×3 towers) from the CAD file used for DLW to visualize the scales (the final scaffold
was 10×10 towers): Towers with heights of 45, 55, and 65 µm were spaced by 25 µm and featured a cavity on the
top with a size of 20×20×10µm3 (W×D×H). The elevated cavities were connected by free-standing microchan-
nels with a channel diameter a few micrometers similar to the microtubes shown earlier. b) SEM image of the
3D-printed microscaffold. c) SEM image of a single cavity within the 3D scaffold also highlighting the entrance of a
channel. d) Close-up top view SEM of a neuron (red) located in a cavity with a neurite entering the microchannel.
e) Cross-sectional SEM image of the microchannels prepared by FIB milling showing a neurite (red) growing in the
corner of the channel. f ) Exemplary trace of APs recorded from a neuron growing in the microscaffold. Adapted
from publication XI.

unspecific laminin coating. The functionality of the neurons cultured inside the microscaffolds was proven

with recordings of APs (Figure 3.20f).

Finally, the DLW 3D microscaffolds were applied to the hiDNs. In that context, the analysis of the

neuronal growth inside the scaffold was intensified and measurements of synaptic currents by patch

clamping even indicate activity of the neuronal networks—the results are presented in the next section.

3.2.2 Human iPSC-derived neuronal networks in 3D-printed microscaffolds (Publication VII)

The DLW 3D microscaffold used for culturing the hiDNs maintained the fundamental design used in the

previous study (Figure 3.21a). Specifically, arrays of elevated cavities to hold the cells with dimensions of

20×20×10 µm3 (W×D×H) connected by free-standing microchannels to guide the neurites with a channel

length of 25µm and a cross section of 4×5 µm2 (W×H) were used. The mean shrinkage of the scaffold

after developing the resin (IP-DIP) was between 3 and 16% depending on the inspected features of the

scaffold (min: tower height, max: channel interior), which is normal for the resin (OM).454 In general,

the major scaffold specifications were sustained, yet detail changes were made to the scaffold design as

follows: The total scaffold size was reduced to 4×6 towers in order to fit into both a single write field of

the laser writer (Nanoscribe) and the field of view of the patch clamp setup. Additionally, the heights of

the towers were reduced to a fixed value of 30µm to reduce the fabrication time on the one hand, and on

the other hand, to facilitate the patch clamping and imaging procedure by finding all cells at the same

focus plane. The hiDNs (red) grew reliably inside the microscaffolds (green) and the neurites stretched

across several cavities and microchannels (Figure 3.21b). Note, the scaffolds were coated similarly to

the previous description with PLL (specific) as well as laminin (unspecific) and two-week-old mature

hiDNs were reseeded onto the scaffolds. The analysis of the neurite growth revealed that within 3DIV

of culturing inside the scaffold neurite lengths of more than 400 µm were reached (OM). The influence of

contact guidance on the cellular growth was also observed with the hiDNs shown by cross-sectional views

prepared by CLSM (Figure 3.21c–e, positions of the slices indicated in panel b).173 Bot the soma and
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Figure 3.21 – 3D microprinted scaffolds for culturing of hiDNs with guided neuronal networks. a) Tilted SEM image
of the DLW microscaffold. Towers with cavities to hold the cells are connected by free-standing microchannels to
the directly neighboring microtowers. b) Exemplary CLSM image of neurons (red, membrane stain) settling in the
microcavities (green) and neurites growing through the microchannels of the scaffold. The image was produced
from a down-projection of the slices in z -direction. The dotted lines indicate the positions of the cross sections
shown in the panels c, d, and e. c) Cross section of a neuron settling in a microcavity. d, e) Cross section of
a neurite growing through the microchannel (longitudinal and transverse cut, respectively). f, g) Cross-sectional
SEM image prepared with FIB milling of a neurite growing through a microchannel (longitudinal and transverse
cut, respectively). Adapted from publication VII.

the neurites were located close to the walls and corners of the cavity and the microchannel, respectively.

The predilection of the neurites for growing along the corners of the microchannels was also confirmed

with cross-sectional SEM imaging (Figure 3.21f, green: neurite). Sometimes, however, neurites changed

the side of the microchannel (Figure 3.21g). The growth direction of the neurites after entering another

cavity was linked to a form of random walk since the probability of a neurite picking a straight-ahead

or deflected microchannel was matching the angle probability of the corresponding microchannel (OM).

That is in agreement with the literature showing that contact-guided neuronal growth around corners

featuring more than 84° is rather unlikely.183 The integrity of the hiDNs cultured in the scaffold was not

only shown by viability assays using Ca and PI (about 77%, OM) and ICC (positive for MAP2 and TH,

SI) but also—and more importantly—by patch clamp measurements.

The functionality of the neurons and indicators of network activity were both confirmed by patch

clamp measurements (Figure 3.22). The electrophysiological characterization of the hiDNs covered basic

membrane properties, APs dynamics, characteristic membrane currents, and synaptic activity by means

of spontaneous excitatory postsynaptic currents (sEPSCs). To illustrate the patch clamp experiment

in the microscaffold, Figure 3.22a exemplarily displays a patch pipette (blue) being attached to a neu-

ron (green) resting in a cavity. The measured RMPs and MCs were −54.9± 4.9mV and 8.1± 1.5 pF,

respectively—similar to planar control and in agreement with the literature (OM).280,355,356,416,455 From

the MCs the average neurite length was roughly estimated: assuming a mean neurite diameter of 1 µm,

spherical somata with a diameter of 10 µm, and a specific membrane conductance of 0.9 pA/cm2,456

the estimated average neurite length per neuron was 180µm, which matches the neurite analysis via

microscopy (OM). The hiDNs growing inside the microscaffold showed mature recordings of APs (Fig-

ure 3.22b). The kinetics of the APs in terms of AP height (69.5± 6.0mV), AP threshold (−25.4± 2.5mV),

AHP (16.1± 3.4mV), and AP duration (4.4± 0.5ms) were similar to the control and are in accor-

dance with other human iPSC-derived neurons (Figure 3.22c).280,355,409,412,416 Also, the characteristic

early-inward and late-outward currents of the sodium and potassium ion channels (peak currents normal-

36



3.2. Studies using cell culture scaffolds

Figure 3.22 – Functional electrophysiology of hiDNs cultured in microprinted 3D scaffolds. a) Exemplary widefield
microscopy image of the patch clamp routine where the pipette (blue) was in contact with the cell (green). b) Ex-
amples of traces with APs recorded from a neuron cultured in the microscaffold. c) Quantification of the AP kinetics
recorded in scaffolds compared to recordings on planar control. Error bars are standard errors of means (SEOMs).
d) Peak early-inward and late-outward currents normalized to the MC plotted against the applied membrane
potential (black) compared to control (gray). Error bars are SDs. n(measured cells)= 6–9. e) Exemplary trace
of spontaneous excitatory postsynaptic currents (sEPSCs) recorded from a neuron cultured in a microscaffold.
f ) Zoom into a single sEPSC event highlighted by the red rectangular in panel e. g) Quantification of the kinetics
of the sEPSCs in terms of amplitude, area, and decay time constant. n(events)= 28–70. Controls: glass. The error
bars are SEOMs. No statistically significant deviances (ANOVA with post hoc Tukey’s test, α=0.05). Adapted
from publication VII.

ized to the MCs) were similar to the control and the literature (Figure 3.22d).277,415 Finally, functional

synaptogenesis—the formation of synapses between neurons—was demonstrated by measurements of

sEPSCs (Figure 3.22e, negative current spikes). Note, the formation of synapses is a prerequisite for

developing network activity and is essential for neuronal function.284 Thus, the existence of such synaptic

events was an indicator of potential network activity. The analysis of the individual events (Figure 3.22f)

testified similar kinetics in terms of amplitude, area, and decay (Figure 3.22g). In particular, the mean

amplitude was 13.9± 1.9mV, the area was 27.2± 4.0 pA·ms, and the decay time constant was 3.5± 0.5ms,

which is in line with other human iPSC-derived neurons.409,455

Two more scaffolds with more complex network topologies were either tested with cells or conception-

ally elaborated (Figure 3.23). A sophisticated scaffold consisting of towers with cavities at four different

elevations was prepared (Figure 3.23a). The cavities were highly interconnected by contorted microchan-

nels to bridge the different altitudes. The neuronal growth was tested with the hiDNs where CLSM

showed the capability of the cells to grow from one cavity to other ones located at different heights (Fig-

ure 3.23b–f). Specifically, neurites were able to cross the entire scaffold diagonally (panel b) while going

up and down again (cross section in panel c). The neurons also grew from the very bottom cavity to the

highest tower (Figure 3.23d–f). The ability of the neurons to reach remote cavities at altering elevation by

steep and twisted microchannels allows for hypothesizing future designs using stackable 2D elements (Fig-

ure 3.23g).457,458 One element would consist of a grid of cavities (panel h) that would connect to the

next element with cross-linking channels (panel i, connection highlighted in red). The elements would be
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Figure 3.23 – Established/potential designs of the microscaffold with more complex network topologies. a) SEM image
of a microscaffold with four different heights of the towers connected by contorted microchannels that reach even
from the lowest to the highest cavity. The arrows indicate the positions of the images shown in the next panels.
b–f) Examples of hiDNs (red) cultured in the scaffolds with complex channel arrangement (green) demonstrating
that the cells were able to grow between cavities of different heights. g–i) CAD sketch of a concept to stack multiple
scaffolds after cell seeding. The individual platforms (panel h) have cross-linking channels (panel i, red endpoints)
to connect the respective parts. Adapted from publication VII.

assembled after cell seeding using a micromanipulator—the general feasibility to handle the scaffolds in

such a manner was tested with regular manual tweezers (SI).

Another fundamental upgrade of the microprinted scaffolds would be individually addressable micro-

electrodes placed in each cavity to analyze the signaling in the neuronal networks in more detail. An

approach using localized electroplating (ED) to create electrical circuits inside the scaffold is presented in

the concluding ’future perspectives’ chapter. In addition, that chapter compiles a broader outline of how

the capabilities of the NWs arrays and the microscaffolds could be utilized in the future to address current

research appropriately based on the findings obtained in this thesis. Nevertheless, before giving future

perspectives based on the presented work, the next chapter will first summarize the selected results.
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Summary

The cultivation of human iPSC-derived neurons was tested and verified on various types of NW arrays

and inside 3D-printed cell culture scaffolds. Being cultured on these artificial substrates, the cells were

analyzed, for example, in terms of viability, functionality, and/or network formation. By employing human

iPSC-derived neurons, this thesis not only addressed the present absence of such advanced cells in the

respective fields but might also open up new paths for next-generation stem-cell research and therapies.459

Throughout this thesis, multiple initial experiment-specific aspects such as the used cells, the nature

of the substrates, or the measurement techniques used for collecting first insights were refined as a

prerequisite for achieving the final results (Figure 4.1, discussed later in detail). One particular focus of

this work was the preservation of the neuronal differentiation outcome and the formation of tailor-made

neuronal networks in the face of the challenging and artificial growth environments. The functional

electrophysiological character of the neurons was investigated by the patch clamp technique. Key results

of this thesis are the equal generation of human iPSC-derived neurons cultured on various types of

NW arrays compared to planar controls and the indicated network activity of the neuronal networks

grown inside the 3D scaffolds. Among the utilized NW arrays, especially the generation of functional

neurons on NW arrays with long NWs (e.g., 5µm) and large pitches (e.g., 5µm) is remarkable since such

specifications maximized the topographical stress, i.e., the extent of the NW-associated indentations.

Inside the 3D scaffolds, tailor-made neuronal networks were formed by the human iPSC-derived neurons.

The growth was analyzed by CLSM and the functionality of the neurons was likewise demonstrated by

patch clamp recordings. Particularly, the synaptogenesis was shown by measurements of sEPSCs, which

in turn indicate network activity. The overall progress is briefly elaborated on in the following paragraphs.

The NW arrays were changed in the studies in terms of density, arrangement, shape, length, and

diameter to cover a broadly based set of NW arrays (Figure 4.1a). Note, the initial experiments testing

the influence on T cells and mPN culture were only performed on slightly altered HD NW arrays. Then, the

comprehensive investigation of culturing human iPSC-derivatives (e.g., NPCs and neurons) on NW arrays

was conducted using more profoundly changed array characteristics such as a variation of the array density,

the NW shape, or the NW lengths. Specifically, the neuronal differentiation was similar to control for

NW arrays featuring short NWs (about 1µm) with altering array arrangements (random, rectangular,

hexagonal) including different array pitches (1.8, 4µm), on short spiky HD NWs arrays, and on another

set of 18 different types of NW arrays sweeping the combinations of three lengths (up to 5µm), three

pitches, and two diameter ranges.

The scaffolds—or more generally spoken the substrates with guiding capabilities—advanced from

plain 2D substrates to sophisticated 3D scaffolds (Figure 4.1b). The 2D samples featured patterned

surface modifications using amino acids such as PDL or PLL to enhance adhesion and guiding. The 2.5D

substrates added topographical guiding cues such as trenches, tubes, and cages to further constrain the

neuronal outgrowth. By employing DLW, both chemical and topographical guiding cues were translated

into 3D.

The cell culture was commenced with a cell line (T cells) being easy to maintain and to handle (Fig-

ure 4.1c). The cells allowed for basic tests, e.g., the evaluation of the patch clamp procedure on the

NW arrays. However, not being neuronal, the T cells naturally could not serve, for example, for the

investigation of neuronal networks. Primary cerebellar granule cells from mice were the initial source for
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Chapter 4. Summary

Figure 4.1 – Summarizing figure of the experiments, cell culture, and types of micro- and nanostructured cell culture
substrates. a) The first NW arrays covered only a few changes in the geometrical specifications whereas finally,
universal sweeps of the array characteristics were conducted. b) Neurite guiding shaped up from elemental guiding
in 2D toward complex cell culture scaffolds in 3D. c) The cell culture changed from basic cell lines to the culture
of human iPSC-derived neurons. d) The patch clamp methods evolved from basic voltage-clamp measurements
of voltage-gated ion channels toward measurements of APs and postsynaptic currents. e)) Imaging started with
ordinary viability assays and ended up in high-resolution confocal 3D microscopy visualization and ICC stainings.

neurons. To increase the relevance of the experiments from the medical point of view, the cell culture was

changed to neurons derived from human iPSCs as they would allow for, e.g., patient-specific studies and

thus are considered a potent tool in regenerative medicine.460 Note, so far, human iPSC-derived neurons

were scarcely—if not never—used in similar settings before.

Patch clamping—still being considered the gold standard for electrophysiological measurements—

began in this thesis with fundamental measurements such as basic voltage dependencies of membrane

currents or membrane potentials using non-neuronal cells (Figure 4.1d).461 Then, neurons allowed for the

recording of APs stimulated by a current injection. In the course of time, more sophisticated protocols

such as the measurement of early-inward and late-outward currents including intensified data analyses of

the overall collected traces were established. Finally, the synaptic activity of the neurons was shown by

recordings of sEPSCs. The comprehensive electrophysiological analysis allowed for an adequate evaluation

of the neuronal differentiation and comparison to the literature.

Imaging of the cells on the substrates was a cornerstone for studying the cellular growth (Figure 4.1e).

Viability assays using Ca and PI were employed to verify the fundamental integrity of the cells. The

interactions with the substrates were investigated, for instance, by imaging the cytoskeleton or focal

adhesions. CLSM allowed for 3D imaging prepared from stacked image planes, e.g., to locate the neurons

inside the microscaffolds. In the end, the neuronal differentiation was in addition to the functional analysis

also studied by ICC—a standard complementary tool in cytology.462 The neuronal state was tested,

for example, with MAP2 or NeuN. Moreover, ICC labeling was used to specify the phenotype of the

neurons (e.g., TH for a dopaminergic characteristic). The next chapter will present selected preliminary

results and elaborate future perspectives of potential follow-up experiments based on the results shown

in this thesis.
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Future perspectives

In this section, I want to briefly present preliminary results of ongoing work that emerged from the

findings that are already published. Furthermore, I would like to map out potential future experiments

that would use the obtained insights to proceed with the respective projects meaningfully. Five routes

to continue the experimental work—two relating to the NW arrays and three in matters of the neuronal

guiding, respectively—should be considered: 1. NW-assisted delivery of payloads, 2. electrical sensing or

stimulation by exploiting the enhanced coupling between the NW and the cell, 3. the establishment of

self-stimulating neuronal ring-oscillators, 4. the design of neuronal networks with actual three-dimensional

network topology, and 5. the implementation of individually addressable microelectrodes into the cavities

of the scaffold.

Delivery of biological payloads using NW arrays was, for example, demonstrated with porous Si

nanoneedles that modulated endocytosis—the cellular process of internalizing external substances by

membrane encapsulation.112 The nanostructures facilitated the formation of vesicular structures at NW

sites, which enhanced, e.g., the uptake of biomolecular markers of endocytosis and short-stranded ri-

bonucleic acids (RNAs).463 The spiky Si NWs used in publication V could be a good starting point as

they featured a similar tapered shape although the length would be reduced compared to the referenced

work (about 2.5µm). However, the pertinence of the NW length was not further elaborated. Note, the

vesicular structures were not agglomerated at the NW tip as one might expect. In any case, the functional-

ization of the NWs would require steps of plasma and UV light treatment followed by loading the cargo via

incubating the samples immersed in the solution with, e.g., biomarkers. At this point, it is crucial to know

that the feasibility to load the material with cargo depends on multiple factors, such as pore size and charge

of the substrate, which must match the size and charge of the cargo. Likely, the requirements for, e.g.,

the porosity of the NW materials used herein are not fulfilled in their present form but might be achieved

with intermediate processing steps such as electrochemical etching.464 Nevertheless, two other bottlenecks

might reduce the usability of porous Si, in particular, and cargo delivery with porous materials, in general,

in the context of stem cell differentiation. First, porous Si is considered biodegradable meaning that the

samples might degrade over time depending on the porosity and the physiological conditions.465,466 More-

over, literature reports that the cargoes are essentially released within 24 h as soon as the solution to load

the substrate is removed.109 Thus, the period of sample erosion and cargo release might be disproportional

to the time required to differentiate the stem cells. For a one-time delivery right after sell seeding, however,

porous Si might be sufficient. Yet, preferable would be materials that are chemically stable for weeks,

which might be given, for example, by porous TiO2, Mn2O3, or In2O3 already used for NW fabrication (no

data given regarding long-term stability in cell culture media).467–470 Also, a mechanism to temporally

control the release of the cargo would greatly improve the value of the NW device. Better dosage control

would be provided using arrays of hollow NWs—so-called nanostraws (NSs)—which allow for the injection

of payloads controlled by temporarily rupturing the membrane via electroporation (EP).106,113,114,471–475

Usually, such NSs are embedded into a thin membrane (approx. 15µm of thickness) that separates a

reservoir containing the fluid with cargo from the cell culture medium. The EP is then triggered by a

potential across this membrane. Although this approach holds advantages such as timing control and

exchangeability of the cargo-laden solution, drawbacks are, for instance, the fragility of the membranes

and the collective triggering of all NSs at once. A potential alternative strategy to embark on might be
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Chapter 5. Future perspectives

the employment of arrayed ’nanocups’ (NCs) shown in Figure 5.1a. The NCs were prepared with RIE

using a hard mask that is too thin to endure the entire etching procedure. As a result, the interior of

the NW is being etched away while a shell that predominantly consists of fluorine—a component of one

of the etching gases—remained, which was determined via energy-dispersive X-ray spectroscopy (EDX).

The precise mechanism, however, was not yet confirmed. The cross-sectional SEM imaging illustrates the

core/shell structure (Figure 5.1b, yellow: shell, blue: Si, green: inner part). The cup could hold a defined

volume of cargo-laden solution, which is applied to the NC, for example, by immersion into the respective

fluid. Subsequently, the excessive solution is rinsed away. Non-permeable payloads could even just be

added to the cell suspension and fluid outside the cups would be washed out after cell adhesion by a

medium exchange. Nevertheless, permeable payloads or other drugs that must not be in contact with the

cells during seeding need to be laden beforehand. One of the challenges might be the necessity to seal the

cups containing the payload until the cell is covering the orifice. Noteworthy, other studies show that in

the case of smaller tube dimensions (less than 500 nm in diameter) the diffusion from the tube reservoirs

into the medium was negligible and sealing the cups was not needed at all.476 Larger NCs might, however,

might need a mechanism to block the cup orifices. A conceivable approach would be to close the cups

with a lipid bilayer—also used to seal small pores—by applying giant unilamellar vesicles (GUVs), which

are also capable of enwrapping entire NWs.477–479 EP would allow for opening the covering membrane.

Further, electrical pre-structuring of the silicon wafer could enable addressing the NWs individually to

precisely administer the payload to a particular cell.

Electrical stimulation and sensing by the NWs would be feasible in a twofold manner: First, the

NWs can be used to enhance the electrical coupling between conventional planar MEAs and the cell

by encapsulating the 3D electrodes.130,480 Such modified electrodes facilitate long-term measurements

and enhance, for example, the signal-to-noise ratio or reduce the required currents to activate individual

neurons by increasing the seal resistance.125,134,481–485 Advanced underlying circuitry even allows for

individually addressing single NWs to increase the spatial resolution below the cellular scale.131 Moreover,

NWs allow for EP not available with planar electrodes to further increase the sensitivity.486 Beside

utilizing the NWs as the final element to link external amplifiers to the cells, the NWs can directly

stimulate the cells electrically when p-n junctions are integrated to form miniature solar cells either

free-standing or in arrays.138,139,141,487–489 Such solar cell NW arrays can be built with either radial or

axial arrangement of the p-n junctions.317,490–492 The optical absorption characteristics depend, on the

Figure 5.1 – Potential approaches to functionalize the NW arrays. a) SEM image of NWs featuring NCs at the NW tips
to be filled with a cargo-laden fluid. b) Cross-sectional SEM image of a NW with NC. The walls were false-colored
in yellow, Si in blue, and the inner part in green. The shell predominantly consisted of fluorine confirmed with EDX.
c) Exemplary SEM image of TiO passivated NWs speckled with Au NPs to enhance the photocatalytic properties.
The Au NPs have a mean diameter of 50 nm and were deposited by spin coating. Note, defective samples showing,
for example, faulty RIE were used for the preliminary tests. Not published.
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one hand, on intrinsic material properties such as the band gaps but, on the other hand, also on the

array geometry such as array pitch, NW length, and NW diameter.493 In the preliminary tests with

mPNs cultured on high-efficient HD InP NW solar cells featuring axial p-n junctions,317 no stimulation

of the cells was observed (my Master’s thesis).366 Presumably, the electrical coupling was insufficient due

to the small contact area between the NWs and the cells in the fakir-like settling state caused by the

small array pitch. By the presented mapping of the settling regimes of the human iPSC-derived cells,

the optimal array characteristics for the solar cell application can now be chosen under the condition

that the cells encapsulate the individual NWs to maximize the electrochemical coupling. Instead of the

integration of p-n junctions into the NWs, photoactive properties can also be achieved by employing

the electrolyte character of the growth medium and materials with photocatalytic/photoelectrochemical

properties such as TiO2.
494,495 Note, the typically poor conversion efficiency of untreated plain TiO2 can

be significantly improved by nanostructuring with NW arrays—as used here for the cell culture—to create

a larger surface area and, moreover, by plasmonic enhancement with coatings such as gold NPs.496–499

To stimulate cells, literature reports that such Au-decorated TiO2 NW arrays were, for example, used

to stimulate a response of the optic nerve in blind mice.140 In preliminary tests, the already prepared Si

NW arrays were coated with TiO2 using atomic layer deposition (ALD) and equipped with Au NPs via

spin coating (Figure 5.1b). The plasmon-enhanced photocatalysis to generate photocurrents might then

stimulate overgrowing neurons. Future experiments would also involve the mapping of the stimulation

efficiency not only depending on the NW array characteristics such as array pitch, and NW length and

diameter, but also in relation to the size and density of the Au NPs and thickness of the TiO2 layer.

Self-stimulating neuronal ring oscillators could be employed to study neuronal autapse, namely, the

formation of synaptic connections between the neurite with its own entity.502 A potential scaffold to

introduce such a neuronal ring oscillator is shown in Figure 5.2a—the concept and motivation will be

described in the following. From the physics point of view, a neuron that is linked to itself and thus features

a synaptic feedback loop can be considered a neuronal oscillator.503 The biological function is rather un-

clear but simulations indicate that autapses can help to synchronize neuronal networks,504–507 to generate

bursting patterns,508–510 to control short-term memory storage,511 or even to enhance self-adaptation after

injury,512 each depending on the loop characteristics such as delay time or coupling strength. Especially,

understanding the influence of autapses on neural oscillations and on long- and short-ranged synchrony

is of particular interest because of their implications for theories of human consciousness,513 and their

impact in the context of major brain disorders such as schizophrenia, epilepsy, and autism spectrum

disorders.514–516 As already indicated by the large number of published simulations, the experimental im-

plementation of neuronal networks with defined autapses is difficult to access.517 The idea of employing

ring scaffolds to elicit autapse formation was already pursued in a study from 2012 using hydrogel rings

and individually cultivated rat neurons but actual autapses were not shown.518 However, the authors

emphasized the potential of ring structures for autapse studies. One of the problems of employing a

hydrogel for guiding the neuronal growth might have been the insufficient precision of the neurite guiding

back to the soma. Hence, ring scaffolds with improved guiding capabilities prepared, e.g., by RIE or

DLW, that hold individual neurons and then accurately compel the neurites to be linked back to the

initial neuron again could be a promising starting point for future experiments. In the previously shown

example (Figure 5.2a), precise ring structures with increasing channel lengths representing varying delays

of the feedback loops were prepared using EBL and RIE. The different rings were convoluted to increase

the yield and were arrayed multiple times to maximize the number of ring oscillators per one cell seeding.

Furthermore, two cavities per ring were used to increase the chance to find a neuron inside the structure

after random cell adhesion. Note, the sample contained thousands of structures making specific coating

disproportionate. One peculiar case could be studied with the ring structures, namely, in which the time

required for the AP to propagate along the neurite before reaching the neuron again is larger than the
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Figure 5.2 – Potential approaches to improve the microscaffolds for future applications. a) SEM image of ring structures
that might be used to create biological ring oscillators mediated by self-stimulation. The ring structures featured
two cavities as well as altering channel lengths. Note, the rings with different circumferences were convoluted to
increase the yield. Each convolution was arrayed multiple times to maximize the number of oscillators per chip to
be used per one cell seeding. b) Cross-sectional SEM image of a 3D scaffold (sectional area: green) with integrated
circuitry (gold: yellow). The scaffold was printed onto a custom-built MEA and each tower was equipped with
a vertical channel that was aligned with the electrodes from the MEA. The channels were filled with Au by ED.
From left to right, the deposition rate was reduced, which resulted in different textures of the gold surface in the
cavity. Adapted from supervised Bachelor’s (Dat Nguyen) and Master’s (Malte Siegmund) theses.500,501

refractory period (RP)—the time period in which it is impossible or difficult to elicit another AP.268 The

duration of the RP of neurons can be estimated by the AP length (few ms) with suppressed excitability

including the AHP phase (up to several 10ms) featuring decreasingly hindered capability to fire APs

again. Another delay is caused by the diffusion-limited signaling of the synapses, which can add another

few ms of delay time.519,520 The propagation speeds of APs in unmyelinated neurites typically range

from about 0.2 to 0.8m/s.521–523 As a result, the minimal neurite length for exceeding, e.g., a RP of

15ms while assuming a propagation velocity of 0.2m/s must be 3mm. Preliminary tests with the hiDNs

showed, that fibers with a length of more than 1mm are formed within 1–2 days post-plating giving the

reason to believe that neurites might become long enough to fulfill the length criterion (cf. Bachelor’s

thesis of Dat Nguyen).500 In principle, such scaffolds to elicit autapses could be fabricated in 3D using

DLW. However, tests showed that developing extremely long microchannels is not trivial. The removal

of the resin completely out of the channels became intricate and damages caused by shrinking added

up. Moreover, it is not clear whether the neurites would obtain enough cell culture medium, i.e., vital

nutrients, in such long channels to properly grow. The preparation of open trenches by EBL and RIE

does not suffer from the aforementioned issues and in addition, duly scales with the required dimensions.

Nevertheless, DLW scaffolds are crucial for leaping up to the third dimension.

3D network topologies were already conceptualized in the closing section of the selected results chapter

on page 38 (Figure 3.23). To briefly accentuate, DLW is an outstanding tool to create any kind of scaffold

shape to cultivate cells in 3D. In comparison to other scaffolds, for example, built from PMEDSAH, fibrin

hydrogel, micropillars, or microfibrous chitin-alginate to culture human iPSCs in 3D,524–527 DLW excels

by offering the opportunity to recreate scaffolds with the suitability to guide neuronal growth. The tests

with small scaffolds featuring actual 3D network topology showed that the hiDNs grew with ease through

steep twisted microchannels allowing for the construction of stackable platforms that would be connected

by such demanding channels. Employing spatially confining cell culture substrates might be one of the key

factors to bring in vitro experiments to the next level and crucial for a BoC approach that would require 3D

scaffolds.242,257,528 Such tailor-made 3D scaffolds not only allow for adding, e.g., vascular systems to larger

organoid cultures to provide nutrients,40,529–531 but also might create a potent tool to investigate neuronal

activity in predefined circuits in the context of electrophysiology and drug screenings.532–534 However,

in order to significantly increase the use of the scaffolds for neuronal network studies with advanced
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network topologies, the number of cells to be analyzed in parallel must be substantially scaled up—a

requirement that patch clamping fails to fulfill. A promising approach is the integration of conventional

MEA technology in the scaffolds contemplated in the next paragraph.

Individually addressable readout of the cells located in the cavities might be achieved by the imple-

mentation of auxiliary circuitry (Figure 5.2b, green: scaffold, yellow: integrated circuits). The scaffold

was printed onto a custom-made MEA chip and the hollow towers of the scaffold were filled with gold

by ED (cf. Master’s thesis of Malte Siegmund).501 Note, the deposition rate influenced the quality of

the electrode surface, which could be used to optimize the coupling between cell and electrode.535 Ul-

timately, the electrode surface could even be improved by adding NWs or other nanostructures such

as mushroom-shaped electrodes.536,537 Employing (commercially available) MEAs to be subsequently

structured, for example, with cavities, trenches, or channels built from PDMS or glass to influence the

cellular growth and/or the network formation was demonstrated in the literature already.538–541 However,

the recordings were only conducted from 2D as the measured cells still needed to be in contact with the

flat surface of the initial MEA. By extending the planar electrodes into the scaffold, the network topology

would no longer be restricted to one level. The custom-made MEA used here is built to be compatible

with commercially available amplifiers such as the ME2100 system from Multichannel Systems, which

is able to both stimulate and sense with up to 256 channels. By fabricating the MEAs from scratch,

the very substrate is freely configurable to be optimized for writing the 3D scaffolds—for example, by

defining the size and arrangement of the electrodes as well as the positions of the alignment markers.

Purchasable MEAs devices, for instance, from Multichannel Systems, might be an option for DLW as

well—either directly or after some modifications such as an adhesion layer to ensure proper attachment

of the scaffold—yet, their geometrical specifications might be suboptimal and naturally, they would lack

handy features such as alignment markers for the DLW processing. CMOS-based MEA devices such as

the BioCam4096 (3Brain) have other limitations as they do not fit by default into the DLW machine due

to the attached well and, moreover, its CMOS sensor might even be damaged during the DLW by the high

energies of the pulsed laser. Nevertheless, to conclude the 3D custom-built MEA approach, 3D scaffolds

with fully addressable circuitry for sensing and stimulation might be one of the key technologies for BoC

and organoid studies and complement or even replace other techniques such as mesh nanoelectronics,

which lack, for example, cellular resolution.45,295
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Abstract: Though patch clamping at room temperature is a widely disseminated standard procedure
in the electrophysiological community, it does not represent the biological system in mammals at
around 37 ◦C. In order to better mimic the natural environment in electrophysiological studies,
we present a custom-built, temperature-controlled patch clamp platform for upright microscopes,
which can easily be adapted to any upright patch clamp setup independently, whether commercially
available or home built. Our setup can both cool and heat the platform having only small temperature
variations of less than 0.5 ◦C. We demonstrate our setup with patch clamp measurements at 36 ◦C
on Jurkat T lymphocytes and human induced pluripotent stem cell-derived neurons. Passive
membrane parameters and characteristic electrophysiological properties, such as the gating properties
of voltage-gated ion channels and the firing of action potentials, are compared to measurements at
room temperature. We observe that many processes that are not explicitly considered as temperature
dependent show changes with temperature. Thus, we believe in the need of a temperature control in
patch clamp measurements if improved physiological conditions are required. Furthermore, we advise
researchers to only compare electrophysiological results directly that have been measured at similar
temperatures since small variations in cellular properties might be caused by temperature alterations.

Keywords: patch clamping; Jurkat cells; human induced pluripotent stem cell-derived neurons;
temperature control; electrophysiology

1. Introduction

In 1780, Luigi Galvani set the cornerstone for modern electrophysiology by accidentally discovering
electrical processes within living creatures as electrical currents evoked the movement of frog legs [1].
Two centuries later—in 1976—Neher and Sakmann made a Nobel’s prize-winning breakthrough
when they improved the sensitivity of their measurements to such an extent that they were able to
measure currents from individual ion channels [2]. Since then, Neher and Sakmann’s patch clamping
technique added numerous valuable aspects to our understanding of biological matter and contributed
in thousands of publications [3,4]. Today, we know that our entire nervous system is based on the
transmission of electrical as well as chemical signals on a single-cell scale, and patch clamping helped
fundamentally in understanding the role of many different ion channels in the context of physiological
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and pathophysiological functions [5–7]. In particular, Na+, K+, and Ca2+ voltage-gated ion channels
play an important role in the nervous system, and the accurate apprehension of the electrical signaling
could even render a direct connection between the nervous system and a computer [8,9]. To address
high throughput applications such as drug screening, automated patch clamping and planar patch
clamping represent useful extensions to the conventional technique [10–12]. However, manual patch
clamping is not replaceable at all, since flexibility and data quality are unmatched [13]. In addition,
in vivo (automated) patch clamping offers the opportunity to study electrophysiology in living
animals—a setting as close as it can get to nature—but such applications are even more challenging due
to more complex setups and low giga-seal probabilities [14,15]. For obvious ethical reasons, in vivo
patch clamping in humans is out of the question. Thus, patch clamp studies involving the human
organism are limited to in vitro experiments with human cell lines or cells derived from human stem
cells. However, many experiments to determine electrophysiological properties of suchlike human
cells are performed at room temperature (RT) [16–22]. Thus, all electrophysiological processes within
these studies operate significantly below the natural body temperature of about 37 ◦C. It is worth
noting that many biological processes inside the animal’s/human’s body are temperature dependent,
and organs like the brain are extremely sensitive to temperature fluctuations; for instance, a core body
temperature of about 20 ◦C would quickly lead to death [23,24]. A patch clamp setup allowing for
electrophysiological measurements at controlled temperatures would be of great interest to researchers
in order to shed light onto temperature depending cell processes and functions [25]. Unfortunately,
commercially available setups from well-established companies, such as “ALA Scientific Instruments”
or “Multichannel Systems”, are quite expensive and specific for their dedicated patch clamp platforms.
Herein, we present a low-cost, low-tech approach—feasible for everybody and adaptable to every
setup independently, whether commercially bought or in-house built—for controlling the temperature
of biological samples during patch clamp measurements. In this work, we initially describe the
construction details of the microscope inset as well as the corresponding temperature controller.
Furthermore, we demonstrate the practical implementation with electrophysiological measurements
on Jurkat T lymphocytes (T cells) and human induced pluripotent stem cell-derived neurons (neurons).
Aside from basic electrophysiological properties, we compare specific characteristics such as the voltage
gating of voltage-gated ion channels and firing of action potentials at RT and 36 ◦C. Here, we found
small influences on non-specifically temperature depending processes confirming the potential need
of a temperature control in patch clamp measurements if best biological conditions are required.
Furthermore, researchers should only compare their data to the results measured at same temperatures
if differences are highlighted compared to literature.

2. Materials and Methods

2.1. Cell Culture

The T cells were cultured in RPMI 1640+GlutaMAXTM-I medium (Gibco) with 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 7.5% new-born calf serum and 1.2%
(w/v) penicillin/streptomycin in T75 cell culture flasks at 37 ◦C and 5% CO2 in air. The cell suspension
was diluted with fresh medium every 2-3 days to keep the cell concentration between 0.3 × 106 and
1.2 × 106 cells/mL [26].

The neurons were cultured and differentiated based on the protocol in Reinhardt et al. [27].
Human small molecule neural progenitor cells (smNPCs) were provided in frozen vials from the
Max Planck Institute for molecular biomedicine in Muenster, Germany. Further cell culture was
conducted on-site. smNPCs were maintained in basic medium (50:50 DMEM/F12:Neurobasal, 1:100
Penicillin/Streptomycin/Glutamine, 1:100 B27 supplement without vitamin A, 1:200 N2 supplement,
Life Technologies, Carlsbad, CA, USA) and was supplemented with ascorbic acid (AA, 100 µM, Sigma
Aldrich, St. Louis, MO, USA), smoothened agonist (SAG, 0.5 µM, Biomol, Hamburg, Germany), and
CHIR (CHIR 99021, 3 µM, Axon MedChem, Groningen, Netherlands). smNPCs were split close to
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confluency (every 4–5 days) in a ratio of 1:10–1:20. Differentiation into midbrain-dopaminergic neurons
(mDANs) was initiated by changing the smNPC growth medium to patterning medium (basic medium
supplemented with 100 µM AA, 0.5 µM SAG, 1 ng/mL glial-derived neurotrophic factor (GDNF),
and 1 ng/mL brain-derived neurotrophic factor (BDNF), PeproTech, Rocky Hill, NJ, USA). After 6 days,
the growth medium was adjusted to maturation medium (basic medium supplemented with 100 µM
AA, 2 ng/mL GDNF, 2 ng/mL BDNF, 1 ng/mL transforming growth factor-β3 (TGF-ß3, PeproTech), and
100 µM dibutyryl cyclic-AMP (dbcAMP, Sigma Aldrich)) and the cells differentiated for at least 8 more
days (14 in total). The patch clamp measurements were performed after 2–3 weeks after initiation of
the differentiation procedure. The cells were kept in a humidified incubator at 37 ◦C and 5% CO2.
The growth media were replaced by fresh ones every 2–3 days. All cells were cultured on Matrigel
coated 6-well plates and transferred to 35 mm Petri dishes one to two days before the measurements.
For passaging/splitting/transferring cells, cells were detached using Accutase® for 10–15 min at 37 ◦C,
centrifuged and subsequently resuspended in the corresponding cell culture medium.

Ethics approval: Jurkat T lymphocytes: cell line, no approval required. Human induced
pluripotent stem cell-derived neurons: All experiments were conducted in accordance with the ethical
statement in Reinhardt et al. [27].

2.2. Patch Clamp Setup

The temperature-controlled inset was installed in a patch clamp setup consisting of a Nikon
Eclipse FN1 upright microscope equipped with a non-immersion objective with an extra-long working
distance of 11 mm (Nikon CFI TU Plan EPI ELWD 50× N.A. 0.60/W.D. 11.00 mm). Signals were
recorded with a HEKA EPC 10 USB patch clamp amplifier using a HEKA red star headstage. The data
was processed with a Bessel low pass filter at 2.9 kHz. All measurements were performed with
identically fabricated patch pipettes. The borosilicate glass capillary blanks (GB150T-8P, Science
Products) were pulled with a Sutter Instrument P-2000 pipette puller (program: three rows with
heat = 430, 420, 450; filament = 5, 5, 5; velocity = 70, 70, 70; delay = 200, 200, 200; pull = 0, 0, 0) and
subsequently heat polished (CPM-2, ALA Scientific Instruments). The diameter of the pipette tip was
about 950 nm, which resulted in resistances of 3–5 MΩ. Pipettes with similar properties prepared with
a different pipette puller would be suitable as well. Pipette capacitance and series resistance were
automatically compensated.

2.3. Electrophysiology

The patch clamp solutions for the T cells were adapted from Partida-Sanchez et al. [28]. The pipette
solution consisted of 140 mM KCl, 2 mM MgCl2, 1 mM CaCl2 and 2.5 mM ethylene glycol tetraacetic
acid (EGTA) and is buffered with 10 mM 4-(2-hydroxyethyl)-1-piperazi-neethanesulfonic acid (HEPES).
The pH was adjusted to 7.3 with KOH. The bath solution consisted of 140 mM NaCl, 5 mM KCl,
2 mM MgCl2, 2 mM CaCl2, 5 mM glucose and was buffered with 10 mM HEPES, adjusted to pH 7.4
with NaOH.

For neurons, the patch clamp measurements were performed using a bath solution consisting
of 140 mM NaCl, 2.4 mM KCl, 1.3 mM MgCl2, 2.5 mM CaCl2, 10 mM HEPES and 10 mM D-glucose.
The pH-value was adjusted to 7.4 using NaOH. The corresponding pipette solution consisted of
125 mM potassium-gluconate, 10 mM NaCl, 1 mM EGTA, 4 mM MgATP, 10 mM HEPES and 10 mM
D-glucose. The pH-value was adjusted to 7.4 using NaOH [27].

Resting membrane potential was measured at zero holding current. Membrane capacitance was
determined from the patch clamp software. Membrane time constant was identified by an exponential
fit of the membrane potential after a small hyperpolarization. The voltage gating of the T cells
was measured by applying a voltage-ramp with a slope of 80 mV/100 ms and determined by the
voltage-level showing an increasing membrane current. Action potentials were evoked by stepwise
current injections. The data collected at RT and 36 ◦C originates from at least two independent patch
clamp sessions for each cell type. The data was analyzed using C++ programming language. The plots
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were prepared with Origin (v. 2018). The error bars are the standard error of mean if not stated
otherwise. Statistical analysis via ANOVA with post hoc Turkey’s test is given in the supporting
materials (cf. Table S1).

3. Construction of the Temperature-Controlled Patch Clamp Inset

The detached microscope inset is shown in Figure 1a. The central component is a Peltier element
(1). It is sandwiched between a lower (2) and an upper (3) copper plate to create a temperature gradient
between these copper plates. Conventional thermal paste is used to increase the heat transfer and four
screws firmly press the components together. The copper disc (4) on top of the upper plate is designed
in such a way, that it fits into the bottom of a standard 35 mm Petri dish to ensure maximum heat transfer
between cell sample and the upper copper plate. A thermometer T1 is integrated into the copper disc
in order to monitor the temperature next to the Petri dish. The copper disc and the thermometer are
held in place by solder, which ensures good thermal connection between the thermometer and the
upper plate. The Peltier element is contacted via banana plugs P+ and P−, and the thermometer is
connected by two inner connectors (C1,2). Though our sample holder is designed primarily to adjust
the temperature above RT, it also allows for the cooling of the bath solution temperature below RT. This
feature is, for instance, useful during patch clamp measurements to slow down temperature-dependent
processes that are too fast for the standard detection methods and thus enables to resolve recordings
beyond the amplifiers time resolution [29]. When the inset is used for cooling below RT, an additional
heat sink (5) is required, because the Peltier element has to transport heat from the upper to the lower
plate. The performance of this heat transfer process depends mainly on the ability of the lower plate
to dissipate the transported heat to the environment. In order to support heating and cooling, two
separate controllers for the Peltier element have been used. However, when only the heating of the
samples is intended, no heatsink is necessary.
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Figure 1. (a) Temperature-controlled sample holder: the sample holder consists mainly of a Peltier
element (1), fixed between a lower copper plate (2) and an upper copper plate (3), including a copper disc
(4), to fit a 35 mm Petri dish. A heat sink (5) is mounted to the lower plate and a thermometer, T1, soldered
to the copper disc. The Peltier element is electrically connected via P+ and P−. The thermometer is
contacted with the two connectors, C1,2. (b) Sample holder inside the patch clamp setup: The bottom
plate fits into the microscope table, which has enough space underneath to accommodate the heatsink.
Thermometer T2 is used to monitor the temperature of the bath solution inside a 35 mm Petri dish
(6). Attached to thermometer T2 is the feed line (7) of the fluid compensation system. (c) 3D printed
housing for the controller parts: power switch (8), switches S1, S2, and S3, potentiometers P1 and P2,
display (9), buttons to change display settings (10), connectors on the backside (11).

In this study, we designed the lower plate to fit into the microscope platform of a Nikon FN1
microscope shown in Figure 1b. From the backside, the thermometer, T1, and the Peltier element are
connected. A second thermometer, T2, is dipping into the bath solution inside the 35 mm Petri dish (6)
to monitor its temperature directly. The different configurations regarding the use of T1 and T2 are
described in the results section later on. In order to compensate for the evaporation of the bath solution
in long-term measurements, an automated syringe pump (Aladdin AL-1000) connected through a
rubber hose to a thin plastic tube (7) hanging into the bath solution has been used. The necessary refill
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rates using distilled water have been determined to be 250 and 750 µL/h at RT and 36 ◦C, respectively,
and perfusion was applied using a small continuous flow.

Both controllers for heating and cooling, a display to read out the thermometers, two potentiometers
to regulate the temperature, and several switches to choose the operation modes have been built into a
3D printed housing shown in Figure 1c. The functions of the switches are explained in combination
with the circuit description in below. The connectors for the power supply, the Peltier element, and
the thermometers are placed on the backside. Detailed specifications of the utilized parts can be
found at the end of this study, and the 3D model of the housing is made freely accessible online
(IEEE dataport, http://dx.doi.org/10.21227/zj2v-9c32). The electrical circuit to connect all parts is
shown at full length in Figure 2. The upper blue box displays the electronics inside the 3D printed
housing. Both microcontrollers, to drive the Peltier element for heating and cooling, feature their
own potentiometer (P1,2) to set the target temperature. The electrical circuit design allows for the use
of thermometer T1 for feedback to the controller and the second thermometer, T2, to show the bath
temperature on the display. Since both thermometers have to be connected to a microcontroller in
order to work properly, both controllers are permanently turned on. Switches S1, S2 as well as S3 are
used to change between heating and cooling mode. The switch S4 can be used to connect thermometer
T2 instead of T1 to the currently used microcontroller. Last, switch S5 is used to select thermometer
T1 or T2 to be shown on the display. The lower dash-lined box contains the parts of the patch clamp
inset with the Peltier element and the thermometers T1 and T2. Note, the capacitors C1,2 and the
resistor R1 form a low-pass filter. It reduces the electromagnetic noise of the microcontrollers that
would otherwise disturb the sensitive patch clamp measurements. A small remaining noise in the
measurements is removed in data post-processing with a digital filter. Furthermore, the resistor R1

also limits the current through the Peltier element to keep the voltage constantly above the minimum
of 10 V needed to operate the microcontrollers. Despite the additional resistor, the Peltier element still
used more than 1 A of current, which comes along with a notable power drop across the resistor R1

leading to a significant heating of the adjacent components. Therefore, the resistor has to be cooled
sufficiently and we decided to set up it outside the 3D printed housing. However, the integration of
this part into a 3D printed housing can be realized by adding additional ventilation, such as a CPU
cooling fan into the housing design.
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Figure 2. Top: Circuit inside 3D printed housing. Bottom: Microscope inset. P1, P2: Potentiometer for
temperature adjustment. T1, T2: Thermometers. S1, S2, S3: Switching between heating and cooling.
S4: Thermometer selection for the controllers. S5: Thermometer selection for the display. R1, C1,2:
Low-pass filter and current matching. (Appendix A).
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4. Results and Discussion

At first, the maximum cooling and heating performances of the custom-made inset using bath
solution in a 35 mm Petri dish have been investigated. We achieved a minimum temperature of 15 ◦C
and a maximum temperature of 60 ◦C, as illustrated in Figure 3a. These upper and lower temperatures
are generally limited by the maximum current output of 3 A from the power source (Laboratory
PS-303D) and the capability of the passive heat sink to dissipate the produced heat and thus cool the
Peltier element, respectively. Specifically, the upper limit is restricted primarily by the maximal current
we used. The lower limit is especially limited at high currents due to ohmic (Joule) heating of the
Peltier element itself. Here, in addition to the current induced Peltier effect, the current applied to the
Peltier element also produces a considerable amount of heat. Therefore, the cooling of samples relies
solely on the Peltier effect and proper heat dissipation from the bottom plate. Since only a passive heat
sink has been used in our setup, symmetric cooling and heating from room temperature is not possible.
However, symmetric behavior could easily be achieved by improving the cooling performance by
using an active water-cooled heat sink, which then replaces the air-cooled finned heat sink.
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Figure 3. Regulation of the temperature in a 35 mm Petri dish. (a) Maximum cooling and heating
capability using a 3 A power supply and a passive heat sink. Error bar is ±0.5 ◦C. (b) Temperature
course of the bath solution during heating to 36 ◦C using the bath thermometer and the built-in
thermometer as feedback line for the controller, respectively. The temperature was measured with the
bath thermometer T2.

Then, we investigated the response of the fluid temperature over time when using the built-in
thermometer T1 and the bath thermometer T2 as feedback line for the Peltier heating. Using T1 for
feedback has been proved to be the better option for temperature control in terms of temperature
stability illustrated in Figure 3b. The graph displays the time dependency of the bath solution’s
temperature in both configurations during heating from RT to a set point temperature of 36 ◦C. By
utilizing the bath thermometer, an initial temperature overshoot is observable within the first three
minutes (gray line), which could be critical for sensitive biological samples. In contrast, a built-in
thermometer feedback leads to a smooth approach to the desired temperature (black line). Furthermore,
using T1 instead of T2 reduces the temperature variation from about ±0.5 to ±0.25 ◦C. The worse
response using T2 as a loop back signal can be explained by poor heat conductivity of the plastic
Petri dish, which inhibits a sufficiently quick response to temperature changes of the sample holder.
Using dishes with better heat conductivity—e.g., glass or metal—would reduce the response time. It is
worth noting that, when T1 is used as a feedback thermometer during sensitive electrophysiological
measurements, a calibration of the temperature offset between desired bath temperature and actual
value measured at T1 is inevitable. In our setup, we determined an offset of approx. 10 ◦C between T1

and T2. However, if small (periodic) temperature deviations of ±0.5 ◦C can be tolerated, a sufficient
offset-free temperature control can be achieved after heating up by using S4 to connect thermometer T2
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to the currently used microcontroller. It is worth noting that in both measurements, T2 has been used
to read out the temperature of the fluid.

Finally, we used the previously described setup to compare—as a proof of concept—
the characteristic electrophysiological properties of T cells and neurons at RT and 36 ◦C. The latter one
represents a naturally occurring biological system as it is close to the natural human body temperature
while still having a 1 K safety zone to pyrexia. It is worth noting that the investigated parameters are
not explicitly known as temperature dependent such as thermoreceptors [30], yet we found a noticeable
influence of the temperature. The temperature was maintained using thermometer T1 as feedback loop
for the Peltier element while observing the correct temperature on the display using thermometer T2.

First, we investigated passive membrane properties that can be determined with both cell
types—namely the resting membrane potential (RMP), the membrane time constant (MTC), and the
membrane capacitance (MC) shown in Figure 4a–c. The RMP increases for T cells from −41.7 to
−48.1 mV and decreases for neurons from −39.2 to −29.6 mV with higher temperature. The MTCs
show an increase depending on the temperature for both cell types (from 5.7 to 9.7 ms and from
21.5 to 29.3 ms), while temperature has in principle no effect on the MC of 9 and 6 pF, respectively.
Formerly mentioned changes in RMP could be explained for T cells by an increased cellular activity at
physiological temperatures, leading to higher RMP values. For the neurons, higher cellular activity
might mean that adenosine triphosphate (ATP) is consumed faster at 36 ◦C compared to RT. A lack of
sufficient APT could result in a lower RMP due to ATP-dependent Na+ and K+ pumps in neurons [31].
For the MTCs, higher temperature raises the probability of open ion channels, which would result in
an increased time constant [32]. The capacitance of the membrane is defined predominantly by the
surface area of the cell membrane, a measure for the cell size. Therefore, temperature and accordantly
the cellular activity have no direct influence on the membrane capacitance. However, all values are
still within the error in accordance with the literature [27,33–37]. Only the capacitances of the neurons
differ from literature indicated by a smaller value. The reduced MC can be explained by a smaller cell
surface area caused by replanting shortly before the experiments (cf. methods).
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Figure 4. Basic electrophysiological properties of T cells and neurons at RT and 36 ◦C, respectively.
(a) Resting membrane potential. (b) Membrane time constant. (c) Membrane capacitance.
T cells: n (RT) = 11, n(36 ◦C) = 7. Neurons: n (RT) = 8, n (36 ◦C) = 7.

Second, we tested for cell specific properties in T cells and neurons. For T cells, the gating
potential of voltage-gated ion channels is shown in Figure 5a. Voltage ramps from −65 to +15 mV have
been applied to the cell. The threshold voltage was defined at the increase in the measured current
indicating the opening of the ion channels (cf. Supplementary Material Figure S1). The gating potential
is generally in accordance with the literature [36,38]. The small shift of the threshold from −23.3 to
−25.0 mV—an earlier onset—is reasonable, since most proteins have their peak activity at physiological
temperatures rather than at RT and the change in channel-conformation that leads to opening of the
channels happens faster at 36 ◦C than at ambient temperatures [39,40]. For neurons, we tested the
capability to fire action potentials (APs) after current-induced membrane depolarization to prove the
proper electrophysiological function of the neurons [41]. As a result, the neurons show a characteristic
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firing of APs for both RT and 36 ◦C [42]. An exemplary trace recorded at 36 ◦C is illustrated in Figure 5b.
Furthermore, we can confirm a linear dependence of the firing frequency on the amount of injected
current shown in Figure 5c [34,43]. Note that the maximum firing frequency of a single cell of approx.
30 Hz at 36 ◦C is higher compared to approx. 15 Hz at RT. This feature of higher maximal firing
frequency was reproducible and goes along with a reduced AP height, summarized in Figure 5d,e.
The averaged maximal firing frequency increased from 20 to 36 Hz while the corresponding height
decreased from 80.8 to 54.2 mV—in general appropriate values for AP heights [20,35,44,45]. The higher
frequency can be explained by faster gating ion channels again allowing for a more rapid sequence of
depolarization and repolarization of the cell membrane. Note that the membrane channels at 36 ◦C can
react faster to the ion influx during depolarization than at 20 ◦C; as a consequence, the repolarization
takes place already at lower voltages, leading to smaller action potentials. Literature for patch clamping
is not consistent since both temperature dependency and temperature insensitivity for AP frequency
have been reported for rat and mouse neurons, respectively [46,47]; however, we can report on a
sensitivity. Furthermore, processes in optogenetics showed sensitivity to temperature [48,49]. If one
would combine patch clamping with optogenetics, our setup could offer a considerable advantage
as well.
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Figure 5. Specific electrophysiological properties. (a) Gating threshold of voltage-gated ion channels in
T cells at RT and 36 ◦C. (b) Exemplary patch clamp recording of action potentials (APs) at 36 ◦C during
current injection from 50 to 350 ms. (c) The firing frequency of APs depending on the injected current
for RT and 36 ◦C of specific cells. The error bars are standard deviation. (d) Average maximal firing
frequency of action potentials at RT and 36 ◦C weighted of n cells. (e) Average height of APs at maximal
firing frequency at RT and 36 ◦C. T cells: n (RT) = 11, n (36 ◦C) = 7. Neurons: n (RT) = 8, n (36 ◦C) = 7.

5. Conclusions

We built an easy to adopt, custom-made, temperature-controlled patch clamp platform for
upright patch clamp setups priced at approximately EUR 350 in total. The controller in our presented
configuration allows for cooling to 15 ◦C and heating up to 60 ◦C limited in our configuration by the
passive heat sink and the utilized 3 A power supply, respectively. Temperatures are kept steady at
the adjusted values with a tolerance of maximal ±0.25 ◦C. Furthermore, we show the function of the
setup in proof of concept measurements with Jurkat T lymphocytes and human induced pluripotent
stem cell-derived neurons. We investigated both basic electrophysiological properties, such as resting
membrane potential, membrane time constant, and membrane capacitance as well as cell characteristic
responses such as the gating of voltage-gated ion channels and the firing of action potentials. Typically,
such properties are not considered as particularly temperature dependent or literature is inconsistent
in their findings. However, we found shifts of many parameters when measured at RT and 36 ◦C,
respectively. Therefore, our results advise controlling the temperature if improved physiological
conditions are required, which we can offer with our custom-built setup. Furthermore, small disparities
among different studies might just be caused due to different temperatures during patch clamping,
and we strongly advise considering this if results are compared directly.
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Figure S1: Illustration to describe the definition of the gating potential in T cells. Voltage ramp from −65 mV to
+15 mV (black). Position/potential of the increase (red dashed) in the membrane current (blue), Table S1: Statistical
analysis of patch clamp results via ANOVA with post hoc Turkey’s test.
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Appendix A

Heating controller Quick Ohm QC-PC-C01H-100

Cooling controller Quick Ohm QC-PC-C01C

Peltier Element Quick-Cool QC-127-1.4-8.5MD

Display Quick Ohm QC-PC-D-100

Potentiometer P1, P2 0–10 kΩ, supplied with microcontroller

Thermometer T1, T2 10 kΩ NTC, supplied with microcontroller

Switches S1, S2, S4 Arcolectric H1570 VB AAA 250V/AC

Switches S3, S5 TRU COMPONENTS TC-R13-66C-02 250 V/AC

Resistor R1 ATE Electronics RB50 5.6 Ω 50 W 5%

Capacitors C1,2 Yageo SE025M4700B7F-1632
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Figure S1. Illustration to describe the definition of the gating potential in T cells. Voltage ramp from -

65 mV to +15 mV (black). Position/potential of the increase (red dashed) in the membrane current (blue). 

Table S1: Statistical analysis of patch clamp results via ANOVA with post hoc Turkey’s test. 

Cell Parameter MeanDiff SEM q Value Prob Alpha Sig LCL UCL 

T cells 

RMP -6.37029 6.41053 1.40534 0.33515 0.35 1 -12.54202 -0.19856 

MC 1.51606 1.95361 1.09747 0.44905 0.45 1 0.00323 3.02889 

MTC 4.02522 1.67845 3.39154 0.02902 0.05 1 0.467 7.58344 

GP 1.49631 2.04625 1.03413 0.4752 0.5 1 0.08412 2.90849 

Neurons 

RMP 9.59087 6.81989 1.98882 0.18308 0.2 1 0.38282 18.79891 

MTC 7.82678 5.08584 2.17638 0.1478 0.15 1 0.04583 15.60773 

MC -0.49548 1.61985 0.43258 0.76454 0.8 1 -0.91436 -0.0766 

AP freq. 17.37315 10.8821 2.25778 0.13439 0.15 1 0.72435 34.02195 

AP ampl. -22.63455 11.44835 2.79604 0.06963 0.1 1 -42.90903 -2.36007 
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Culturing and patch clamping of Jurkat T cells and
neurons on Al2O3 coated nanowire arrays of altered
morphology†

Jann Harberts,a Robert Zierold,a Cornelius Fendler,a Aune Koitmäe,a Parisa Bayat,a

Irene Fernandez-Cuesta,a Gabriele Loers,b Björn-Philipp Diercks,c Ralf Fliegert,c

Andreas H. Guse,c Carsten Ronning,d Gaute Otnes,ef Magnus Borgströmef

and Robert H. Blick *ag

Nanowire substrates play an increasingly important role for cell cultures as an approach for hybrid bio-

semiconductor junctions. We investigate Jurkat T cells and neurons from mice cultured on Al2O3 coated

ordered and randomly distributed nanowires. Cell viability was examined by life/membrane staining reporting

comparable viability on planar and nanowire substrates. Imaging the hybrid interface reveals a wrapping of

the cell membrane around the very nanowire tip. Patch clamp recordings show similar electrophysiological

responses on each type of nanowires compared to planar control substrates. We demonstrate that the

morphological characteristic of the nanowire substrate plays a subordinate role which opens up the arena

for a large range of nanowire substrates in a functionalized application such as stimulation or sensing.

1 Introduction

Chemical and physical properties of surfaces and culture substrates
have a signicant inuence on adhesion and viability of seeded
dissociated cells.1–4 Hence, nano- and micro-structured substrates
lately gained increasing attention in cell biology.5 Vertically aligned
nanowires (NWs) as culturing substrate play here an important
role, since variations in length, diameter, and density of the NWs
inuence cellular growth parameters, viability, and adhesion.6–9

Furthermore, NW substrates can be used to support directed
polarization of cells, e.g. outgrowth of axons from neurons,10 to
measure mechanical cell properties,11 or to constrain cellular
movement and spreading.12,13Note, compared to planar substrates,
functional NWs can interact on a nanoscopic level with the cell and

the cell'smembrane. Such local stimulation and interactions which
cannot be realized by planar substrates allow for novel applications
such as in optogenetics, as light guiding or emitting compo-
nents,14–16 for electrical sensing17–19 as well as indirect photo current
stimulation once p–n junctions are integrated,20,21 to name a few of
them. Of course, in a rst step one has to prove that the cell's
viability and electrophysiology are not drastically altered on NW
samples compared to planar reference substrates.

Typically, cellular outgrowth and guiding experiments are
analyzed with uorescent labeling techniques as well as light
microscopy primarily delivering a visual impression.22,23 For
functional measurements of cell characteristics, such as
membrane capacitance, gating properties of ion channels or
amplitudes of neural action potentials, to name a few of them,
a more precise method—patch clamping—is required.24–26

However, conventional inverted patch clamp setups are limited
to transparent substrates and thus are not suitable for opaque
semiconductor samples. Hence, a custom-built upright patch
clamp setup with a long working distance objective was used in
this study, which is compatible with the types of samples used
herein as illustrated in Fig. 1a. The substrates consisted of
ordered arrays of indium phosphide (InP) NWs with identical
lengths as well as randomly distributed zinc oxide (ZnO) NWs
with varying heights (cf. Fig. 1b and c). To quantify and compare
the regularity and disarrangement of the NW substrates we
calculated corresponding fast Fourier transforms (FFTs) of the
top view SEM images. The results are shown in Fig. 1d and e.
The bright spots mark the reciprocal lattice proving high
accuracy of the repeating structure of the ordered NW substrate.
On the contrary, absence of bright spots in the reciprocal image
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prove no repeating structures of the random NW substrate. In
order to avoid any inuence of the substrate's materials onto
the outgrowth behavior and to study only on the geometry's
impact, all substrates have been covered with a thin layer of
aluminum oxide (Al2O3) by atomic layer deposition (ALD). A
small pitch between individual NWs of less than 500 nm results
for both types of samples in a high NW density. Standard Petri
dishes and planar Al2O3 have been used as control growth
substrates. We employed human T lymphocytes (Jurkat cells)
and cerebellar granule cells from mice (neurons) for our
studies. Considering the developed model for NW/cell interac-
tion depending on NW density, length, and diameter in Buch-
Månson et al.,27 we expect the cells to stay on top of the NW tips,
due to the high NW density. Comparable studies which
combine NW arrays and patch clamping were performed with
restricted areas of NWs and low NW densities.28,29 In these
congurations, the cells either adhered predominantly on areas
without NWs or were wrapping around the entire NW. In our
conguration, where just the NW tips carry the cells, the phys-
ical pressure of the pipette tip against the cell membrane during
giga seal formation must be considered. Therefore, this
undertaking also addresses the question whether spiky NW
substrates are suitable for patch clamping applications without
signicantly damaging the cell. Our results can conrm this
and show proper cell viability of both Jurkat cells and neurons
independent of the NW arrangement and height distribution.

2 Methods
2.1 Nanowire preparation

The arrayed and randomly arranged NWs consisted of InP and
ZnO, respectively. For the sake of comparability both types of
NWs and a planar control were covered with a thin layer of

biocompatible Al2O3 (10–15 nm) deposited via ALD.30 Note, for
ZnO, the aluminum oxide also serves as passivation layer which
is required due to chemical instability of ZnO at pH 7.4 of the
cell culture medium.

The InP NWs were fabricated in an epitaxial growth process
with gold droplets as seeds arranged in an array on InP(111)B
substrates via nanoimprint lithography.31 The nanoimprint
technique facilitates control of the NW diameter through the
seed particle size, and the regular and uniform seed particle array
supports the achievement of identical NW lengths during the
growth process. Here, we used a NWdiameter of 180 nm, a length
of 2 mm, and a pitch of 500 nm. The gold tip was removed by wet
etching in a two times cycled procedure using iodine–potassium
iodide solution and diluted phosphoric acid, respectively. The
ZnO NWs were grown self-catalytic, self-assembled, and epitaxial
on a 500 nm ZnO layer on top of silicon substrates. This process
results into disordered arrays with NWs of a few micrometer
length (with slight varying distribution) and diameters between
70 and 180 nm.32 ALD was performed in a custom-built reactor
utilizing trimethyl aluminum and water as precursors both kept
at room temperature with a constant purge gas ow of about 25
sccm. In a typical ALD process pulse, exposure, and pump time
was for both precursors 0.05 s, 30 s, and 90 s, respectively.

2.2 Cell culture

The Jurkat cells were cultured in Gibco RPMI 1640 + Gluta-
MAX™-I medium with 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 7.5% new-born calf
serum (NCS) and 1.2% (w/v) penicillin/streptomycin in T75 cell
culture asks at 37 �C and 5% CO2 in air. The cell suspension
was diluted with fresh medium every 2–3 days to keep the cell
concentration between 0.3 � 106 and 1.2 � 106 cells per ml.

Fig. 1 (a) Scheme of the upright patch clamp configuration. A non-immersion objective with extra long working distance is used. The neuron is
settled on top of the NW substrate while the patch clamp pipette approaches with an angle of more than 40� between pipette and substrate. (b) A
scanning electron microscope (SEM) image of the ordered pristine InP NWs: the NWs are aligned in a defined array with a pitch of 500 nm. The
diameter is 180 nm with a length of 2 mm. Scale bar: 2 mm. (c) A SEM image of randomly distributed as-prepared ZnO NWs on silicon substrate.
The diameters are between 70 and 180 nm, the length is about 3 mm, the average pitch is about 300 nm. Scale bar: 2 mm. Insets: angle of 40�,
scale bars: 1 mm. (d) A FFT of the SEM image of ordered NWs. The bright spots mark the reciprocal lattice proving high accuracy of the repeating
structure of the ordered NW substrate. (e) A FFT of the SEM image of random NWs. Absence of bright spots in the reciprocal image prove no
repeating structures of the random NW substrate.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 11194–11201 | 11195
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The neurons – postnatal cerebellar neurons – were derived
from 6–7 days old wild-type mice (strain C57Bl6) of either sex or
mice expressing GFP under the direction of the human ubiqutin
C promoter (C57BL/6-Tg(UBC-GFP)30Scha/J) and were isolated
as described in Loers et al.33 Cell concentrations of about 2 �
105 cells per ml were used. The culture medium consisted of
Neurobasal™ A, penicillin/streptomycin, bovine serum
albumin, insulin, L-thyroxine, transferrin holo, sodium selenite,
B-27™ supplement (see Loers et al.33 for details) and 8% fetal
bovine serum (Capricorn scientic, FBS Advanced). The
neurons were cultured at 37 �C and 5% CO2 in air.

Ethics approval. Jurkat cells: cell line, no approval required.
Neurons: mice were kept and bred at the central animal facility of
the UniversitätsklinikumHamburg-Eppendorf. Mice were kept at
standard laboratory conditions with food and water supply ad
libitum and an articial 12 h light/dark cycle. All experiments
were conducted in accordance with the German and European
Community laws on protection of experimental animals, and all
procedures used were approved by the responsible authorities of
the State of Hamburg (Behörde für Wissenscha und Gesund-
heit, Amt für Gesundheit und Verbraucherschutz, Leb-
ensmittelsicherheit und Veterinärmedizin; animal permit
number ORG 679 Morph). The manuscript was prepared
following the ARRIVE guidelines for animal research.34

2.3 Sample preparation and cellular outgrowth

Control and NWmeasurements were performed in 35 mm Petri
dishes (Fisher Scientic, Biolite). The plain bottom of the Petri
dish was used in the control measurements. The NW substrates
were sterilized in 70% ethanol and placed into the Petri dish. All
substrates were coated with poly-D-lysine (PDL, mol wt 30 000–
70 000, 0.1 mg ml�1) in order to support cell adhesion. The
coating was performed by covering the substrates with PDL for
30 min at room temperature. Subsequently, the PDL solution
was removed and the samples were rinsed with deionized water
and air-dried. Samples with Jurkat cells were prepared imme-
diately prior to the measurements as described below. A droplet
of cell suspension (20–30 ml) was applied to the substrate and
the cells were le to adhere for 15 min in the incubator.
Subsequently, the patch clamp bath solution was added.
Samples for the neuron cultures were additionally coated with
laminin. Here, the substrates were coated with laminin (1–2 mg
ml�1) for 20 min in the incubator. Subsequently, the laminin
was removed and a droplet of cell suspension (20–30 ml) was
applied to the substrate without drying of the remaining lam-
inin. Aer an incubation period of 45–60 min at 37 �C and 5%
CO2 additional growth medium (3 ml) was added. The neurons
were cultured 6–7 days in vitro (DIV) before the measurements.
The culturing medium was renewed by two-thirds every 2–3
days with freshmedium. For imaging purposes by SEM and FIB,
the samples were dried in air aer a stepwise ethanol exchange.

2.4 Cell viability staining

The cell viability was tested via uorescent staining and
confocal microscopy. Cell somas were dyed with a cell viability
indicator (Thermosher, 496 nm/515 nm ex/em) and cell

membranes were dyed with a cell membrane stain (Thermo-
sher, 555 nm/565 nm ex/em). Imaging was performed with
a Leica TCS SP8 confocal microscope equipped with two lasers
of 488 nm and 552 nm wavelength, respectively. Cell viability of
the Jurkat cells was tested at the same day of transfer to the
substrate and cell viability of the neurons was examined aer 6
DIV of outgrowth. For staining, the growth medium was
exchanged by a 1� dye mixture in Dulbecco's Phosphate-
Buffered Saline (DPBS) and the cells were placed for 15 min at
37 �C and 5% CO2 in the incubator. Subsequently, the staining
solution was exchanged with a 1� background suppression dye
(Thermosher) in DPBS. With every type of substrate, 4 different
areas for Jurkat cells and 6 areas for neurons were analyzed with
ImageJ using the cell counter plugin.35

2.5 Patch clamp setup

Since the substrates for the cells were opaque, an upright patch
clamp setup was utilized. In such a conguration, free space
above the sample is limited generally. For this reason, the chal-
lenge was to achieve a perpendicular contact angle between the
micropipette and the cell membrane, which is required for reli-
able giga seal forming.36 To provide sufficient space, we used
a non-immersion objective with an extra long working distance of
11 mm (Nikon CFI TU Plan EPI ELWD 50� N.A. 0.60/W.D. 11.00
mm) installed to a Nikon Eclipse FN1 upright microscope. As
sketched in Fig. 1a, the angle between pipette and substrate was
at least 40�, so the patch pipette approached the cell membrane
in a perpendicular angle yielding high success rates for estab-
lishing giga seals. The pipette was mounted to a HEKA red star
headstage and the signals were amplied with a HEKA EPC 10
USB patch clamp amplier. The data was processed with a Bessel
low-pass lter at 2.9 kHz. During patch clamping a particularly
small amount of bath solution was required to minimize the
surface bending of the uid which downgrades the clear view on
the sample. The probe stage carries standard 35 mm Petri dishes
and a transfer of the sample was not required for any measure-
ments. All measurements presented were performed with iden-
tically fabricated micropipettes. The borosilicate glass capillary
blanks (GB150T-8P, Science Products) were pulled with a Sutter
Instrument P-2000 pipette puller and subsequently heat polished
(CPM-2, ALA Scientic Instruments). The diameter of the pipette
tip was about 950 nm, which resulted in tip resistances of 3–5MU

and 7–9 MU depending on the different patch clamp solutions
for Jurkat cells and neurons, respectively.

2.6 Electrophysiology

Different compositions of the pipette and bath solution were
used for the Jurkat cells and the neurons. The patch clamp
solutions for the Jurkat cells were adapted from Partida-Sanchez
et al.37 The pipette solution consisted of (in mM) 140KCl, 2MgCl2,
1CaCl2 and 2.5ethylene glycol tetraacetic acid (EGTA) and is
buffered with 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES). The pH was adjusted
to 7.3 with KOH. The bath solution consisted of (in mM)
140NaCl, 5KCl, 2MgCl2, 2CaCl2, 5glucose and was buffered with
10HEPES, adjusted to pH 7.4 with NaOH. The patch clamp
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solutions utilized for the neurons were provided from Gall et al.38

The pipette solution contained (in mM) 126K gluconate,
0.05CaCl2, 0.15BAPTA, 4NaCl, 1MgSO4, 15glucose, 5HEPES,
3MgATP, and 0.1GTP, pH adjusted to 7.2 with KOH. The bath
solution was predicated on articial cerebrospinal uid and
consisted of (in mM) 120NaCl, 2KCl, 2CaCl2, 1.19MgSO4,
26NaHCO3, 1.18KH2PO4 and 11glucose, equilibrated with carb-
ogen gas (95% O2, 5% CO2) to pH 7.4. All measurements were
performed at room temperature. For neurons, the measurements
were delayed for a few minutes aer establishing the whole-cell
mode to let the MgATP and GTP diffuse into the cell interior.

3 Results and discussion

We successfully cultured Jurkat cells and neurons on both ordered
and randomly arranged NW arrays. Aer transfer and outgrowth,
the cells were examined in terms of viability, interaction with the
NWs and conservation of electrophysiological properties. Here, we
compared the results with a twofold control on commonly used
Petri dishes and additionally on planar Al2O3 coated substrates,
because Al2O3 was also used to passivate the NWs.

Cell viability was tested by uorescent life/membrane stain-
ing. For Jurkat cells, we observed high cell viabilities apparently
independent of the substrate between 98.9 � 0.8% and 99.6 �
0.5%, as shown in Fig. 2a. The high viability can be explained by
the short time period between cell transfer and measurement
and a high viability of cancer cells in general. Exemplary images
of stained Jurkat cells on ordered and randomNWs are shown in

Fig. 2b and c, respectively. Overview images of cells on all four
substrates including examples of dead Jurkat cells can be found
in Fig. S1 in the ESI.† For neurons, shown in Fig. 2c, we observed
cell viabilities of 73.9 � 3.6% and 72.9 � 6.2% on the control
substrates and 65.4 � 4.5% and 66.5 � 4.4% on the NW
substrates. The viability is comparable to the literature published
in Loers et al.33 and Koitmäe et al.39 The decrease in total viability
on NWs can be explained by a more challenging morphology of
the substrate. Nevertheless, ordered and random NWs show
similar results. Furthermore, exemplary images of stained
neurons cultured on both types of NWs are shown in Fig. 2d and
e as well as on the control substrates in Fig. S2.† Beside of vital
cells, one can also observe the growth of numerous neurites on
top all substrate types indicating the successful formation of
a complex neural network. Corresponding top view images
prepared by SEM are attached in the ESI as Fig. S3 and S4.†

In a next step, the hybrid interface between NW and cell
membrane was examined by focused ion beam (FIB) (Zeiss
Crossbeam 550) and SEM. Milling material with the ion beam
provided insight to the interface in form of a cross section. Here,
particular attention was paid to the contact area between the NW
tip and the cell membrane. The compilation of the cross sections
for Jurkat cells and neurons on ordered and random NWs,
respectively, is shown in Fig. 3a–d. As expected from the model
for NW/cell interaction mentioned in the introduction,27 the cells
stayed on the NW tips due to the high NW growth density. In
particular, Fig. 3a and b illustrate the settling of Jurkat cells on
each NW substrate. The insets display a close-up of the NWs and

Fig. 2 Life/membrane staining results for Jurkat cells and neurons. (a) Bar chart of Jurkat cell viability settled on each substrate. (b) and (c) show
stained Jurkat cells cultured on ordered and random NWs. Scale bars: 10 mm. Corresponding images on control substrates can be found in
Fig. S1.† (d) Bar chart of neuron viability on each substrate. (e) and (f) show stained neurons including neurites cultured on ordered and random
NWs. Scale bars: 50 mm. Corresponding images on control substrates can be found in Fig. S2.†

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 11194–11201 | 11197

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 6

/4
/2

02
1 

10
:0

0:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online



state a slight wrapping of the cell membrane around the very tip
of the NW. It appears, that different diameter and arrangement of
the NWs tested herein have no decisive inuence on the settle-
ment of the Jurkat cells. Similar observations can be made
regarding the neuronal cells in Fig. 3c and d. Again, the neurons
stay on top of the NWs and show a slight wrapping of the NW tip.

Furthermore, Fig. 3c and d also specify the statement from
before regarding the growth of a neural network on top of the
substrate—here: the very NW tip. Note, in both images the
neurite in the top le corner of the image remains on top of the
NW tips as well. Taking the confocal and SEM images into
account, we want to point out that despite the “chaotic”
appearance of the randomly distributed NWs, we do not observe
any apparent inuence of the substrate on the neurons for the
ability to form neural networks.

Finally, we examined the cells on all substrates via the patch
clamping technique. In order to assess the electrophysiological
properties of the cells, we determined the resting membrane
potential (Vrest), the membrane capacitance (Cmem), and the
membrane time constant (tmem). In these experiments, the
membrane capacitance was directly exported by the HEKA Patch-
master soware. The required data to specify the remaining
parameters were obtained in a three-phased current-clamp
measurement. The rst section with zero current applied provided
the resting potential. The second section injected a small current
to the cell in order to shi the membrane potential followed by
a third phase which adjusted the applied current to zero again. The
exponential decay of the membrane potential toward the resting
potential aer zeroing the current was then characterized by the
membrane time constant. For each substrate—Petri dish, planar
Al2O3, ordered and randomly ordered NWs—ve different cells
were measured. The characteristic electrophysiological factors for

Jurkat cells adhered to each type of substrate are summarized in
Table 1. Contemplating the measured mean values of each
parameter, the resting membrane potentials range from (�53.4 �
2.9) mV to (�56.6 � 8.9) mV, the membrane capacitance is
between (8.0� 1.7) pF and (10.6� 2.5) pF, and the time constants
range from (11.4� 4.0)ms to (12.6� 4.1)ms. One can observe that
the values of each parameter appear to be in the same range
independent on the substrate. In order to support the intuitive
interpretation, aWelch's t-test was performed for every data pair to
test for statistically signicant deviation. No signicant deviations
occurred within a 95% condence interval (CI). All calculated t-
values are listed in Table S1.† Furthermore, the experimental

Fig. 3 SEM images of Jurkat cells on ordered (a) and randomly distributed (b) NWs as well as neurons on ordered (c) and random (d) NWs. All
substrates are coveredwith a 10–15 nm thick layer of Al2O3. The cross sections were prepared via FIB. In all configurations, the cells stay on top of
the NWs. Scale bars: 1 mm.

Table 1 Jurkat cells: overview of the characteristic electrophysio-
logical factorsa

Petri dish Planar Al2O3 Ordered NWs Random NWs

Vrest (mV) �56.4 � 4.6 �55.9 � 6.2 �56.6 � 8.9 �53.4 � 2.9
Cmem (pF) 10.6 � 2.5 8.1 � 1.0 8.4 � 1.5 8.0 � 1.7
tmem (ms) 12.6 � 4.1 11.4 � 4.0 11.9 � 6.4 11.5 � 5.4

a Number of cells patched on each type of substrate: n ¼ 5.

Table 2 Neurons: overview of the characteristic electrophysiological
factorsa

Petri dish Planar Al2O3 Ordered NWs Random NWs

Vrest (mV) �58.1 � 4.9 �55.9 � 7.2 �55.9 � 5.7 �56.8 � 6.8
Cmem (pF) 4.3 � 0.7 4.7 � 0.8 3.7 � 0.8 3.7 � 1.0
tmem (ms) 9.1 � 2.9 9.5 � 7.9 11.9 � 3.5 15.4 � 7.3

a Number of cells patched on each type of substrate: n ¼ 5.
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results are in accordance with the literature.40–42 Analogously, we
proceeded with the patch clamp results from the neurons cultured
on each type of substrate which are summarized in Table 2.
Reviewing the minimally and maximally measured means, the
resting membrane potentials range from (�55.9 � 7.2) mV to
(�58.1 � 4.9) mV, the membrane capacitance is between (3.7 �
1.0) pF and (4.7� 0.8) pF and the time constants range from (9.1�
2.9) ms to (15.4� 7.3) ms. Repeatedly, the results seem to imply no
severe inuence of the substrates morphology. We performed
aWelch's t-test with every data pair using a 95%CI again. The t-test
results for the neurons are noted in Table S2† and show no
signicant deviations of the electrophysiological properties
between each type of substrate. Besides, the determined values are
also applicable to ones in the literature.38,43,44

In addition to the characteristic electrophysiological
parameters, we investigated cell specic ion channel activity/
response for both cell types. For Jurkat cells, we studied the
gating of voltage-gated potassium ion channels in voltage-
clamp mode. As a result, the NW substrates have no inuence
on the voltage–current characteristics compared to both planar
control substrates as shown in Fig. 4a. Here, voltage ramps from
(�60 to +10) mV with a slope of 80 mV/100 ms were applied to
the Jurkat cells while the ionic current through the cell's
membrane was measured. At a membrane potential of
approximately�30 mV an increased slope of the ionic current is
observable. Such a gating at this voltage is also reported in
literature and can be assigned to voltage-gated potassium
channels in Jurkat cells.45

In case of the neurons, we tested for ring of action poten-
tials. As a part of the nervous system, the capability of a neuron
to re action potentials is an important indicator of the ability
to process neuronal information and hence states proper cell
function. Independently of the culturing substrate, the neurons
show characteristic action potentials (cf. Fig. 4b) with ampli-
tudes between 45 mV and 85 mV and a ring rate of 27 Hz,

which is in accordance with literature.43,46 During the experi-
ment, a stimulus current was applied in current-clamp mode to
the cell with a duration of 150 ms in order to depolarize it above
the critical threshold of triggering action potentials.

4 Summary and conclusion

In summary, we cultured cells, specically human T lympho-
cytes and cerebellar granule cells from mice, on a Petri dish,
planar Al2O3, and Al2O3 surface-passivated ordered and
randomly distributed NW substrates and show patch clamp
recordings of normal electrophysiological cell activity with
a custom-built upright patch clamp setup. SEM images of the
NW/cell membrane interface showed that the cells investigated
herein are only in contact with the NW tip. This observation is
in direct contrast to any other comparable publications where
patch clamp recordings have been performed, since the entire
NW was wrapped by the cell's membrane due to a low NW
growth density.28,29 We showed via patch clamp recordings, that
the electrophysiological properties in this conguration were
conserved and fundamental cellular responses of both cell types
remained intact asserting physical pressure during establishing
the giga seal on spiky substrates. In detail, whilst taking into
account the results from the electrophysiological characteriza-
tion of the cells, the proper voltage-gating of the Jurkat cells and
ring of action potentials of the neurons, we can state that the
nanostructured one-dimensional NW substrate geometry in our
study has no detrimental inuence on the electrophysiological
properties of the cell – when the cell is resting on the NW tips –
compared to control experiments on planar substrates and the
integrity of the cellular system is conserved. Note, our patch
clamp measurements are complementary to live/dead staining
analyses as well as to previous studies9,10,47 and reveal the great
potential for future investigations on the interaction of func-
tional one-dimensional nano-sized objects with the cell

Fig. 4 (a) Voltage–current correlation for Jurkat cells in a Petri dish (black), on planar Al2O3 (green), ordered (red) and random (blue) NW
substrates. A voltage ramp of �60 mV to +10 mV with a slope of 80 mV/100 ms was applied to the cell. The increase of the slope of the
measured current at �30 mV indicates the activation of voltage-gated ion channels. Number of cells measured on each type of
substrate: n ¼ 5. (b) Measurements of action potentials of neurons cultured in a Petri dish (black), on planar Al2O3 (green), ordered (red)
and random (blue) NW substrates. The stimulation current was injected after 100 ms with a duration of 150 ms. Several actions potentials
were fired.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 11194–11201 | 11199
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membrane, such as NW solar cells, NW electrodes, nanoscaled
1-dimensional probes or nanotubes for drug delivery, to name
a few of them.

With respect to generality, we believe that characteristic cell
properties of Jurkat cells and neurons may remain conserved on
NW substrates independent on roughness, arrangement, and
diameter of the NWs – with a substrate geometry and
morphology similar to that one shown herein. Hence, this
observation might pave the way to use a large variety of NW
substrates in diverse applications in combination with sensitive
electrophysiological patch clamp measurements. Additionally,
with the predictable wrapping of the cell's membrane of the very
tip of the NW leading to a point-like contact of nanostructure
and cell membrane, our setup is an ideal starting point for
future experiments with functionalized NWs, such as NW lasers
or NW solar cells in optogenetics and sensing/stimulation
experiments, respectively.
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a) b)

d)c)

Fig. S1 Exemplary confocal microscope overview images of life/membrane (green/red) stained Jurkat cells on a) Petri dish, b) planar Al2O3, c) ordered
and d) random NWs. The majority of the cells is viable. Insets: close-ups of dead Jurkat cells. Scale bar: 50 µm.

a) b)

Fig. S2 Exemplary confocal microscope images of life/membrane (green/red) stained neurons on a) Petri dish and b) planar Al2O3. Scale bar: 25 µm.
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a)

b) c)

Fig. S3 Exemplary SEM image of Jurkat cells on a) planar Al2O3, b) ordered and c) random NWs. Scale bars: 10 µm.

a)

b) c)

Fig. S4 Exemplary SEM image of neuronal outgrowth on a,b) planar Al2O3 c) ordered and d) random NWs. Scale bars: 10 µm.
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Table S1 Welch’s t-test results regarding electrophysiological properties of Jurkat cells cultured on each substrate with 95% confidence interval (CI).

NWs/Petri dish NWs/Planar Al2O3 Planar Al2O3/Petri dish
Ordered NWs Random NWs Ordered NWs Random NWs

T value 95% CI T value 95% CI T value 95% CI t value 95% CI T value 95% CI
Vrest 0.04 2.45 -1.23 2.36 0.14 2.36 -0.82 2.45 -0.14 2.36
Cmem 1.69 2.36 1.92 2.36 -0.37 2.36 0.11 2.45 0.60 2.57
tmem 0.21 2.36 0.36 2.36 -0.15 2.36 -0.03 2.36 0.47 2.31

Table S2 Welch’s t-test results regarding electrophysiological properties of Neurons cultured on each substrate with 95% confidence interval (CI).

NWs/Petri dish NWs/Planar Al2O3 Planar Al2O3/Petri dish
Ordered NWs Random NWs Ordered NWs Random NWs

T value 95% CI T value 95% CI T value 95% CI t value 95% CI T value 95% CI
Vrest -0.65 2.31 -0.35 2.36 0.00 2.31 0.20 2.31 -0.54 2.36
Cmem 1.26 2.31 1.10 2.36 1.98 2.31 1.75 2.31 -0.84 2.31
tmem -1.38 2.31 -1.79 2.57 -0.62 2.45 -1.23 2.31 -0.11 2.57
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Culturing human iPSC-derived neural progenitor
cells on nanowire arrays: mapping the impact of
nanowire length and array pitch on proliferation,
viability, and membrane deformation†

Jann Harberts, *a Katja Bours,a Malte Siegmund,a Carina Hedrich,a

Michael Glatza,b Hans R. Schöler,b Undine Haferkamp, c Ole Pless, c

Robert Zierold *a and Robert H. Blick a,d

Nanowire arrays used as cell culture substrates build a potent tool for advanced biological applications

such as cargo delivery and biosensing. The unique topography of nanowire arrays, however, renders them

a challenging growth environment for cells and explains why only basic cell lines have been employed in

existing studies. Here, we present the culturing of human induced pluripotent stem cell-derived neural

progenitor cells on rectangularly arranged nanowire arrays: In detail, we mapped the impact on prolifer-

ation, viability, and topography-induced membrane deformation across a multitude of array pitches (1, 3,

5, 10 µm) and nanowire lengths (1.5, 3, 5 µm). Against the intuitive expectation, a reduced proliferation

was found on the arrays with the smallest array pitch of 1 µm and long NWs. Typically, cells settle in a

fakir-like state on such densely-spaced nanowires and thus experience no substantial stress caused by

nanowires indenting the cell membrane. However, imaging of F-actin showed a distinct reorganization of

the cytoskeleton along the nanowire tips in the case of small array pitches interfering with regular pro-

liferation. For larger pitches, the cell numbers depend on the NW lengths but proliferation generally con-

tinued although heavy deformations of the cell membrane were observed caused by the encapsulation of

the nanowires. Moreover, we noticed a strong interaction of the nanowires with the nucleus in terms of

squeezing and indenting. Remarkably, the cell viability is maintained at about 85% despite the massive

deformation of the cells. Considering the enormous potential of human induced stem cells to study neu-

rodegenerative diseases and the high cellular viability combined with a strong interaction with nanowire

arrays, we believe that our results pave the way to apply nanowire arrays to human stem cells for future

applications in stem cell research and regenerative medicine.

Introduction

Human induced pluripotent stem cells (iPSCs) have the poten-
tial to maximize the throughput and efficacy of clinical trials
and applications.1 Many ethical and political controversies are
avoided by relinquishing embryonic stem cells and the limited
availability of primary human cells is overcome.2 Moreover,
iPSCs are patient-specific since the initial cell sample is com-
monly obtained by an ordinary skin biopsy.3 The direct use of
human cells also reduces the high failure rate of clinical trans-
lation created by differences of disease-associated pathways
between human and animal cells.4–6 Access to a multitude of
human iPSC-derived cell types such as dopaminergic or gluta-
matergic neurons might allow for novel treatment modalities
with improved pre-clinical efficacy and safety assessment.7

Thus, human pathophysiological conditions including neuro-
degenerative conditions such as Alzheimer’s disease or

†Electronic supplementary information (ESI) available: Fig. S1: Comparison of
cells cultured on glass control and planarly etched Si substrate. Fig. S2: Data
from quantification that is not shown in the main manuscript. Fig. S3: Viable
cells 1 DIV after plating. Fig. S4: SEM images of smNPCs cultured on the remain-
ing NW substrates and on a control substrate. Fig. S5: F-actin/cytoskeleton on
control substrate. Fig. S6: Exemplary anti-SOX2 stainings on all types of NW sub-
strates and glass and Si control after 4 DIV. Fig. S7: Exemplary images of anti-
NES stainings on all types of NW substrates and glass and Si control after 4 DIV.
See DOI: 10.1039/d1nr04352h

aCenter for Hybrid Nanostructures (CHyN), Universität Hamburg, Luruper Chaussee

149, 22761 Hamburg, Germany. E-mail: jann.harberts@chyn.uni-hamburg.de,

robert.zierold@chyn.uni-hamburg.de
bDepartment of Cell and Developmental Biology, Max Planck Institute for Molecular

Biomedicine, Röntgenstraße 20, 48149 Münster, Germany
cFraunhofer Institute for Translational Medicine and Pharmacology (ITMP),

ScreeningPort, Schnackenburgallee 114, 22525 Hamburg, Germany
dMaterial Science and Engineering, College of Engineering, University of Wisconsin-
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Parkinson’s disease can be explored more efficiently and
potentially even be ameliorated.8,9 Neuroscience research and
clinical translation not only benefit from the feasibility to
derive all major neuronal cell types but also from the progress
to create more advanced cell cultures such as brain organoids
or blood–brain barrier models.10–12 Hence, iPSC technologies
have profoundly changed the operation routines of basic, pre-
clinical, and clinical research in neuroscience since their
initial discovery in 2006.13

The cell culturing of these complex systems including the
administration of therapeutic agents is commonly performed
in regular Petri dishes or multi-well plates. However, replacing
the passive surface of these dishes with an active substrate
would possibly render another dimension to test or to manip-
ulate the cells. Here, the continuous progress in micro- and
nanofabrication offers novel strategies to create such functio-
nalized biocompatible (semi-conductor) materials to be
employed as cell culture substrates.14,15

Tailor-made substrates were published in numerous studies
demonstrating their applicability but up until now primarily
standard human cell lines (e.g., HEK293 or HeLa cells) or
primary rodent cells were employed.16–19 The influence of the
substrate in terms of chemical and topological properties has
been tested, for example, for adhesion, proliferation, viability,
migration, and guidance of seeded cells.20–26 In this context, a
particular subset of substrates featuring upright arranged high
aspect ratio nanostructures—so-called nanowire (NW) arrays—
play an increasingly important role.27–33

Nanowire arrays can affect biological parameters such as
cellular growth, viability, morphology, and mechanotransduc-
tion machinery,34–39 while electrophysiological parameters are
maintained.40–43 Furthermore, NW arrays have been used to
measure mechanical properties,44–46 to interact with the cell’s
nucleus,47 to constrain movement and spreading,48–52 or to
direct cell polarization such as outgrowth of neurites.53–57 In
addition to the aforementioned passive applications, functio-
nalized NW arrays were employed to incorporate an executing
role, such as drug delivery,29,58–63 cell transfection,64–67 electri-
cal stimulation/sensing,68–72 or biosensing,73 to name a few.
To address specific applications, the interaction of the cell and
the NWs can be tuned by adjusting the length and diameter of
the NWs and the pitch of the array.52,74–76 Here, the settling
regimes of the cells are ranging from a fakir-like state on a
bed-of-nails to a complete encapsulation of the NWs. A model
to estimate the regimes was developed by Buch-Månson et al.77

Even though these NW substrates offer many advantages over
conventional cell culture dishes, the application of human
iPSCs on NW arrays is less prevalent. This is potentially due to
the fact that the NW arrays also create a challenging topogra-
phy that must be tolerated by the cells during culture. For
example, material cues have been discussed to be a regulator
for epigenetics and stem cell function,78 and NW forests have
been used to influence intracellular signaling, gene regulation,
or basic cell differentiation.79–83 To make use of different NW
arrays for human iPSCs it is hence crucial to ensure that, e.g.,
proliferation and viability of the cells are maintained.

In this work, we present the cultivation of human iPSC-
derived small molecule neural progenitor cells (smNPCs) on
silicon (Si) NW arrays with varying lengths of 1.5, 3, and 5 µm
(L1.5, L3, L5) and array pitches of 1, 3, 5, and 10 µm (P1, P3,
P5, P10). Such array parameters cover multiple interaction
regimes between cells and NWs. The proliferation and cell via-
bility were monitored for 4 days and compared to control sub-
strates (glass and planarly etched silicon). On substrates with
P ≥ 3, where the cells encapsulate the NWs, the cell numbers
varied with the degree of topological stress, namely, the
number of NWs per cell and the NW length. Remarkably, pro-
liferation was also significantly reduced on P1 NW arrays (i.e.,
densely-packed NW arrays) at which the cells settle in a fakir-
like state on a ‘bed-of-nails’. In general, such a settling state is
considered non-invasive compared to encapsulating settling
states on NW substrates with P ≥ 3. Imaging of F-actin showed
that the cells cultured on P1 arrays underwent a reorganization
of the cytoskeleton along the NW tips, which influenced
normal cell division. However, reduced cell numbers on P1
arrays were only observed for L3 and L5 but not for L1.5. This
was in agreement with further analyses that showed an inter-
mediate settling regime for P1 L1.5 NW arrays, thus diminish-
ing the impact on normal proliferation. In any case, on L1.5
NW arrays, the cell numbers after 4 days in vitro (DIV) were not
only independent from the pitch and but also equal to the
control. The cell viability after 4 DIV was excellent on the
majority of the NW arrays with about 85% viable cells. Only on
P1 L3, P1 L5, and P3 L5 substrates where the cells were either
constrained to align the cytoskeleton along the NWs or deeply
indented at multiple sites, viability was slightly reduced (at
worst to about 75%). Three-dimensional imaging of the cells
on the NW arrays showed that the cells strongly interact with
NWs. Moreover, the level of NW encapsulation was defined by
the NW length and array pitch. In severe appearing cases with
long wires and medium array pitch, not only the cell mem-
brane was deformed massively but also the nucleus was sub-
stantially indented or squeezed. Considering the strong inter-
action with the NWs and the outstanding cell viability, we
believe that our results open new pathways to apply NW arrays
in human stem cell biology and regenerative medicine
technologies.

Results

The settling regime of cells cultured on NW arrays strongly
depends on the interplay of NW length and array pitch.
Specifically, the cell settling can be tuned from a fakir-like
state (Fig. 1a) to complete encapsulation of the NWs (Fig. 1b–
d): In the fakir-like state, the cells rest on a ‘bed-of-nails’ being
only in contact with the very NW tips (panel a). This state is
predominantly caused by high array densities, i.e., small
pitches. With increasing pitch, the cells start to encapsulate
the NWs (panel b). Depending on the NW length, not only the
cell membrane is deformed but also the nucleus is affected
when the NW length is in the order of the cell’s height (panel
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c). In the case of even longer NWs, the cells might lose contact
with the bottom of the substrate creating an intermediate
settling state between a fakir-like state and full encapsulation
(panel d).

The design and fabrication method of the rectangularly
arranged Si NW arrays is summarized in Fig. 2. To map the
effect of different array pitches and NW lengths on the cultur-
ing of smNPCs, we prepared NW arrays with array pitches of 1,
3, 5, and 10 µm (P1, P3, P5, P10) combined with NW lengths of

1.5, 3, and 5 µm (L1.5, L3, L5) exemplarily shown in Fig. 2a.
The utilized pitches result in array densities of 100, 11.1, 4,
and 1 NWs per 100 µm2, respectively. The NWs were produced
in a top-down process via reactive ion etching (RIE) using chro-
mium dots with a diameter of 700 nm as a hard mask. The
hard mask for the array arrangement was defined by electron
beam lithography on a 6 × 6 mm2 area with altering pitches
(Fig. 2b). The NW length was controlled by the time used for
RIE per chip containing the 6 × 6 mm2 patterned area (Fig. 2c).

Fig. 1 Conceptualization of the cell-settling regimes that are recognized in the field. The settling regime of the cells (green) on the NWs depends
on array pitch and NW length. (a) For high NW densities/small array pitches the cells are resting in a fakir-like state on a bed-of-nails merely in
contact with the very NW tips. This configuration is virtually independent of the NW length. (b–d) For low NW densities/large pitches the cells
encapsulate the NWs and are impaled with increasing NW length which also deforms the nucleus (yellow).

Fig. 2 Design and fabrication of the Si NW array substrates. (a) Exemplary scanning electron microscopy (SEM) images of the fabricated Si NW
arrays with a rectangular pattern and array pitches of 1, 3, 5, and 10 µm (P1, P3, P5, P10) and lengths of 1.5, 3, and 5 µm (L1.5, L3, L5). The tilt is 45°
and the images were tilt corrected. (b) The different array pitches (P) of 1, 3, 5, and 10 µm were defined by electron beam lithography and are
arranged in a 6 × 6 mm2 grid with 1 × 1.5 mm2 areas with identical pitches. Each area with the same pitch is slightly bigger than the area imaged
later on (approx. 1.3 × 0.9 mm2). The pitches result in array densities of 100, 11.1, 4, and 1 NWs per 100 µm2, respectively. (c) The length (L) variation
of 1.5, 3, and 5 µm was defined by the reactive ion etching (RIE) time where chromium (Cr) was used as a hard mask.
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For control, areas of planarly etched Si right next to the region
covered with NWs were used. Of note, cells grown here showed
similar proliferation, viability, and spreading compared to con-
trols grown on conventional glass coverslips (Fig. S1a–g†).
Thus, smNPCs grown on NW arrays were compared in the fol-
lowing only to the Si control.

Data collection to determine the cell numbers and viability
was performed on five consecutive days (0–4 DIV) using
Hoechst, calcein, and propidium iodide (PI) stainings (Fig. 3).
Specifically, we imaged the samples after initial cell attach-
ment (≥1 h, referred to as 0 DIV) and the following four 24 h
intervals. Fig. 3a–c show examples of Hoechst-stained smNPCs
cultured on NW arrays with different densities but the same
NW lengths (here, e.g., P1 L5 and P5 L5) and control samples
after 0, 1, and 4 DIV. Right after initial cell adhesion, the cells
were found randomly distributed on the substrate as the cells
sediment and allocate from the cell suspension in a random
manner (panel a). After one day, the cells started to form cell
clusters (Fig. 3b) and larger colonies were formed after 4 DIV
on both NW arrays and control substrate (panel c). Note, solely
by visual inspection, the area covered with cells appeared to be
reduced using a P1 NW array sample. Cell viability was assayed
using calcein to identify viable cells and PI to stain for dead

cells (examples shown in Fig. 3d). In a next step, we quantified
the images taken and determined cell numbers, viability, and
spreading of the cells on all types of NW arrays from 0 to 4
days of cultivation.

The quantification of the cell numbers, viability, and
spreading using an automized software-assisted image analysis
are summarized in Fig. 4. Specifically, Fig. 4a displays the cell
numbers for all types of NW substrates from 0–4 DIV com-
pared to the control. Initially, about 250 cells per captured
image were determined. For unaffected cells on the control
samples, the cell numbers reached about 1500 cells per image
on day 4. On the NW samples, the cell numbers also increased
in general over time but the final number of cells after 4 DIV
depended on the degree of topological stress caused by the
specific type of NW array. The overall cell numbers were
reduced for encapsulating regimes (P ≥ 3) mainly with increas-
ing number of NWs per cell (P3 NW arrays: ≈−40%, P5 NW
arrays: ≈−25%, P10 NW arrays: ≈−10%) where L5 NW arrays
decreased the cell numbers slightly more than L3 NW arrays.
Note, L1.5 NW arrays showed no change in the cell numbers.
Remarkably, the cell numbers for P1 L3 and P1 L5 NW arrays
also showed significantly reduced values although such
densely-spaced NW arrays are expected to produce a fakir-like

Fig. 3 Exemplary epifluorescence microscopy images of Hoechst, calcein, and propidium iodide (PI) stained smNPCs cultured on NW arrays and
control after increasing days in vitro (DIV). (a–c) Exemplary Hoechst-stained smNPCs cultured on P1 and P ≥ 3 NW arrays and on a control substrate
right after seeding (panel a, 0 DIV) as well as after 1 and 4 DIV (panel b and c). (d) Example images of the viability assay (merged) using calcein (Ca,
green) to label viable cells and PI (red) to stain dead cells (4 DIV).
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settling state that is considered non-invasive. However, P1 L1.5
NW arrays showed like all L1.5 no change in cell numbers. The
cell viabilities were quantified from the calcein and PI stain-
ings and the final viabilities after 4 DIV are presented (Fig. 4b).
For most of the NW substrates, a uniform and high cell viabi-
lity of more than 85% similar to the control was found. For P1
L3, P1 L5, and P3 L5 NW arrays, however, the cell viability was
reduced (at worst to about 75%) which correlates with the
most prominent reduction in cell numbers on these sub-
strates. Thus, not only the proliferation but also the viability
suggests a strong interaction with the substrate. The inter-
mediate viabilities for 0–3 DIV are shown in the ESI
(Fig. S2a†). The cell clustering was analysed using a Density-
Based Spatial Clustering of Applications with Noise (DBSCAN)
algorithm applied to the viable cells and the bar charts of clus-
tering and cluster density are shown in Fig. 4c and d. The pro-
portions of cells that have been classified as part of a cell
cluster with more than three cells are plotted for 0–2 DIV in

Fig. 4c (3–4 DIV: Fig. S2b†). Immediately after seeding, only
30% of the cells were located in clusters. After one day, already
about 80% of the cells formed clusters until almost all cells
(approx. 95%) contributed to the colonies (4 DIV). In principle,
no underlying dependence of the proportion of cells in clus-
ters could be extracted with respect to the NW characteristics.
However, in the early stages between 0 and 1 DIV, the clusters
must be mainly produced by cell migration instead of cell divi-
sion because the cell numbers within that time hardly
increased. For that reason, the spatial distance of cells in the
clusters (relating to the centres of the nuclei) was quantified as
shown in Fig. 4d for 1 and 2 DIV to indicate cell movement
(Fig. S2c for 3–4 DIV†). After one day, the mean distance
between viable cells cultured on P3, P5, and P10 NW arrays was
slightly yet significantly increased from 8.9 µm on the control
to 9.5 µm indicating that the NWs prevented the cells from
moving closer together. This inhibited movement was also
visible in the Hoechst-stained images in Fig. 3b for the P5 L5

Fig. 4 Quantification of the fluorescent microscopy images in terms of proliferation, viability, and spreading of cells cultured on samples with NW
arrays featuring array pitches of 1, 3, 5, and 10 µm (P1, P3, P5, P10) and NW lengths of 1.5, 3, and 5 µm (L1.5, L3, L5) in comparison to control (C). (a)
Number of viable cells cultured on NW arrays from 0 DIV (right after seeding) up to 4 DIV. (b) Viability after 4 DIV for all NW densities and NW
lengths. (c) Proportion of viable cells in clusters from 0–2 DIV for all NW densities and NW lengths. (d) Distance between viable cells in clusters for
1–2 DIV for all array pitches and combined NW lengths. Data not shown here is compiled in Fig. S2 in the ESI.† Error bars are standard deviation
(SD). Indicated significances: *α = 0.05, **α = 0.01, ***α = 0.001.
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NW sample at 1 DIV where cells in clusters maintain larger
gaps between the cells. This phenomenon was even more pro-
nounced when only viable cells were imaged (Fig. S3†). With
time, the difference vanished since proliferation overcame
movement as the driving force in cluster formation. For a pitch
of 1 µm where a fakir-like settling state is likely, the movement
was not impaired compared to the control.

Scanning electron microscopy (SEM) was used to study the
interaction between the cells and the NW substrates (Fig. 5). In
particular, Fig. 5a–c display a collection of top-view SEM
images of cells cultured on P1 NW arrays with the lengths L1.5,
L3, and L5. Repeatedly, smNPCs at the edge of a cluster
showed distinct extensions along the x- and y-direction of the
array arrangement. Remarkably, these extensions appeared on
all NW substrates independent of the NW length. Hence, this
observation obtained by SEM imaging did not fully correlate
with the reduced proliferation on P1 L3 and P1 L5 NW arrays
but normal proliferation on P1 L1.5 NW arrays. Nevertheless,
on NW arrays with P ≥ 3 ordered extensions along the array
axes could not be observed as presented in the tilted SEM
images in Fig. 5d–f (exemplarily for P3 L3, P5 L1.5, and P10 L5
NW arrays; images of all remaining substrates in Fig. S4†).
Even though no influence of the NW array’s geometry on the
cell’s extensions was apparent for P ≥ 3 in the SEM images,
one still was able to obtain a first impression of how the cells
interact with the NWs. For example, in the case of the P3 L3
NW arrays, the cells in the outer region interacted with the NW
tips but also grew between the NWs (detail in Fig. 5d). A
similar interplay is seen for P5 L1.5 in the detail section of

Fig. 5e. For P10 L5, the smNPCs also interacted with the shaft
of the NWs (detail image in Fig. 5f). Note, the SEM technique
visualizes merely the outer face of the cells and the substrate.
To gain insight into the interior of the cells and to image the
deformation of the membrane and the nucleus by the NWs, a
complementary fluorescent imaging technique was utilized
and the results are presented later (Fig. 7 and 8).

The cytoskeleton of the smNPCs cultured on the NW arrays
was imaged using confocal laser scanning microscopy (CLSM)
and epifluorescent microscopy exemplarily shown in Fig. 6a–d.
Here, we focused on the analysis of the cell extensions along
the array axes that were previously observed by SEM imaging.
The cytoskeleton was labelled with phalloidin to indicate
F-actin. Specifically, Fig. 6a displays an exemplary CLSM image
of a cell cluster on a P1 array sample (shown: P1 L5). The
corresponding close-up shown in Fig. 6b illustrates that parts
of the cytoskeleton were elongated in both x- and y-direction
within a small area. Subsequently, widefield microscopy
images were prepared of F-actin stained cells being cultured
on all types of substrates (Fig. 6c and d, representative images
of P1 and P ≥ 3 NW arrays, e.g., P1 L3, P3 L3. Control: Fig. S5†).
We determined the angles of the protrusions emerging from
the cell clusters and plotted the normalized angle distribution
of the occurring orientation from −90° to +90° as shown for P1
NW arrays and increasing NW lengths (L1.5, L3, L5) in Fig. 6e.
All the distributions revealed peaks with amplitudes of >0.8 at
angles of ±90° and 0° independent of the NW length. These
angles represent the rectangular axes of the NW arrays, hence,
the majority of the extensions were aligned with the orien-

Fig. 5 SEM images of smNPCs cultured on NW arrays. (a–c) Exemplary top-views of cells cultured on P1 NW arrays with increasing NW lengths
(L1.5, L3, L5). Repeatedly, the cells showed distinct elongations along the NW tips independent of the NW length. (d–f ) Exemplary tilted views of
cells cultured on P ≥ 3 NW arrays with different lengths (L3, L1.5, L5). The cells did strongly interact with the NWs (insets) but a fundamental align-
ment alongside the NWs was not observed. Tilt is 45° with tilt correction. Corresponding SEM images of cells cultured on the remaining NW
samples and on control substrates are shown in Fig. S4 in the ESI.†
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tation of the array. However, the values of the minima between
the peaks at ±90° and 0° changed depending on the NW
lengths. Specifically, for L3 and L5 NWs, distinct minima of
about 0.25 were observed at angles of about ±45° which would
belong to the diagonal axes of the NW array. In the case of the
L1.5 NWs, the minima around ±45° were less pronounced and
the normalized amplitudes added up to a higher value of
approx. 0.5 compared to only 0.25 using L3 and L5 NWs.
Taken together, cells cultured on L3 and L5 NWs combined
with a P1 array pitch showed reduced proliferation and system-
atically arranged elongations of the cytoskeleton. In the case of
L1.5 NW arrays, where proliferation was normal at a P1 array
pitch, the effect of angle sorting was less distinct. P ≥ 3 NW
array and control substrates showed no systematic orientation
of the extensions (Fig. 6f).

The difference between P1 L1.5 and P1 L ≥ 3 NW arrays
related to the interaction of the cells with the NW arrays was
investigated in more detail by three-dimensional (3D) CLSM
imaging. 3D reconstructions were prepared from images

recorded from varying z-planes (z-stacks) and then used to
visualize different x–y planes and cross sections along the
z-axis (Fig. 7). In particular, the main panel in Fig. 7a displays
the example of a cell colony on a P1 L ≥ 3 NW array (e.g., P1 L5)
that was already shown as a down projection beforehand, but
now as a single image from the x–y plane focused on the NW
tips. The cross-sections (narrow panels, right/bottom) demon-
strated as expected that the cells are resting in a fakir-like state
on the NWs as already seen in the SEM images. A similar
settling regime was observed in the case of cells cultured on P1
L1.5 NW arrays (Fig. 7b and c). The cross-sections precisely
positioned along the NWs showed no detrimental difference
compared to the previously shown micrographs as the cells
appeared to be lying on a bed-of-nails as well. However, differ-
ences were observed when the focus was adjusted to the
bottom of the NWs (Fig. 7d and e). Specifically, panel d dis-
plays a close-up of the cell cluster shown in Fig. 7b. With the
focus at the base of the NWs, CLSM imaging revealed that part
of the cytoskeleton was also in contact with the substrate’s

Fig. 6 Confocal laser scanning microscopy (CLSM) and epifluorescent imaging of cells cultured on NW arrays (NW tips’ reflections in purple)
stained with phalloidin (green) for labeling the cytoskeleton (F-actin) and quantification of angle distribution of the cellular extensions. The nuclei
were stained with DRAQ5 (red). (a) Exemplary down projection of multiple x–y slices in z-direction prepared by high-resolution CLSM of a cell
cluster cultured on P1 NW arrays. Cells at the border of the cluster showed multiple alignments of the cytoskeleton along the x- and y-axis of the
NW array (a close-up is shown in panel b). (c and d) Exemplary epifluorescent overview images of cells cultured on P1 and P ≥ 3 NW arrays. For P1
NW arrays, an alignment of the cytoskeleton along the array axes was observable. A corresponding image of cells cultured on a control substrate is
shown in Fig. S5 in the ESI.† (e) Angle distribution of the cellular extensions for P1 NW arrays and varying lengths (L1.5, L3, L5). The grey line indicates
the standard deviation. (f ) Angle distribution of the cellular extensions for P ≥ 3 NW arrays (representative plot, e.g., P3 L1) and control substrates.
The grey line indicates the standard deviation. n (cluster) > 50.
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bottom. Cross-sections placed now between the NWs then
illustrated that F-actin is found below the level of the NW tips.
A similar behaviour is depicted in Fig. 7e which moreover
exemplifies that the cell’s extensions also aligned with the NW
axes at the bottom of the substrate. To briefly conclude, for P1
L1.5 NW arrays, the cells were found to be in an intermediate
state where the cells did not only rest on the NW tips but also
interacted with the bottom of the substrate. Since the inter-
action regime differed from cells cultured on P1 L3 and P1 L5
NW arrays, the development of ordered extension was less pro-
minent and more importantly, proliferation was apparently no
longer hindered.

P ≥ 3 NW arrays were finally imaged as well using CLSM
(Fig. 8). Two fundamental statements regarding the settling
regimes of the cells on the NW arrays could be made: first,
with increasing NW pitch, cells were more inclined to encapsu-
late the NWs. Secondly, with increasing NW length a fakir-like
resting state was favoured. Nonetheless, for some fixed pitches

or fixed lengths, the settling regimes of the cells on the NWs
were maintained while changing the other parameter. In par-
ticular, for L1.5 and L3 NW arrays, the NWs were very likely to
be encapsulated. Of course, the impact of the shortest NWs on
the cells and especially the nuclei was rather small since the
NW indent the cell by at most 1.5 µm which was negligible in
comparison to a cell height of a few micrometres. The defor-
mations induced by the 3 µm long wires were more distinct
and thus, the interactions with the nuclei were more present.
Yet, the cells did not seem to use all available means to com-
pletely avoid deformations of the nucleus. For instance, at the
P10 L3 NW array, one nucleus was exactly positioned on a NW
(white square) although there would have been enough free
space next to the NW to avoid the very nanostructure. Instead,
the nucleus was stretching down to the flat area of the sub-
strate causing a u-shaped deformation seen in the cross-sec-
tional panel below the main panel. For the P3 L5 NW arrays,
the cells settled in an intermediate state on the NWs where

Fig. 7 Exemplary CLSM images of cells grown on P1 L ≥ 3 and P1 L1.5 NW arrays stained with phalloidin (green) for the cytoskeleton (F-actin) and
DRAQ5 (red) for the nuclei (NW tips’ reflections in purple). The adherend panels on the side and below the main panels show the corresponding
reconstructions of the cross sections (z-plane) in x- and y-direction, respectively. (a) Exemplary x–y slice of cells cultured on P1 L5 NW arrays pre-
pared by CLSM with the focus on the NW tips. The cross sections demonstrate that the cells stayed on the very NW tips. (b and c) Exemplary x–y
slices of cells cultured P1 L1.5 NW arrays prepared by CLSM with focus on the NW tips. Cross sections along the NW tips show that the cells were
predominantly in a fakir-like settling state. Elongation along the NW tips was not pronounced. (d) Imaging the same x–y plane with focus on the NW
bottom reveals that the cells not only interacted with the substrate bottom but also showed alignment along the array axes in x- and y-direction
(panel e). The cross sections were positioned between the NW tips and show cells that have been growing between the NWs. The z-positions of the
NW tips and the substrate bottom are indicated with dotted lines as they are not visible in slices positioned between NWs of P1 arrays.
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only the top part was engulfed by the cell. Remarkably, this
situation went along with heavy deformations of the nuclei
where each nucleus was indented by several NWs by about
2.5 µm. Also, such strong reshaping of the nucleus occurred
frequently with larger pitches where the cells encapsulated the
L5 NWs completely. Here, the nuclei were also either indented
by NWs, or strong curvatures were generated at nuclei that
were squeezed by NWs or were curled around an individual
NW (e.g., in the white square of the P5 L5 NW array). Especially
for P10 NW arrays, cells could have avoided these heavy inter-
actions of the nucleus with the NWs by resting between the
NWs, but noteworthy this was not necessarily the case.

Discussion

The fabrication of Si nanostructures in a top-down approach
via RIE is a well-established routine in the semiconductor com-
munity.84 In addition, e-beam lithography is a versatile nano-
fabrication technique to fine-tune characteristics such as the
NW spacing of highly ordered arrays and can also be operated
at wafer-scale to enable mass production.85 Reliable fabrica-
tion of highly ordered Si NW arrays using a single step RIE
process has been reported before but typically shorter NWs of
only about one micron are achieved.86 Hence, we produced
comparatively long nanowires of 5 µm which are usually

Fig. 8 Compilation of exemplary x–y and x–z planes (main and adherend lower panels, respectively) prepared from CSLM images of cells growing
on P ≥ 3 NW arrays and L1.5, L3, and L5 NWs. F-actin/cytoskeleton was labeled with phalloidin (green), the nuclei were labeled with DRAQ5 (red)
and the NW tips’ reflections appeared in purple/whitish. With increasing distance between the NWs, the cells favoured encapsulation of the NWs.
With increasing NWs length, the cells began to favour a fakir-like settling state. In combinations of large pitches and long NWs, the nuclei underwent
heavy deformations in terms of squeezing and indenting by the NWs.
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achieved in a multi-step deep RIE (DRIE) process.87 In general,
other (semiconductor) materials, such as optically active III–V
semiconductors, could be processed by these techniques
further broadening the opportunities in potential future appli-
cations, e.g., optical stimulation or read-out.88 However, choos-
ing Si as the essential material for the substrate not only
benefits from years of experience in the microchip industry
but more importantly, Si was chosen as it is considered a
promising material for prospective applications such as sub-
cellular bio-interfaces.89

The interactions of cells with NW arrays were mapped to a
certain extent before, but usually fewer array parameters were
altered and only basic cell lines were used. For instance, the
culturing of fibroblast cells was studied using varying array
densities of randomly arranged NWs but with a fixed NW
length of 2 µm.52 In the present work, we used highly ordered
NW arrays with varying pitches of 1, 3, 5, and 10 µm resulting
in densities of 100, 11.1, 4, and 1 NWs per 100 µm2 and
varying lengths of 1.5, 3, and 5 µm to allow for a comprehen-
sive study. Both pitch and length cover the parameter space
frequently used in the field.33 Moreover, these characteristics
encase sufficiently diverse parameter sets to expect changing
settling regimes from a fakir-like state to NW encapsulation
modeled by Buch-Månson et al.77 In contrast to practically all
of these studies which used basic cell lines or, e.g., primary
rodents cells,27 we employed human induced stem cell-derived
neural progenitor cells in our studies. Utilizing human
iPSCs as the basis for the experiments greatly improves
the pertinence for neurodegenerative disease studies such
as Alzheimer’s disease or Parkinson’s disease by enabling
the use of patient-specific cells.3,90 Feasibility to culture these
patient-derived cells reliably on NW arrays would possibly
render many applications such as cell transfection, bio-
molecule delivery, or biosensing as demonstrated on other
cells.29,62,67,73,91–93

Human induced stem cell-derived smNPCs were now cul-
tured successfully on a multitude of different NW arrays. For
most of the different arrays used, we can report excellent cell
viability of more than 85% which was stable over a culturing
period of 4 days and similar to viability in control cells.
Neglectable impact on the viability of cells cultured on NW
arrays is overall in accordance with the literature.31,34,43,94,95

However, universal conclusions are difficult to draw since
many factors such as cell type, culturing time, NW length, and
array pitch occasionally play important roles. For example,
HEK293 cells showed lower viability when cultured on nano-
wire arrays with a pitch of 2 µm compared to larger pitches
and control.96 Note, the HEK293 cells were in a NW encapsu-
lating regime with partly to fully enwrapping the NWs.
Interestingly, reduced viability of the smNPCs of about 75%
after 4 DIV was found for the highest NW density combined
with long NWs (P1 L ≥ 3). Particularly here, unchanged viabi-
lity was expected since for high NW densities, the cells rest in
a fakir-like state on the NWs without any deformation by the
NWs.40,97 In addition, we observed reduced cell numbers on
these P1 NW arrays. SEM imaging of these particular samples

then showed that the cells form elongations along the array
axes.

Imaging of F-actin revealed that the extensions along the
array axes were part of the cytoskeleton. In literature, it is
reported that well-ordered NW arrays can generate guiding
forces to polarize cells or to direct neurite growth.41,54–57,75,98

Many array parameters were modified in these studies, but in
the end, primarily the spacing of the nanostructures was con-
tributing decisively, and guiding only occurs within a certain
range of array pitches. Nonetheless, a direct comparison can
only be made with Bucaro et al. because they used comparable
array pitches from 0.8 to 5 µm (but only at a fixed NW length
of 5 µm) to fine-tune the polarization of human mesenchymal
and rodent stem cells.53 In contrast to our results showing
polarization along the array axis with a pitch of 1 µm, polariz-
ation appeared in their experiments only with array pitches
larger than 1.25 µm and smaller than 3.5 µm. Below 1.25 µm,
the surface appears homogeneous to the cells; above 3.5 µm,
the cells were not able to reach the next NW. Furthermore,
Bucaro et al. explicitly mention that further studies are needed
to elaborate whether the morphological changes correlate with
proliferation since such analysis was not conducted in their
work.

The proliferation as a function of time was investigated here
by determining the cell numbers on five consecutive days. As
already mentioned in the discussion, we observed fewer cells on
the P1 NW arrays with L ≥ 3 NWs. In general, reduced viability
and proliferation of cells cultured on densely-spaced NW arrays
(fakir-like state) are in contrast to literature. For example, Yan
et al. demonstrated that proliferation and viability of murine
neural stem cells can be improved using high-density but ran-
domly distributed NW arrays.99 Hence, we assume in the case of
the ordered arrays that particularly the reorganization of F-actin
at the elongations along the defined array axes interfered with
normal proliferation by changing the dynamics of the
cytoskeleton.100,101 For the shorter wires, proliferation was
normal, since the settling regime changed to an intermediate
state and thus the stress on the cytoskeleton was generated to
an endurable extent. On samples with larger array pitches (P ≥
3) and longer NWs (L ≥ 3), namely, encapsulating states, we
also found fewer cells. Reduced proliferation on such NW arrays
with encapsulation of individual NWs is reasonable due to the
challenging topology and is in accordance with the
literature.37,50,102 Other studies moreover described actin reor-
ganization at encapsulated nanostructures using osteosarcoma
cells which we yet did not spot in the vicinity of the NWs.103 For
the shortest NWs (L1.5), we identified normal proliferation inde-
pendent of the pitch. Although it has been demonstrated that
even short NWs can have a negative impact on proliferation,50

usually nanostructures of about 1 µm show no detrimental
influence.67,93 The reduced mobility of cells that encapsulate
NWs is in good accordance with literature30,37,81,104 whereas
mobility is not influenced in a fakir-like regime.52,105

The interaction of the cells with NWs was imaged for all
pitches and lengths. The fundamental behavior that shorter
nanowires/larger array pitches favor NW encapsulation and
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longer wires/smaller array pitches encourage a fakir-like
regime is in accordance with the literature.52,75,77 Deformation
of the nucleus by the nanostructures was also reported when
using, for example, fibroblasts or mesenchymal stem
cells.50,74,106 Considering the severe deformations of not only
the cell but also the nucleus, it is remarkable that the cells
maintained their viability even in the case of the longest NWs.
The close interaction between the NW and the nucleus might
offer the opportunity to use the NW substrates for gene trans-
duction or biomolecule delivery.59,66,107 We believe that the
employment of human induced stem cell-derived neural pro-
genitors not only allows for advanced patient-specific neurode-
generative disease studies or pharmacological drug screen-
ings,108 but also that our findings are an excellent starting
point to establish a more advanced cell type for next-gene-
ration biological metamaterials featuring high aspect ratio
nanostructures.109

Summary and conclusions

The cultivation of human induced stem cells and their deriva-
tives on NW arrays to investigate cellular characteristics is still
underrepresented in the field. One potential reason is the chal-
lenging topography of such substrates in combination with the
demanding nature of stem cell culture. In this work, we show
that human iPSC-derived neural progenitor cells can be suc-
cessfully cultured on ordered Si NW arrays featuring a wide
range of NW lengths (1.5 to 5 µm) and array pitches (1 to
10 µm). In general, the cells maintained the ability to prolifer-
ate on the NW arrays albeit the overall cell numbers varied in
correlation with the topological difficulty, e.g., long NWs. A
special case was found for high-density NW arrays, where we
observed a reorganization of the cytoskeleton along the array
axes which interfered with normal proliferation. We mapped
the interaction of the human smNPCs with the NWs and
found that in some configurations the cells encapsulated the
NWs completely. Moreover, in these cases, the NWs strongly
interacted with the nuclei. Remarkably, despite the heavy
deformations of the cells, the viability was essentially unim-
paired. Thus, we are convinced that our results are a promising
starting point to apply human neural progenitor cells to nano-
wire arrays for future applications in stem cell research and
regenerative medicine.

Materials and methods
Nanowire fabrication

The NWs were fabricated in a top-down process with reactive
ion etching (RIE) using a chromium hard mask. The mask was
predefined via electron-beam lithography (Raith Voyager
e-beam lithography system) in a 90 nm thick layer of positive
photoresists (PMMA, AllResist, AR-P 671.02). Circles with
700 nm diameter were defined in a rectangular arrangement
with pitches of 1, 3, 5, and 10 µm. After developing (1 : 3

MIBK : IPA, 2.7% H2O for 30 s and IPA for 30 s), a 65 nm thick
layer of chromium was deposited in a physical vapor depo-
sition (PVD) process. The samples were etched with an induc-
tively coupled plasma (ICP)-RIE (Sentech SI500) using 200 W
ICP power, 50 W RF power, 2 Pa pressure, 25 sccm SF6, 50
sccm C4F8 at 0 °C electrode temperature. The etch rate was
about 300 nm min−1. To remove residues from the RIE pro-
cedure, the samples were processed with a KOH dip for a few
seconds at 40 °C. To ease handling, the substrates were glued
with polydimethylsiloxane (PDMS, SYLGARD® 184 Elastomer
Kit, Dow Corning) to 12 × 12 mm2 glass coverslips. For cell
culture, the samples were placed in a well of a 12-well plate,
sterilized in 70% ethanol for 5 min, and coated with Matrigel®

(1 ml per well, cf. section ‘cell culture’). After cell culture and
data collection, samples were cleaned with Terg-a-zyme®

(10 mg ml−1) for 30 min at 37 °C for reuse purposes.

Cell culture

The smNPCs used in this study were derived from human
iPSCs as previously described by Reinhardt et al.110 All experi-
ments were conducted in accordance with the ethical state-
ment in Reinhardt et al.110 The generated smNPCs were then
cultivated in a 1 : 1 mixture of DMEM/F12 and Neurobasal
medium supplemented with 1% penicillin/streptomycin/gluta-
mine (100×), 1% B27 supplement without vitamin A (50×),
0.5% N2 supplement (100×) (Life Technologies, Carlsbad, CA,
USA), 100 µM ascorbic acid (Sigma-Aldrich, St Louis, MO,
USA), 0.5 µM smoothened agonist (Biomol, Hamburg,
Germany), 3 µM CHIR 99021 (Axon MedChem, Groningen,
Netherlands) in a humidified atmosphere at 37 °C and 5%
CO2. The medium was exchanged every 2–3 days. Cells were
kept in Matrigel-coated 6-well plates and split in a ratio of
1 : 10 to 1 : 20 every 4–5 days close to confluency using
Accutase® (Sigma-Aldrich). Coating with Matrigel (Corning
354263, stored in a 1 : 5 dilution at −20 °C and additionally
diluted 1 : 30 for application, diluted in KnockOut DMEM, Life
Technologies) was performed with 1.5 mL per well overnight at
room temperature or for 1 h at 37 °C. Per well of the 12-well
plate which contained the samples, 125k cells were seeded.
The preservation of the neural progenitor cell (NPC) state after
4 days of culturing on the NW arrays was verified using NPC
markers (SOX2 and NES (nestin), protocol in the ESI†) and the
recordings for NW and control samples are shown in Fig. S6
(SOX2) and Fig. S7 (NES) in the ESI.†

Cell viability

The cells were stained with calcein (0.5 µM, acetoxymethyl
esters (calcein-AM), ex/em: 495/515 nm, Thermo Fisher
Scientific, Waltham, MA, USA) to identify viable cells and with
propidium iodide (PI, 10 µM, Sigma-Aldrich, ex/em: 535/
617 nm) to indicate dead cells. Counterstain was Hoechst
33342 (5 mg mL−1 in H2O, ex/em 361/497 nm). Samples were
washed with Dulbecco’s phosphate-buffered saline (PBS) and
staining was performed with calcein-AM, PI, and Hoechst
diluted in PBS for 15 min at 37 °C and 5% CO2 in the incuba-
tor. Subsequently, the samples were rinsed three times prior to
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imaging (Nikon Eclipse FN1 microscope with a 10× objective
and DSRi2 camera). Data were collected in three independent
experiments with each 5–6 images per combination of NW
length and array pitch. Control was collected from planarly
etched silicon wafer without NWs next to the NW arrays. Note,
that proliferation, viability, and spreading on the etched Si
were similar compared to control on conventional glass cover-
slips as shown in the ESI (Fig. S1†). Image size was 1282 ×
853 μm2.

Confocal laser scanning microscopy

A Leica TCS SP8 microscope in upright configuration equipped
with 488 and 638 nm wavelength laser sources was used for con-
focal scanning laser microscopy. Cells were stained with phalloi-
din (ActinGreen™ 488 ReadyProbes™ Reagent, ex/em: 495/
518 nm Thermo Fisher Scientific, Massachusetts, USA) and
DRAQ5 (DRAQ5 fluorescent probe, ex/em: 647/681 nm, Thermo
Fisher Scientific). Samples were rinsed with PBS, fixed with 4%
formaldehyde in PBS for 10 min at room temperature (RT), and
rinsed three times with PBS. Cells were permeabilized and
blocked with 3% bovine serum albumin (BSA), 0.1% Tween 20,
and 0.1% Triton X-100 in PBS for 45 min at RT. Staining with
phalloidin (2 drops per mL) and DRAQ5 (1 : 1000) in PBS with
0.1% BSA was performed in the dark for 1 h at RT. Samples
were washed three times with 0.05% Tween 20 in PBS in the
dark for 5 min at RT. For imaging, the samples were transferred
from the 12-well plate onto a microscope slide and covered with
a precision glass cover slide to use the water immersion objec-
tives. Z-stacks were recorded with a slicing step size of 172 nm
and analysed using Leica LAS X Core software.

Scanning electron microscopy

SEM images were prepared with a Crossbeam 550 from Zeiss.
For this purpose, the cells were rinsed with PBS and fixed with
4% formaldehyde in PBS for 10 min at RT. The solution was
exchanged with deionized water followed by dehydration in a
step-wise ethanol exchange. Subsequently, the cells were criti-
cal point dried (Tousimis Autosamdri-815) and sputter-coated
with a 20 nm gold layer to avoid charging effects.

Image and data analysis

Cells were identified in the Hoechst counterstain channel and
cross-correlated to viable and dead cells in the calcein and PI
channel, respectively, with CellProfiler 4.1.3.111 Images of
identified viable cells were exported in order to analyse cluster-
ing with ImageJ/Fiji112 using the ‘SSIDC Cluster Indicator’ in
the BioVoxxel toolbox.113 Distances of cells in clusters were
determined with the ‘nearest neighbour distances’ plugin for
ImageJ/Fiji. Orientations of the extensions were quantified
with OrientationJ in ImageJ/Fiji. Data were processed and
plots were prepared with Origin (v.2021). Statistical analysis
was done by an ANOVA analysis with a post-hoc Tukey’s test
using the ‘paired comparison plot’ application. Differences
were considered significant for α = 0.05, α = 0.01, and α =
0.001. For publication, the images were optimized in contrast
and brightness.
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Figure S1: Comparison of cell numbers, viability, and spreading of cells cultivated on glass control and planarly etched Si substrates. a-c) Exemplary epifluorescence 

microscopy images of smNPCs cultured on glass substrates after 0, 1, and 4 DIV. d-g) Bar charts of the determined quantities. n ≥ 20. 
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Figure S2: Data from quantification that is not shown in the main manuscript. 

Figure S3: Viable cells 1 DIV after plating. The cells cultured on the P5 L5 NW arrays maintain larger gaps between cells that are clustered in comparison to cells cultured on 

the control and the P1 L5 NW sample. 
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Figure S4: Collection of SEM images displaying smNPCs cultured on various NW arrays (tilt: 45°, corrected) and control samples (not shown in the main 

manuscript). 

Figure S5: F-actin/cytoskeleton (green) on control substrate. 
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Figure S6: Exemplary images of anti-SOX2 stainings on all types of NW substrates and glass and Si control after 4 DIV. Hoechst: blue, SOX2: green. 
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Figure S7: Exemplary images of anti-NES stainings on all types of NW substrates and glass and Si control after 4 DIV. Hoechst: blue, NES: green. 
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Methods—Immunocytochemistry 

Samples were rinsed once with PBS (Sigma-Aldrich), fixed in formaldehyde (4% in PBS, Sigma-Aldrich) for 10 min, and again rinsed 

three times with PBS. Covered with PBS, samples were stored until imaging at 4 °C. Fixed cells were permeabilized and blocked for 

45 min with 3% BSA (bovine serum albumin, Carl Roth, Karlsruhe, Germany), 0.1% Tween (Tween 20, Sigma-Aldrich), and 0.1% 

Triton-X (Triton X 100, Carl Roth) in PBS prior to incubation with anti-SOX2 or anti-NES primary antibodies (0.1% BSA, anti-SOX2: 

1:300 in PBS, mouse anti-SOX2, Santa Cruz Biotechnology, Cat. No. sc-365823, anti-NES: 1:1000 in PBS, mouse anti-NES, StemCell 

Technologies, Cat. No. 60091) overnight at 4 °C. The cells were washed twice with PBS and incubated with Alexa fluorophore-

conjugated anti-mouse secondary antibodies (0.1% BSA, Alexa 488 1:1000 in PBS, goat anti-mouse IgG-Alexa Flour 488 polyclonal 

antibody, Invitrogen, Cat. No. A32723) for 1 h in the dark. Stained cells were kept in the dark and washed three times with Tween 

(0.05% in PBS) for 5 min. The second washing step contained Hoechst 33342 as counterstain. If not further noted, all steps were 

conducted at room temperature. 
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Interfacing human induced pluripotent stem
cell-derived neurons with designed nanowire
arrays as a future platform for medical applications†

Jann Harberts, ‡a Undine Haferkamp,‡b Stefanie Haugg,a Cornelius Fendler,a

Dennis Lam,b Robert Zierold, *a Ole Pless b and Robert H. Blick a,c

Nanostructured substrates such as nanowire arrays form a powerful tool for building next-generation

medical devices. So far, human pluripotent stem cell-derived neurons—a revolutionary tool for studying

physiological function and modeling neurodegenerative diseases—have not been applied to such innova-

tive substrates, due to the highly demanding nature of stem cell quality control and directed differen-

tiation procedures to generate specialized cell types. Our study closes this gap, by presenting electro-

physiologically mature human pluripotent stem cell-derived neurons on a set of nanowires in different

patterns and growth densities after only four weeks of maturation—thereof 14 to 16 days on the nanowire

arrays. While cell viability is maintained on all nanowire substrates, the settling regime of the cells can be

controlled and tuned by the nanowire density from a fakir-like state to a complete nanowire wrapping

state. Especially, full electrophysiological integrity of the neurons independent of the settling regime has

been revealed by patch clamp experiments showing characteristic action potentials. Based on these

results, our protocol has the potential to open new pathways in stem cell research and regenerative medi-

cine utilizing human stem cell-derived neurons on tailor-made nanostructured substrates.

Introduction

Since their initial discovery,1,2 human induced pluripotent
stem cell (iPSC) technologies have changed the face of basic,
preclinical and clinical research and application. Human iPSC-
based models overcome the limited availability of primary
human cells, thereby enabling the pre-clinical efficacy and
safety assessment of novel treatment modalities.3

Furthermore, iPSC-derived cell types are being utilized to study
and potentially even to ameliorate various human pathophy-
siological conditions, including neurodegenerative diseases
like Parkinson’s.4 All major brain cell types can now be differ-
entiated from iPSCs, while increasingly complex co-culture
and organoid systems are being developed to facilitate neuro-
science research and clinical translation.5,6 A comparison of
disease-associated pathways between animal and human cells

is of particular importance, since species differences often
contribute to failures during the development of drugs with
new modes of action.7–9

Typically, cellular identity of human iPSC-derived cell types
is characterized by the assessment of specific marker gene
expression using a combination of molecular biology tech-
niques including quantitative real-time polymerase chain reac-
tion and immunocytochemistry.10,11 Functionality of neurons
is usually assessed by electrophysiological measurements in
combination with treatment of standard compounds which
block key receptors, ion channels, and transporters. By
default, such characterization experiments are performed on
planar Petri dishes and multiwell-plates. The continuing pro-
gress in micro- and nanostructuring of biocompatible (semi-
conductor-), and maybe even “active” materials12–15 could,
however, offer novel opportunities for investigating stem cell-
derived cell types under artificial constraints.

So far, hybrid systems of micro- and nanostructured
materials interfaced with biological cells have been used to
study the influence of the substrate’s chemical and physical
properties on e.g. adhesion, proliferation, viability, and
migration of seeded dissociated cells.16–21 Especially, sub-
strates covered with upright arranged high aspect ratio nano-
structures—so-called nanowire (NW) arrays—play an increas-
ingly important role.22–24 Tailor-made variation in length, dia-

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0bm00182a
‡These authors contributed equally.

aCenter for Hybrid Nanostructures, Universität Hamburg, Luruper Chaussee 149,

22761 Hamburg, Germany. E-mail: rzierold@chyn.uni-hamburg.de
bFraunhofer IME ScreeningPort, Schnackenburgallee 114, 22525 Hamburg, Germany
cMaterial Science and Engineering, College of Engineering, University of

Wisconsin-Madison, Madison, Wisconsin 53706, USA
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meter, and density of the NW arrays can also influence cellular
growth behavior, viability, movement, and adhesion25–30 while
maintaining electrophysiological properties.31 In addition, NW
arrays can also be used to constrain cell movement and
spreading,32–34 to measure mechanical cell properties,35–37 to
interact with the cell’s nucleus,38 or to direct cell polarization,
e.g. outgrowth of axons.39,40 In general, the interaction of cells
with the NWs depends on the NW length, diameter as well as
array density41,42 and has been modeled in Buch-Månson
et al.43 Note, one can expect different cell settling regimes
from a fakir-like state to a complete NW wrapping by the cell
membrane depending on the NW array characteristics. More
advanced, NWs can be artificially functionalized to even
extend the scope of passive applications by means of an
executing interaction: up to now, modified NW arrays have
been used for electrical stimulation and sensing,44–48 cell
transfection,49–51 and drug delivery.52–57 Furthermore, integrat-
ing p–n junctions58,59 or employing the capability of NWs to
guide or to emit light60–62 might be utilized in applications
with direct photo-current stimulation63 as well as in
biosensing64,65 and optogenetics.66,67

However, the referred studies utilized only conventional
cancer cell lines (e.g. HEK293, HeLa) or primary neurons from
rodents. The pertinence in the context of somatic human cells
is quite limited. An exception is the work from Liu et al.48 uti-
lizing small NW electrode arrays of 8 × 8 NWs on an area of 32
× 32 µm2. Specifically, cortical neurons were derived from
human iPSCs based on a 65 day maturation protocol until a
mature cell state with proper firing of action potentials (APs) is
reached.68 The limited array size and, much more, the long
cultivation period are drawbacks, which have to be overcome.
Moreover, it has been demonstrated before, that substrates fea-
turing large scale NW forests can influence intracellular signal-
ing69 and cell differentiation,70–72 which might be the case
with neuronal differentiation as well.

In this work, we used a set of mm-scale tailor-made NW
arrays as cell culture substrates and present a fast human iPSC
differentiation protocol to obtain human iPSC-derived neurons
(hiPSC-derived neurons) with mature firing of APs within only
28 to 30 days in vitro (DIV)—14 to 16 days of maturation on the
NWs. Here, the quality of the protocol is independent of the

applied NW arrays which differ in arrangement as well as
spacing of the NWs. To address the predicted settling regime
depending on the properties of the NW arrays, we imaged the
membrane interaction with the NWs. The settling regime of
the hiPSC-derived neurons can be controlled by the NW
density in accordance to the model from Buch-Månson et al.
To test the functionality of the hiPSC-derived neurons, we
measured the cell viability and electrophysiological character-
istics. As a result, we found no detrimental impact of the
underlying NW substrate on the differentiation process and
functionality of the hiPSC-derived neurons compared to planar
control substrates. Particularly, the electrophysiological cell
characteristics of the hiPSC-derived neurons are outstanding
on all NW arrays. Featuring short culturing periods and taking
into account the insensitivity to the NW lattices and densities,
we propose our platform as an excellent, robust starting point
for future applications using functionalized NWs in medical
devices such as retina implants or neural interfaces,73–75 to
study cell intrinsic physiological or pathophysiological pro-
cesses or pharmacological interventions.76

Results and discussion

Herein, we used silicon nitride NW arrays as culturing sub-
strates for the hiPSC-derived neurons during the last two
weeks of differentiation. All NW arrays were fabricated in a top-
down approach using dry reactive ion etching (RIE) only
differing in the pre-patterning procedure for the random and
the ordered arrangements (cf. Fig. 1). Randomly distributed
NWs were fabricated in a self-assembly process resulting in a
NW density of about 31 NWs/100 µm2, a density later referred
to as high density (HD). The ordered NWs were pre-patterned
with hexagonal and rectangular lattices using electron beam
lithography. Both arrays were fabricated with a similar HD as
well as a lower density (LD) of 6 NWs/100 µm2. These densities
corresponded to a pitch of about 1.8 µm and 4 µm, respect-
ively. The NW lengths were kept constant at 1.2 µm in both
approaches and were defined by the etch duration of the RIE.

The differentiation process from the human iPSC stage
towards the neuronal cell fate ultimately resulting in hiPSC-

Fig. 1 Scanning electron microscopy (SEM) images of the utilized NW substrates (tilting: 45° with tilt correction). Three different NW arrangements
(random, hexagonal and rectangular) and two average NW-spacings (1.8 µm and 4 µm) were used. Lengths were fixed to 1.2 µm. The pitches of
1.8 µm and 4 µm result in densities of approx. 31 NWs/100 µm2 (HD – high density) and 6 NWs/100 µm2 (LD – low density), respectively. (a) NWs in
a self-assembled arrangement resulting in an average density of 31 NWs/100 µm2. (b–c) NWs in hexagonal and rectangular-oriented HD arrays. (d–
e) NWs in hexagonal and rectangular-oriented LD arrays. Overview images can be found in Fig. S1† of the supporting material.
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derived neurons was closely monitored and the changes in
morphology were confirmed by bright-field imaging (Fig. 2a–d).
During the differentiation process, neural rosettes, human
iPSC-derived neuronal precursor cells (iNPCs) and neurons
were clearly distinguishable. As previously demonstrated,77,78

dual inhibition of SMAD signaling pathways led to an efficient
conversion of iPSCs into iNPCs, resulting in 98% Pax6, 88%
Sox1 and 93% Sox2 positive cells (ESI Fig. S2†). Thus, a high-
quality NPC line was generated as a starting point for neuronal
differentiation, without the support of complex 3D sub-
strates.79 Immunocytochemistry of pan-neuronal marker pro-
teins TUJ1, MAP2 and NeuN confirmed the neuronal pheno-
type (Fig. 2e–g). In addition, differential gene expression ana-
lysis (Fig. 2h) revealed a robust up-regulation of pan-neuronal
transcripts (NeuN) and transcripts of the glutamatergic system
(NMDA receptors (GRIN1), AMPA receptors (GRIA1)) between
the iNPC and the hiPSC-derived neuron stage, suggesting that
the hiPSC-derived neurons have acquired predominantly a

mature cortical glutamatergic phenotype. Nevertheless, com-
ponents of the GABAergic system, e.g. GABA receptors
(GABBR1), are also being expressed, hinting towards the pres-
ence of several neuronal subtypes in the culture. Furthermore,
an upregulation of syntaxin-1A (STX1A) indicated the presence
of synaptic vesicles, a prerequisite for neurotransmitter trans-
port and release resulting in interconnectivity between pre-
and post-synapse.

On the NW arrays, we first tested the fundamental integrity
of the cells by viability staining and compared these results
with a twofold control on standard glass coverslips and planar
aluminum oxide matching the surface material of the NW sub-
strates. As a result, the cell viability after 14–16 DIV on the sub-
strates is neither influenced by the material under test itself
nor by the substrate topology as displayed as a bar chart in
Fig. 3. No statistically significant deviances after running a sig-
nificance test were found (ANOVA with post hoc Turkey’s test,
alpha = 0.001, Fig. S3†). Similar insignificant influence of NW

Fig. 2 Characterization of human iPSC-derived neurons (hiPSC-derived neurons). Neuronal differentiation process from (a) human iPSCs via (b)
embryoid body formation and neural rosette selection into (c) human iPSC-derived neuronal precursor cells (iNPCs) and (d) neurons with respective
timeline in weeks. (e–g) Immunofluorescence staining of characteristic neuronal marker proteins TUJ1, MAP2, NeuN. (h) Quantitative real-time PCR
of iNPCs and hiPSC-derived neurons shows a strong up-regulation of genes of the glutamatergic system, e.g. GRIN1 (glutamate ionotropic receptor
NMDA type subunit 1), indicating that the neurons have acquired a glutamatergic phenotype. Error bars indicate the standard error (SE).
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arrays on cell viability has been demonstrated with HEK293
cells before.80

We went on to investigate the cellular outgrowth and the
interaction of the cell membrane with the NWs by confocal
microscopy.81 Particular attention was paid to the settling
regime, which is supposed to be determined by the NW
density as mentioned earlier. In detail, we used confocal
microscopy z-stacks to create three-dimensional images, which
we discuss in this manuscript by means of x-y and x-z slices
summarized in Fig. 4. The cell membrane is labeled in red
and the substrate’s as well as NW tips’ reflections are colored
in green. Tip reflections are more distinct in case of the
ordered NW arrays, because the exact circular symmetrical
shape of these NWs scatter the laser light source more effec-
tively back compared to the asymmetric morphology of the
randomly arranged NWs. Gaps in the reflection of the sub-
strate mark positions of the NWs.

For high NW densities we expect a fakir-like sate,43

meaning the cell is resting on the NWs just being in contact
with the very NW tip. This configuration is precisely what is
observed with the HD samples, separately discussed as
follows: Fig. 4a–c illustrate the top view of cells on the three
HD NW substrates focused above the NW tips as well as corres-
ponding slices in the x–z plane across the cell soma. Note in
the cross section view that the cell membrane at the soma’s
position is hovering approx. 1.2 µm—the NW’s length—above
the substrate’s bottom, confirming the claim of a fakir-like
state. Furthermore, we want to stress that no brighter details
appear within the cell’s soma, as it will be the case when the
interaction state is changed to NW enwrapping for the LD NW
substrates. Another feature observable in the cross sections is
that a part of the cell membrane’s material appears to be in
contact with the bottom of the substrate. However, it is not the
soma itself; this impression is caused by an axon growing
between the NWs on the bottom of the substrate. This
phenomenon was only observed on NW arrays with HD. To
visualize this special feature, Fig. 4d–f show the identical areas
from the subfigures a–c, but now focused at the NW bottom.
For the random NWs we observe a random growth of the

axons. In contrast to that, for the hexagonal and rectangular
arranged NWs, we observe for the axons growing between the
NWs an angle of 60° and 90° fitting to the hexagonal and rec-
tangular NW arrangement. In addition to axons growing
between NWs, axons also stay on the NW tips as observed in
Fig. 4a–c. For growth on the NW tips, no particular alignment
with the NWs is found. In general, both phenomena of
random growth on the NW tips and guiding on the substrate
between the NWs are in accordance with the literature.
Specifically, different guiding regimes for the neurite out-
growth on NW tips depending on NW density have been
described in Bucaro et al.39 However, we contrarily observe
with our cells a shifted threshold for random growth towards
larger NW pitches compared to the C3H10T1/2 cells in the
aforementioned work. Considering the observed guided
growth on the substrate between the basis of the NWs, com-
parable routing between micropillars has been described
before using mice/rat neurons in Micholt et al.82 In addition, it
has been shown that NW scaffolds can support the formation
of highly interconnected rodent neuronal networks.83 Thus, we
believe that our observation can be utilized to prepare 3D
stacks of separated human neuronal networks mimicking the
complexity of a brain in a much better way than planar struc-
tures can accomplish to date.84–86

Using samples with low NW densities, a different settling
regime was observed as expected and is summarized in
Fig. 4g–h. In the cross-sections it is obvious that the somata
are resting on the substrate’s bottom while the cell membrane
is wrapping around the NWs. Additionally, the arrangement of
the NWs appears within the somata, as apparent in the x–y
slices, because the enwrapped NWs extend into the imaged
plane proving our hypothesis of a membrane wrapping around
the NWs. Similar results have been shown in Berthing et al.
with HEK293 cells on NWs with 4 µm pitch.81 In general, our
observations of the cell’s settling regime depending on the
nanostructure features are in line with findings which
employed HL-1 cells, HEK293 cells and rodent neurons.41,42

In order to support our conclusions drawn from the fluo-
rescent microscopy images regarding the settling regimes, we
prepared cross sections of the cell membrane/NW interface via
focused ion beam (FIB) milling and studied them by scanning
electron microscopy (SEM). The results are summarized in
Fig. 5. Note, we exemplary colorized the cell interior in yellow
and the NW in blue in order to guide the eye. At high NW den-
sities, the cells are only in contact with the NW tip resulting in
a fakir-like state (Fig. 5a–e). This behavior is both independent
of the NW diameter for the random structure and the NW
arrangement as it has been similarly observed in the confocal
microscope images. Additionally, the proposed wrapping state
on LD NW substrates showing a complete encapsulation of the
NW by the cell membrane is confirmed (Fig. 5f and g).
Moreover, in SEM, we also observed intermediate states of a
partial wrapping of NWs by the cell membrane shown in
Fig. 5h and i. This observation is in accordance with the con-
focal microscopy images where the patterns in the x–y slices in
Fig. 4g and h were occasionally less distinct at a known posi-

Fig. 3 Overall relative cell viability on each substrate. Error bars indicate
the SE. No statistically significant deviances have been observed (Anova
with post hoc Turkey’s test, α = 0.001, cf. Fig. S3†).
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tion of a NW. To briefly summarize, our results of the settling
states using human iPSC-derived neurons are in line with
prior reports on a fakir-like cell state at HD NWs and NW
enwrapping at LD NWs well matching the model from Buch-
Månson et al.

In order to prove the neuronal integrity of the cells after
14–16 DIV on the NW substrates, we performed electrophysio-

logical studies in both current- and voltage-clamp experiments.
During patch clamping, the hiPSC-derived neurons on the NW
substrates can be identified feasibly as demonstrated by an
image taken with the microscope camera of the patch-clamp
setup shown in Fig. 6.

On the part of electrophysiology, we tested the hiPSC-
derived neurons for the capability to fire APs and characteristic

Fig. 4 Confocal microscopy images of cell somata and neurites on different NW substrates displayed as slices in the x–y and x–z plane of the 3D
reconstructions. The cell membrane is colored in red by the staining kit; the substrate’s and NW tips’ reflections are displayed in green. Gaps in the
substrate’s reflection mark NW positions. (a–c) x–y plane: cell somata imaged with focus above the NW tips. No features within the cells are obser-
vable. Cross sections: The cell somata rest on the NW tips in a fakir-like state. Red colored features between the NWs origin from axons growing on
the substrate’s bottom. (d–f ) x–y planes from same areas as before, now focused at the NW bottom. For patterned NWs, guided axon growth
between NWs is observable with angles of 60° and 90° fitting to the hexagonal and rectangular NW arrangement. (g–h) Close-ups of cell somata
focused at the NW tips. Brighter features appear within the cells caused by membrane wrapping around the NWs visible in the cross sections. The
cells rest on the bottom of the substrate.
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inward-outward currents. Proper firing of multiple APs is a dis-
tinct indicator for fully electrophysiologically mature neurons,
since neurons in an early state of the development are either
incapable of firing APs or only release single spikes.87 In
current-clamp, the cells show characteristic firing of APs with
amplitudes of about 90 mV during a small current injection
independent of the substrate used (Fig. 7, upper row). In
voltage-clamp, the neurons state a proper interplay of sodium
and potassium ion channels by showing the corresponding
early inward-currents and late outwards-currents when voltage-
steps are applied (Fig. 7, lower row).88 Moreover, we performed
statistical analysis of the AP heights and fundamental electro-
physiological parameters such as resting membrane potential
(RMP), membrane capacitance (MC), input resistance (IR), and
membrane time constant (MTC) shown as bar charts in
Fig. 8a–e. Again, no statistically significant alterations of each
parameter between any of the substrates were found (Anova

with post hoc Turkey’s test, alpha = 0.001, cf. Fig. S4†). Hence,
we averaged the results of the particular parameters to single
values and discuss these in comparison to other human
neurons as follows: the AP heights were in average 93.6 ±
14.3 mV and are thereby notably distinct in amplitude.68,89–96

The RMPs were in average −52.8 ± 7.4 mV and are normal to
above-average for mature neurons.89–93,95–97 The MCs indicat-
ing cell size98 were in average 21.4 ± 7.9 pF. We can conclude
from similar MCs, that the overall cellular outgrowth is similar
on all substrates; such capacitances are comparable with the
literature.91,94,96,97 The IRs, indicating the conductivity of the
entire cell membrane, were in average 1.9 ± 0.7 GΩ—an appro-
priate value.92–96 The MTCs were in average 42.2 ± 12.2 ms and
are also comparable to previous studies.89,90,99,100 In summary,
the electrophysiological characterization states an outstanding
condition of the hiPSC-derived neurons cultured on the NW
arrays and underline the robustness of the neuronal differen-
tiation toward the substrate’s morphology.

Summary

In this work, we present a protocol to interface human pluripo-
tent stem cell-derived neurons with silicon nitride nanowire
arrays which resemble future semiconductor platforms for
local sensing, stimulation and drug delivery, among others.
The protocol excels at a short differentiation period of only
four weeks to generate fully electrophysiologically mature
neurons. We fabricated Si3N4 nanowires with different arrange-
ments and densities using a top-down approach. The neurons
were transferred 14 DIV after initiation of the differentiation
onto the nanowire substrates and the experiments for func-
tional characterization of cells were performed after another
14–16 DIV (28–30 DIV in total after the iNPC stage). Cell viabi-
lity was not negatively affected by the various nanowire sub-
strates tested. We demonstrate a fakir-like settling state at high
nanowire densities and nanowire engulfment by the cell mem-

Fig. 5 SEM images of the NWs/cell membrane interface exposed by FIB milling. (a–e) Cross sections of HD NWs. The cells are carried by the NW
tip. (f–i) Cross-sectional images of a LD NWs. The NWs are completely encapsulated or partially encapsulated by the cell membrane.

Fig. 6 Example of patch clamping on a rectangular-oriented HD nano-
wire substrate. Image taken with the microscope camera of the patch-
clamp setup.
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brane at low nanowire densities. The settling states were
imaged using z-stacks from confocal microscopy and cross sec-
tions in scanning electron microscopy prepared with focused
ion beam milling. Electrophysiological integrity was tested
using patch clamp techniques and showed no statistically sig-
nificant influence of the nanowire substrates. The neurons
fired distinct action potentials and electrophysiological para-
meters such as resting membrane potential, membrane capaci-
tance, input resistance, and membrane time constant were
comparable to prior studies, which were conducted in a
setting without any nanowires. In short, our protocol features
short culturing periods of only 28–30 DIV and no influence of

the NW arrangement and densities on the neuronal differen-
tiation capacity.

Conclusions and outlook

Utilizing nano and microstructured substrates for pluripotent
stem cell culture just emerged in the recent years and is thus
still an unexplored field. “Macroscopic” micro pillars with dia-
meters of 10–15 µm and lengths up to 600 µm have been used
as scaffolds to culture cortical progenitors which retained their
multipotency and cortical identity and were able to maturate

Fig. 7 Current-clamp (upper row) and voltage-clamp measurements (lower row) of the hiPSC-derived neurons on all substrate types. Upper row:
Measurements of APs during current injection. On all substrates, the neurons show strong and well-shaped spikes. Lower row: Characteristic early
inward-currents and late outward-currents stating a proper interplay of voltage-gated sodium and potassium ion-channels.

Fig. 8 Statistical comparison of fundamental electrophysiological properties such as (a) AP height, (b) resting membrane potential, (c) membrane
capacitance, (d) input resistance, and (e) membrane time constant. Error bars indicate the SE. No statistically significant deviances were found
between the substrates (Anova with post hoc Turkey’s test, alpha = 0.001, cf. Fig. S4†). Number of measurements: control (glass) = 7, control
(Al2O3) = 8, random (HD) = 7, hexagonal (HD) = 7, rectangular (HD) = 6, hexagonal (LD) = 8, rectangular (LD) = 9.
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into cortical glutamatergic neurons only verified with neuronal
marker β3-tubulin.101 The fate of mesenchymal stem cells
(MSCs) was guided due to increased gene expression on sub-
strates with thin NWs with lengths of up to 25 µm.102,103

Furthermore, short term culture (3 DIV) of MSCs showed an
induced neuron-like differentiation, when cultured on silicon
NWs with dimensions more comparable to this work.104 Neural
stem cells from mice showed enhanced proliferation and neuro-
nal differentiation if cultured on high density silicon NWs.105

Furthermore, other micro structured substrates like the polymer
PMEDSAH, fibrin hydrogel or chitin-alginate 3D micro fibrous
scaffolds have also been used for human pluripotent stem cells
before, primarily to create more efficient substrates to generate
and maintain iPSCs and neuronal progenitor cells.79,106,107

While many of these substrates influenced the cells, we demon-
strate that we can conduct the final neuronal maturation on
nanostructured substrates without apparent changes of the
functional electrophysiological properties. Compared to other
scaffolds made from synthetic polymers and hydrogels, (semi-
conductor) NWs benefit from years of experience in nano/micro
fabrication and the use of semiconductor materials allows for
unique applications such as biosensing and optogenetics.64–67

Using todays electron beam lithography and reactive ion
etching systems designed for structuring entire wafers allows
for cost-effective scalability and duplication. Other approaches
to fabricate NWs like droplet-catalyzed bottom-up NW growth
would also allow for NW arrays with slightly varying axial direc-
tions and NW lengths.108,109 However, for small variations, we
would expect no significant effects on neuronal maturation.
Transfer of NW arrays into flexible substrates like polydimethyl-
siloxane (PDMS) enables the application of those in soft tissues
such as the brain or the retina.110

Even though rodent neurons have been cultured on NWs
before as introduced, employing human neurons opens up the
arena for physiologically more relevant studies, as for example
the glutamatergic neurons used here enable studying particu-
lar aspects of neurodegenerative diseases such as multiple
sclerosis and Alzheimer’s disease.111–113 Especially the ability
to study disease-associated genotype–phenotype-relationships
using patient-derived cells is a unique advantage of
hiPSCs.114,115 Furthermore, we want to stress that our hiPSC-
derived neurons on NW not only show the expected expression
of marker proteins as in previous studies with human or
rodent neurons,101,105 but more importantly show the expected
electrophysiological characteristics on a functional level. Thus,
we conclude that our platform is an excellent, robust starting
point for future applications paving the way to further functio-
nalized nanowires for e.g. in vitro disease modeling and pre-
clinical drug discovery.

Methods
Substrate fabrication

The initial substrate pieces consisted of a 1.5 µm thick Si3N4

layer deposited by low-pressure chemical vapor deposition

(Simat Wafers, Si3N4, low tensile stress) on a silicon (100)
wafer. The hard mask for the random structures were prepared
in a self-assembly process using de-wetting of a thin gold
film.116 The initial 28 nm gold layer deposited using sputter
coating was dewetted by thermal annealing in vacuum
(<200 mTorr). The procedure used a heating ramp of 5 °C s−1,
held the temperature for 10 min at 900 °C and subsequently
cooled down without additional cooling (compact RTP
furnace, OTF-1200X-RTP-4, MTI Corporation). As a result, the
continuous gold layer transformed into randomly distributed
droplets of slightly varying diameters, which were used as hard
mask for RIE. The masks for the arranged structures were pre-
pared in a highly controlled manner via electron beam litho-
graphy (Raith Voyager e-beam lithography system). Patterned
arrays of circles were written in hexagonal and rectangular
arrangement into a 90 nm thick layer of positive photo resist
(PMMA, AllResist AR-P 671.02). After developing, the substrate
was covered with a 40 nm thick layer of chromium in a physi-
cal vapor deposition (PVD) process. A subsequent lift-off only
preserves the chromium circles within the previously created
holes in the resist, which were then used as a hard mask for
RIE. RIE was performed with an ICP-RIE plasma etcher
(Sentech SI500) using 300 W ICP power, 15 W RF power, 1 Pa
pressure, 50 sccm SF6, 70 sccm C4F8 and 5 sccm O2 at 0 °C
electrode temperature. Subsequently, the gold and chromium
masks for the random and the ordered arrangement, respect-
ively, were removed by wet chemical etching. Afterwards, all
substrates were conformably covered by a 15 nm Al2O3 thin
film deposited by atomic layer deposition. The control sub-
strates consisted of standard 18 × 18 mm2 glass coverslips and
planar aluminum oxide deposited onto Si wafer pieces with
native SiO2. In order to ease the handling of the 5 × 5 mm2

wafer pieces during imaging and patch clamping, all sub-
strates were glued to standard 18 × 18 mm2 glass coverslips
using polydimethylsiloxane (PDMS). Every substrate was
shortly treated with oxygen plasma to reduce the hydrophobi-
city and was then placed into a well of a 6-well plate. For cul-
turing of cells, the substrates were sterilized in 70% ethanol
for 10 min and coated with 100 µg ml−1 poly-L-ornithine (PLO,
Sigma-Aldrich) over night at 37 °C to support cell adhesion.117

Cellular outgrowth was enhanced using an additional 10 µg
ml−1 laminin (Sigma-Aldrich) coating for 2 h at 37 °C.

Human iPSC culture and neuronal differentiation

All experiments were performed in accordance with the guide-
lines of the Christian-Albrechts-Universität zu Kiel, and experi-
ments were approved by the ethics committee of the Christian-
Albrechts-Universität zu Kiel (approval number A145/11).
Informed consents were obtained from human participants of
this study. For further details see Tandon et al.118

Human iPSCs (ZIPi013-B (Tandon et al.118)) were main-
tained under feeder-free conditions on Matrigel (Corning)-
coated plates in mTeSR1 medium (Stem Cell Technologies).
Medium was exchanged on a daily basis and cells were pas-
saged at 80% confluency using Gentle Cell Dissociation
Reagent (Stem Cell Technologies). For neuronal induction,
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iPSCs were dissociated with Accutase and seeded at a density
of 3 × 106 cells per well onto AggreWell800 plates (10.000 cells
per embryoid body (EB), Stem Cell Technologies) in SMADi
Neural Induction Medium (SMADi NIM, Stem Cell
Technologies) supplemented with 10 µM Y-27632. A daily 75%
medium exchange was performed from day 1 to day 5. On day
6, EBs were harvested and plated onto Matrigel-coated plates,
followed by a daily medium exchange with SMADi NIM to
allow the formation of neural rosette structures within the
attached EBs. On day 13, neural rosettes were manually picked
and transferred to a new Matrigel-coated plate. After 4 more
days in SMADi NIM, neural precursor cells were released by
dissociation of the neural rosettes with Accutase and main-
tained for several passages at high density in Neural
Progenitor Medium (Stem Cell Technologies) on Matrigel-
coated plates.

Differentiation of iNPCs into neurons was performed as
previous described88,92,119 with some modifications. Among
others, seeding density for neuronal induction of iNPCs was
optimized for a scale-up in T75/T175 flasks suitable for screen-
ing applications. Further, neuronal differentiation medium
has been modified by replacing Neurobasal (Gibco) with the
Neurobasal Plus system (Gibco) in order to improve neurite
outgrowth and electrophysiological maturation. Cyclopamine
has been added in addition to promote a glutamatergic neuro-
nal cell type.120 In summary, iNPCs were seeded at a density of
5 × 104 cells per cm2 in Neural Progenitor Medium onto PLO/
laminin-coated plates. After 24 h, the medium was replaced by
neural differentiation medium (day 0 of differentiation) com-
posed of Neurobasal Plus medium (Gibco) containing 1× B27
Plus Supplement (Gibco), 1× N2 Supplement-A (Stem Cell
Technologies), 1× MEM non-essential amino acids (Gibco),
1 µg ml−1 laminin (Sigma-Aldrich), 1 µM Dibutyryl-cAMP
(Stem Cell Technologies), 10 ng ml−1 L-ascorbic acid (Stem Cell
Technologies), 10 ng ml−1 brain-derived neurotrophic factor
(Stem Cell Technologies) and 10 ng ml−1 glial-derived neuro-
trophic factor (Stem Cell Technologies). Half of the medium
was exchanged every 2 to 3 days. To promote a glutamatergic
neuronal cell type, 5 µM cyclopamine (Stem Cell Technologies)
was additionally added to the medium during the first week of
differentiation. In the second week, neuronal differentiation
medium was supplemented with 2 µM cytosine β-D-arabinofur-
anoside (Sigma-Aldrich) in order to reduce proliferation of
non-neuronal cells. On day 14, the cells were detached using
Accutase and reseeded at a ratio of 1 : 2 onto 96-well plates for
immunocytochemistry or NW substrates for confocal
microscopy, viability staining as well as electrophysiological
studies. Thereafter, cells were maintained in neuronal differen-
tiation medium for another two weeks to reach a mature cell
state. All further experiments were performed between 28 and
30 days after initiation of the differentiation.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Cells were harvested and total RNA was extracted using the
RNeasy Plus Mini Kit (Qiagen). The complementary DNA was
synthesized from up to 1 µg RNA using the RevertAid H Minus

First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
qRT-PCR was performed with TaqMan Gene Expression
Master Mix (Applied Biosystems) as a duplex reaction with a
FAM-labeled TaqMan assay for the gene of interest and a VIC-
labeled TaqMan assay (Applied Biosystems) for the housekeep-
ing gene, both measured in the same well. TATA-box binding
protein (TBP; Hs00427620_m1) was used as housekeeping
gene and relative gene expression was determined for GRIN1
(Hs00609557_m1), GRIA1 (Hs00181348_m1), GABBR1
(Hs00559488_m1), NeuN (Hs01370654_m1) and STX1A
(Hs00270282_m1) using the 7900HT Fast Real-Time PCR
System (Applied Biosystems). Relative quantification was calcu-
lated according to the comparative 2−ΔΔCt method and data
are presented as log2-fold difference.

Immunocytochemistry

hiPSC-derived neurons were fixated using 4% paraformalde-
hyde (PFA) for 10 to 15 min. After washing three times with
PBS, cells were permeabilized with 0.1% Triton X-100 for
15 min. Following two washing steps, unspecific binding sites
were then blocked by incubating the cells with 3% BSA and
0.1% Tween 20 (polysorbat) in phosphate-buffered saline (PBS)
for 30 min. Incubation with primary antibodies diluted in
blocking solution was performed overnight at 4 °C (mouse
anti-MAP2 (1 : 400, Thermo Fisher Scientific Cat# 13-1500,
RRID:AB_2533001), mouse anti-TUJ1 (1 : 600, Sigma-Aldrich
Cat# T8578, RRID:AB_1841228), rabbit anti-NeuN (1 : 600,
Abcam Cat# ab104225, RRID:AB_10711153). Cells were then
washed three times with PBS and incubated with Alexa Fluor
488 secondary antibodies diluted 1 : 500 in blocking solution
for 1 h at room temperature in the dark. After two additional
washing steps, nuclear counterstaining was performed with
1 µg ml−1 Hoechst 33258 (Invitrogen). Cells were imaged using
an Opera High Content Imaging System (PerkinElmer).

Cell viability and z-stacks

Confocal microscopy (Leica TCS SP8, 488 and 552 nm lasers,
upright configuration) was used to quantify cell viability and
to investigate the interaction between cell membrane and sub-
strate via high-resolution z-stacks. For this purpose, the cells
were fixated using 4% PFA and compartment-specific stains.
The membrane was stained using a membrane stain (Thermo
Fisher’s neurite outgrowth staining kit (NOSK), ex/em: 555/
565 nm). To quantify cell viability, a cell viability indicator
(NOSK, ex/em: 496/515 nm) and propidium iodide to identify
dead cells (ex/em: 535/617 nm) were used. For staining, the
growth medium was removed and exchanged by dyes diluted
in Dulbecco’s PBS including 4% PFA. The cells were placed for
15 min at 37 °C and 5% CO2 in the incubator. Subsequently,
the staining solution was removed and replaced by a back-
ground suppression dye (NOSK). For imaging, the samples
were transferred from the 6-well plate onto a microscope slide
and covered with a coverslip to use the water immersion objec-
tives. For every sample, at least four independent areas of 500
× 500 µm2 were analyzed with ImageJ (smoothing-, threshold-,
watershed- and analyze-particles function)121 and data was pro-
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cessed with Origin (v.2018). z-Stacks were processed with
Fiji.122 For publication, all images were optimized in contrast
and brightness.

Flow cytometry

FoxP3 Staining Buffer Set (Miltenyi Biotec) was used for iNPC
flow cytometry. Briefly, cells were dissociated with Accutase,
fixed and permeabilized for 30 min on ice with Fixation/
Permeabilization solution and labeled for 30 min with the
antibodies anti-Pax6-PE (1 : 10, Miltenyi Biotec Cat# 130-107-
828, RRID:AB_2653166), anti-Sox1-FITC (1 : 50, Miltenyi Biotec
Cat# 130-111-157, RRID:AB_2653486), anti-Sox2-FITC (1 : 10,
Miltenyi Biotec Cat# 130-104-993, RRID:AB_2653499) or
isotype controls REA Control (I)-FITC (1 : 10, Miltenyi Biotec
Cat# 130-104-611, RRID:AB_2661677), REA Control-PE (1 : 10,
Miltenyi Biotec Cat# 130-104-628, RRID:AB_2661702) diluted
in Permeabilization buffer. Following the staining procedure,
iNPCs were resuspended in Staining buffer (BD Biosciences)
and flow cytometry was performed using a FACSCalibur (BD
Biosciences).

Scanning electron microscopy

SEM was used to image the interface between cell membrane
and nanowire. The cross sections were prepared via material
milling using FIB (Zeiss Crossbeam 550). For this purpose, the
cells were fixated with 4% PFA. The solution was exchanged
with deionized water followed by dehydration in a step-wise
ethanol exchange.123 Subsequently, the cells were critical point
dried (Tousimis Autosamdri-815) to avoid collapsing of the
cells124 and finally sputter coated with a 20 nm gold layer to
avoid charging effects during imaging.

Electrophysiology

An upright patch clamp setup (Nikon Eclipse FN1) with a non-
immersion objective with extra-long working distance (Nikon
CFI TU Plan EPI ELWD 50× N.A. 0.60/W.D. 11.00 mm) was
used to handle the opaque substrates.31 The traces were
recorded using a HEKA EPC 10 USB patch clamp amplifier and
a red star headstage. The data was processed by the patch
clamp software (Patch Master V2x80) with a Bessel low-pass
filter at 2.9 kHz. Pipette capacitance and series-resistance were
automatically compensated. For measurements, the samples
were transferred to standard 35 mm Petri dishes. The bath
solution consisted of (mM): NaCl 140, KCl 2.4, MgCl2 1.3,
CaCl2 2.5, HEPES 10, D-glucose 10 adjusted to pH 7.4 with
NaOH. The pipette solution consisted of (mM): K-gluconate
125, NaCl 10, EGTA 1, MgATP 4, HEPES 10, D-glucose 10,
adjusted to pH 7.4 with KOH adapted from Reinhardt et al.91

All experiments were performed at room temperature. The pip-
ettes were fabricated from borosilicate glass capillary blanks
(GB150T-8P, Science Products) using a Sutter P-2000 pipette
puller and were subsequently heat polished (CPM-2, ALA
Scientific Instruments). Tip diameters were approx. 950 nm
resulting in resistances of 5–7 MΩ. All data was analyzed with
Origin (v.2018) using a labtalk script and the integrated fitting
functions. The RMP was determined by holding the cells with

zero current in current-clamp mode. The MCs were directly
determined by the patch clamp amplifier software. The IR and
MTC were extracted from a current-clamp experiment using a
rectangular current injection of −10 pA. The IR was calculated
from the increase in membrane potential during the current
injection. The MTC was determined by fitting the exponential
decay of the membrane potential towards the RMP after the
current injection.
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Figure S2: Characterization of human iPSC-derived neural precursor cells (iNPCs). a-c) Immunofluorescence staining and 

flow cytometry analysis of characteristic NPC marker proteins Pax6, Sox1 and Sox2. 

 

Figure S3: ANOVA with post hoc Turkey’s test of cell viability, alpha = 0.001.
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Figure S4: ANOVA with post hoc Turkey’s test of 
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Robust neuronal differentiation 
of human iPSC‑derived neural 
progenitor cells cultured 
on densely‑spaced spiky silicon 
nanowire arrays
Jann Harberts1*, Malte Siegmund1, Matteo Schnelle1, Ting Zhang2, Yakui Lei2, LinweiYu2, 
Robert Zierold1* & Robert H. Blick1,3

Nanostructured cell culture substrates featuring nanowire (NW) arrays have been applied to a variety 
of basic cell lines and rodent neurons to investigate cellular behavior or to stimulate cell responses. 
However, patient‑derived human neurons—a prerequisite for studying e.g. neurodegenerative 
diseases efficiently—are rarely employed due to sensitive cell culture protocols and usually long 
culturing periods. Here, we present human patient induced pluripotent stem cell‑derived neurons 
cultured on densely‑spaced spiky silicon NW arrays (600 NWs/ 100 µm2 with NW lengths of 1 µm) 
which show mature electrophysiological characteristics after only 20 days of culturing. Exemplary 
neuronal growth and network formation on the NW arrays are demonstrated using scanning electron 
microscopy and immunofluorescence microscopy. The cells and neurites rest in a fakir‑like settling 
state on the NWs only in contact with the very NW tips shown by cross‑sectional imaging of the cell/
NW interface using focused ion beam milling and confocal laser scanning microscopy. Furthermore, 
the NW arrays promote the cell culture by slightly increasing the share of differentiated neurons 
determined by the quantification of immunofluorescence microscopy images. The electrophysiological 
functionality of the neurons is confirmed with patch‑clamp recordings showing the excellent capability 
to fire action potentials. We believe that the short culturing time to obtain functional human neurons 
generated from patient‑derived neural progenitor cells and the robustness of this differentiation 
protocol to produce these neurons on densely‑spaced spiky nanowire arrays open up new pathways 
for stem cell characterization and neurodegenerative disease studies.

Human induced pluripotent stem cells (iPSCs) hold a huge potential for clinical research and application since for 
example ethical controversies of embryonic stem cells and limited availability of primary human cells required for 
e.g. high-throughput drug screens are overcome1. Furthermore, human pathophysiological conditions including 
neurodegenerative diseases like Alzheimer’s or Parkinson’s can be studied more e­ciently by patient-speci�c 
iPSCs2. �e broad availability of human cells for drug development also reduces the high failure rate of clinical 
translation caused by di�erences of disease-associated pathways between human and animal cells3. At present, all 
major brain cell types can now be di�erentiated from iPSCs, and both neuroscience research and clinical transla-
tion is facilitated by increasingly complex co-cultures, organoid systems, and blood-brain barrier models4,5. �e 
cellular identity of iPSC-derived cell types is usually assessed by quantitative real-time polymerase chain reaction 
or immunocytochemistry. Additionally, the functional state of the iPSC-derived neurons is characterized by 
electrophysiological measurements combined with standard compounds which block key receptors, ion channels, 
and transporters6. By default, planar Petri dishes and multiwell plates are used to perform such characterization 
experiments. However, novel strategies to investigate iPSC-derived cell types could be explored by employing 
micro- and nanostructured functionalized biocompatible (semi-conductor) materials as cell culture substrates7,8.
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�e in�uence of the substrate’s chemical and topological properties on biological cells has been investigated 
for example with respect to adhesion, proliferation, viability, migration, and guiding of seeded cells9–13. In this 
context, so-called nanowire (NW) arrays which feature upright arranged high aspect ratio nanostructures play 
an increasingly important role14,15. By adjusting the length and diameter of the NWs as well as the array pitch, 
the interaction between cell and NWs can be tuned and di�erent settling regimes have been modeled by Buch-
Månson et al.16. Biological parameters such as cellular growth, viability, morphology, adhesion, and mecha-
notransduction machinery can be in�uenced17–21, while electrophysiological properties are maintained22. Fur-
thermore, NW arrays have been used to measure mechanical cell properties23, to interact with the cell’s nucleus24, 
to constrain cell movement and spreading25,26, or to direct cell polarization such as the outgrowth of neurites27,28. 
Apart from passive applications, NW arrays have been employed to incorporate an executing interaction such 
as cell transfection29, drug delivery30,31 as well as electrical stimulation and sensing32. Moreover, integrated p-n
junctions or the capability of NWs to guide or to emit light might be used for photo-current stimulation33,34 as 
well as for biosensing35,36 and potentially in optogenetics37.

�e majority of the existing studies employ only conventional human cell lines (e.g. HEK293, HeLa) or 
primary neurons from rodents which limits the pertinence of these studies for instance to address human 
neurodegenerative diseases38,39. Indeed, Liu et al. were able to demonstrate, that human iPSC-derived cortical 
neurons can be cultured on small-scale NW arrays with an area of 32×32 µm232, but a drawback of the di�er-
entiation protocol was the requirement to culture for at least 65 days to create functional neurons. Aside from 
that, neuronal di�erentiation might be altered on large-scale NW arrays, as it has been shown that NW forests 
can in�uence intracellular signaling, gene regulation, or basic cell di�erentiation40–43. Moreover, material cues 
have been discussed as a potent regulator for epigenetics and stem cell function44. �us, changes during terminal 
di�erentiation of human iPSCs into neurons might emerge as well on NW arrays and the very same substrate 
could potentially become useless for most of the promising applications introduced before. Recently, we dem-
onstrated that human iPSC-derived neurons can be generated within 30 days even on large-scale silicon nitride 
NW arrays with no di�erence to planar control45.

In this work, we present human iPSC-derived neurons cultured on densely-spaced spiky silicon NW arrays 
with electrophysiologically mature properties in less than 20 days. Additionally, the share of MAP2 positive 
cells is not only maintained but slightly increased by reducing the number of undi�erentiated neural progenitor 
cells which are used as an intermediate step of the neuronal di�erentiation. Immuno�uorescence (IF) wide�eld 
microscopy is used to quantify the cell viability and the number of progenitors and neurons. �e cell/NW inter-
face is investigated by scanning electron microscopy (SEM), focused ion beam (FIB) milling as well as confocal 
laser scanning microscopy (CLSM). A fakir-like interaction is revealed in which the cells only interact with the 
NW tips. Electrophysiological characteristics are identi�ed with patch-clamp measurements in both current- and 
voltage-clamp mode and prove the functionality of the neurons. We believe that the short culturing period to 
generate functional human iPSC-derived neurons and the use of silicon—the standard semiconductor mate-
rial—for the NW arrays make our platform a promising candidate for future large-scale and high-throughput 
applications such as retina implants46 or neuronal interfaces47 and to study pharmacological interventions and 
cell-intrinsic pathophysiological processes48.

Results and discussion
A top view SEM image of the silicon NW arrays used to culture the human iPSC-derived neurons is shown in 
Fig. 1a. �e about 1 µm long NWs feature a gradually tapered shape resulting in a spiky tip of about 30 nm. �e 
nanostructures are randomly distributed on the substrate with a density of about 600 NWs/100 µm2 which cor-
responds to a high NW density compared to other NW substrates used in the �eld16. Random arrangement and 
random angle orientation are caused by the self-assembling growth process49,50. Choosing silicon as the basic 
element for the substrates not only allows for accessing years of experience in nanofabrication in science and 
industry but also represents the promising nature of nanoscale silicon for subcellular interfaces51.

�e protocol to generate the human iPSC-derived neurons used in this study employs proliferating small 
molecule neural progenitor cells (smNPCs) as an intermediate di�erentiation step and is based on work from 
Reinhardt et al.52.. �e smNPCs are maintained in regular well plates coated with Matrigel and are pre-di�eren-
tiated for 6 days before plating onto the silicon NW arrays or glass coverslips for control (both also coated with 
Matrigel). First, we investigated the neuronal growth on the NW samples using SEM imaging (Fig. 1b). Overall, 
the observed neuronal network formation is similar to literature as neurons are growing both separately and in 
clusters, and neurites build a dense grid in between the neurons18,22. �e tilted close-up views in Fig. 1c,d display 
the soma of a neuron and a neurite growing on the NWs. Notably, the cell material is barely in contact with the 
substrates and only touches the very tip of the NWs. Such a fakir-like settling state on a bed-of-nails was to be 
expected due to the high NW density16. Furthermore, strong interaction with the substrate in form of multiple 
extensions from the cell soma has been reported before53.

Cross-sectional images prepared by FIB milling and CLSM were used to support the previous statements 
regarding the cell’s interaction with the substrate (Fig. 2a–e). Figure 2a displays an overview image of the neu-
ron a¦er FIB milling. �e close-up views on the cell soma and a neurite in panel b and c clarify that the cell 
membrane is hovering approximately 1 µm above the substrate bottom which corresponds to the average NW 
length. Comparable behavior of cells cultured on high NW densities has been reported before by using FIB-SEM 
imaging54. A similar conclusion can be drawn from z-stacks prepared by CLSM imaging. Figure 2d displays a 
top view of a neuron cultured on a NW substrate. �e cell membrane has been labeled using a membrane stain 
(false-colored in red). �e dashed line indicates the position of the cross section in the z-x plane shown in 
Fig. 2e at which the cross section was prepared from a stack of images at di�erent z-levels. �e re�ection of the 
NWs is false-colored in yellow and originates only from the NWs but not from the Matrigel as demonstrated by 
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Figure 1.  SEM images of a NW sample and human iPSC-derived neurons cultured on NWs. (a) Top view 
of the utilized NW substrate. �e NW density is about 600 NWs/100 µm2. �e mean NW length is about 
1 µm featuring a gradually tapered shape. (b) Top view of a neuronal network formed by human iPSC-derived 
neurons on a NW substrate. (c) Cell soma of a human iPSC-derived neuron cultured on NWs. Tilt is 54°. (d) 
Close-up view of a neurite growing on NWs. Tilt is 54°.

Figure 2.  Cross sections prepared by FIB milling and CLSM. (a) Cross-sectional SEM image of the cell soma 
prepared by FIB milling. Tilt is 54°. (b, c) Close-up SEM images of the NW/cell membrane and NW/neurite 
interface, respectively. Both cell and neurite are hovering in a fakir like state on the NW tips. �e distance to the 
substrate bottom is approx. 1 µm–the mean length of the NWs. Tilt is 54°. (d) Top view of the cell soma imaged 
via CLSM. �e cell membrane is false colored in red. �e dashed line indicates the position of the cross section 
in  (e). (e) Cross section of the cell soma (red) in the x-z plane reconstructed from z-stacks prepared by CLSM. 
�e NW tips’ re�ections are false colored in yellow and are in direct contact with the cell membrane.
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imaging an uncoated NW sample (supporting Fig. S1). A corresponding image of a neuron on a control substrate 
is shown in the supporting material (Fig. S2). �e cross-sectional reconstruction con�rms the close contact of 
the cell membrane to the NWs and a fakir-like settling state which is in accordance with literature that studied 
cells on high-density NW arrays with CLSM45. Additionally, we tested for focal adhesions (FAs) to check for 
interactions with the substrate a¦er long-term culture (11 days a¦er plating). In this regard, we see no in�uence 
of the substrate compared to control which demonstrates a generally equivalent culturing environment for our 
human iPSC-derived neurons (Fig. S3, paxillin positive area (FAs) normalized to the area covered with cells 
(f-actin/cytoskeleton via phalloidin)) and is in agreement with literature for high NW densities26. Yet, cell culture 
substrates with Si nanoneedles have been reported to reduce the formation of FAs in short-term culture (24 h) of 
mesenchymal stem cells55. Nonetheless, the close contact between cell and NW, and the conical shape of silicon 
nanostructures are able to facilitate cell transfection29 and delivery of biological payloads30, respectively, as shown 
in recent work using basic cell lines and mesenchymal stem cells. We believe that comparable applications could 
also be adapted to our neurons to introduce new pathways in stem cell research.

In the next step, we analyzed the cellular outgrowth using (immuno-) �uorescent labeling and wide�eld 
microscopy. Six days pre-di�erentiated smNPCs were transferred to the NW substrates and snapshots of the 
neuronal development were taken 1, 7, 11, and 15 days a¦er seeding. Figures 3a,b display exemplary images of 
Hoechst 33342-stained cell nuclei 1 and 15 days post plating. �e total cell number increased signi�cantly over 
time since terminal neuronal di�erentiation is a gradual process and part of the cell population is still prolifer-
ating. We quanti�ed the increase of the cell numbers and compared the results to planar control (Fig. 3c). �e 
number of cells approximately quadruples within 11 days until it reaches a plateau. �e plateauing cell numbers 
on NWs are slightly smaller in comparison to the control but only the �nal cell number on NWs–in mean about 
2000 and 2500 cells per image, respectively–is signi�cantly di�erent. However, a reduced cell number is overall in 
agreement with literature reporting on reduced cell proliferation on high-density NW arrays25. A visual inspec-
tion of the cell spreading on NWs compared to control depicts a considerable increase in cluster formation on 
control substrates (supplements: Fig. S4). Quanti�cation of the cell clusters using a Density-Based Spatial Cluster-
ing of Applications with Noise (DBSCAN) algorithm validates the intuitive conclusion and shows that the share 
of single cells is signi�cantly higher on NW substrates compared to control (e.g. about 35% and 13% at 1 DIV, 
respectively, Fig. 3d). One cause for cluster formation is cell movement and thus, hindered cell movement on the 
nanostructures is indicated by the increased share in single cells on NWs which is sustained at 7, 11, and 15 DIV. 
Impaired cell mobility has been described before in literature for cells cultured on NW arrays19. �e absolute 

Figure 3.  Analysis of cell number, cell viability and neuronal di�erentiation on NWs compared to planar 
control (1, 7, 11, and 15 days post plating). (a) and (b) Exemplary wide�eld microscopy images of cells 1 and 
15 days post plating on NW substrates. �e nuclei are labeled in blue using Hoechst 33342. (c) Quanti�cation 
of the cell numbers per image 1, 7, 11, and 15 days a¦er plating compared to control. (d) Share of cells not 
associated with a cell cluster of three or more cells. (e) Cell viability 1, 7, 11, and 15 days a¦er plating compared 
to control. (f) Exemplary immuno�uorescence image of human iPSC-derived neurons 15 days a¦er plating. 
�e neurons are labeled with MAP2 (green) and counterstained with Hoechst (blue). (g) Share in MAP2 
positive cells 1, 7, 11, and 15 days a¦er plating compared to control. All error bars are standard deviations (SDs). 
Statistical signi�cances were calculated using a Mann-Whitney U test: *P < 0.05, **P < 0.01, ***P < 0.001, cf.
Table S1 of the supporting material.
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shares of cells in clusters, however, reduce over time on both types of substrates due to continuing proliferation 
which generates additional cell clusters. �e mean cell viability of about 60% on NW arrays is stable over time (cf.
Fig. 3e) which is in good agreement with literature where high-density NW arrays have no detrimental e�ect on 
cell viability17. �e slight increase in cell viability with further culturing time is reasonable since new vital cells 
are produced during proliferation. Compared to the control, the cell viability on NWs is lower since fewer new 
vital cells are produced as described earlier. In addition, we studied the neuronal di�erentiation of the smNPCs 
into neurons by IF microscopy. Figure 3f illustrates an exemplary recording of neurons 15 days post plating 
labeled with an anti-microtubule-associated protein 2 marker (MAP2, green) to identify neuronal phenotype 
and Hoechst as counterstain (blue). Similar micrographs from a control substrate and 1, 7, and 11 DIV post plat-
ing on NWs are available in the supporting material (Fig. S5). As priorly shown via SEM, an intricate neuronal 
network is developed on the NW arrays. Next, we determined the share of MAP2 positive vital cells 1, 7, 11, and 
15 days post plating shown in Fig. 3g. Within this period, the ratio of MAP2 positive cells on NWs increases from 
about 20% to 60%, which is higher than on control substrates (approx. 50%). �e higher percentage in neurons 
on NW samples could be explained by the slightly reduced proliferation of remaining smNPCs producing new 
undi�erentiated cells. As a result, the smNPCs not only di�erentiate equally on NWs but also the NWs have a 
supportive e�ect to increase the share of terminally di�erentiated cells. Positive in�uence on di�erentiation has 
also been described in the literature where NW arrays enhanced di�erentiation e.g. for human embryonic stem 
cells toward de�nitive endoderm or neuron-like di�erentiation of mesenchymal stem cells42,43. Furthermore, 
we quanti�ed the neuronal networks between MAP2 positive cells to evaluate the neurite health (supporting 
Fig. S6). �e total network length per image increases from about 10 mm on day 1 to a steady value of 70 mm at 
days 11 and 15 where neurons cultured on NWs as well as on control show similar network sizes (panel a). Over 
time, the mean neurite length of individual neurites is slightly reduced on both NWs and control from about 
120 µm to 80 µm (panel b) since the MAP2 positive cells become denser and neurites interlink more likely with 
other neurons. To conclude, even if the cell number and the viability on NW samples are slightly suppressed 
compared to planar control, the reduced amount of cell clusters and the larger portion of neurons renders the 
combination of silicon nanowire substrates with neuronal di�erentiation of smNPCs a promising approach for 
studying arti�cial neuronal networks.

Finally, the electrophysiology and functionality of the neurons were tested using the patch clamping technique 
(Fig. 4a–e). �e overall healthy state of the neurons cultured on NWs is validated by stable resting membrane 
potentials (RMPs) of –51.4 ± 6.1 mV shown in Fig. 4a. �is value is similar to the control (no statistical sig-
ni�cance, Mann-Whitney U test: P > 0.05, cf. Table S2) and normal or even above average compared to other 
human iPSC-derived neurons45,52,56,57. Moreover, the cell sizes including neuronal extensions on NWs and con-
trol are equal which is indicated by consistent membrane capacitances (MCs) of 11.2 ± 3.7 pF and 11.1 ± 4.7 pF 
on control and NW substrates, respectively (also Fig. 4a, no statistical signi�cance, P > 0.05, cf. Table S2). In 
addition, the MCs are in accordance with literature56,58,59. �e accurate interplay of sodium and potassium ion 
channels is approved by recordings of the membrane currents at di�erent voltages (–70 to +30 mV, 10 mV steps) 
which show characteristic early-inward and late-outward currents (Fig. 4b). �e peak currents normalized to 
the MC were plotted against the applied voltage (Fig. 4c) and are comparable to the control measurements and 
literature4,52,59. Neuronal identity is con�rmed by recordings of action potentials (APs) evoked by current injec-
tion shown in Fig. 4d. AP amplitude (67.0 ± 8.6 mV), AP threshold (− 20.4 ± 4.0 mV), a¦erhyperpolarization 
(AHP, 15.1 ± 5.9 mV), and AP duration (3.3 ± 0.8 ms) match the control (Fig. 4e, no statistical signi�cance, all 
P > 0.05, cf. Table S2) and are in agreement with other human iPSC-derived neurons in literature56,57,59.

In summary and conclusion, the human iPSC-derived neurons cultured on the densely-spaced spiky silicon 
NW substrates show excellent electrophysiological properties within only 20 days of di�erentiation despite the 
challenging substrate topology. �e large-scale formation of neuronal networks on the NWs which is equal to 
control allows for novel approaches to study network properties under arti�cial constraints. Note, that the share 
of neurons is not only equal to control but even increased by 20% and thus would enhance the e­cacy of future 
studies. �e spiky shape of the nanowires renders the substrate suitable for the delivery of biomolecules or genes: 
such applications have already been shown using basic cell types like human umbilical vein endothelial cells 
(HUVECs) or human mesenchymal stem cells (hMSCs)21,30,55 and establishing more advanced cell types in the 
community would help to increase the clinical impact of the �eld. Moreover, the broad availability of silicon 
and many years of experience in both science and industry make the material a great candidate for large-scale 
and high-throughput purposes in neurodegenerative disease studies or pharmacological drug screenings. �us, 
we believe that our �ndings are an excellent starting point for further studies using biological metamaterials 
featured by high aspect ratio nanostructured surfaces60.

Methods
Nanowire growth and sample preparation. �e NW growth was previously described in Misra et 
al. and Zhang et al.49,50. In short: �e NWs were grown on top of ZnO:Al coated silicon wafers. In the plasma-
assisted VLS growth process, the growth of NWs is mediated by Sn nanoparticles, and the density of Sn nano-
particles can be controlled either by varying the initial thickness of the metal or by changing the parameters of 
H2 plasma (to reduce the oxide layer and to form tiny catalyst droplets). �erefore, prior to loading into the 
PECVD chamber, Sn layers with nominal thicknesses from 1 nm to 5 nm were thermally evaporated on the 
substrates. �en, the Sn layers were exposed to H2 plasma for 5 min at 180 °C, to transform them into separate 
Sn droplets. �e chamber pressure, the RF power density and the �ow rate were �xed at 600 mTorr, 50 mW/cm2, 
and 20 sccm, respectively. Next, 6 sccm of silane (SiH4) and 1.8 sccm of trimethylboron (1% TMB diluted in H2) 
were introduced and the substrate temperature was raised to 400 °C to initiate the growth of NWs activated by 
the plasma, followed by a H2 plasma etching to remove the remnant of Sn droplets. Typically, NWs grew around 
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1 µm long a¦er 15 min deposition, showing a gradually tapered shape of around 80 nm diameters at their bases 
and less than 30 nm at their tips. NW and control samples (glass coverslips) were treated with an oxygen plasma, 
sterilized in 70% ethanol, and coated overnight at room temperature or for 1 h at 37 °C with Matrigel (Corning 
354263, 1:150 in Knock Out DMEM (Life Technologies)).

Cell culture. �e human induced pluripotent stem cell (iPSC)-derived neurons were di�erentiated from 
human iPSC-derived small molecule neural progenitor cells (smNPCs)52. �e neural progenitor cells were 
grown in basic N2/B27 medium (1:1 mixture of DMEM/F12 and Neurobasal medium, 1% penicillin/strep-
tomycin/glutamine (100X), 1% B27 supplement without vitamin A (50x), 0.5% N2 supplement (100x), Life 
Technologies, Carlsbad, CA, USA) supplemented with 100  µM ascorbic acid (AA, Sigma-Aldrich, St. Louis, 
MO, USA), 0.5 µM SAG (Biomol, Hamburg, Germany), and 3 µM CHIR 99021 (Axon MedChem, Groningen, 
Netherlands). Di�erentiation was initiated by patterning medium (basic N2/B27 medium supplemented with 
100 µM AA, 0.5 µM SAG, 1 ng/mL GDNF (PeproTech, Rocky Hill, NJ, USA), 1 ng/mL BDNF (PeproTech)) for 
6 days and terminated in maturation medium (N2/B27 basic medium supplemented with 100 µM AA, 2 ng/
mL GDNF, 2 ng/mL BDNF, 1 ng/mL transforming growth factor-β3 (TGF-β3, PeproTech), 100 µM dbcAMP 
(Sigma-Aldrich). �e cells were kept at 37 °C with 5% CO2 in a humidi�ed atmosphere.  1×106 smNPCs were 

Figure 4.  Electrophysiological characterization of human iPSC-derived neurons on NW substrates compared 
to control. (a) Quanti�cation of passive membrane properties: resting membrane potential (RMP) and 
membrane capacitance (MC) of neurons on NWs and control. (b) Exemplary traces of early-inward (negative 
peaks) and late-outward currents (constant positive currents) of neurons cultured on NW substrates recorded 
in voltage-clamp mode with voltage steps of 10 mV from –70 to +30 mV. Inset: Zoom into early-inward 
currents. (c) Peak inward/outward currents normalized by MC plotted against membrane potential compared 
to control. (d) Typical action potential (AP) traces recorded from neurons on NWs. APs were stimulated by 
current injections from 5 to 20 pA in 5 pA steps. �e �ring frequency increases with increasing amplitude of the 
stimulus. (e) Analysis of the AP kinetics: AP amplitude from threshold to peak (AP ampl.), AP threshold (AP 
thr.), a¦er hyperpolarization (AHP, overshoot a¦er AP), and full width half maximum of the APs (AP duration). 
n(NWs) = 7, n(control) = 10, error bars are SDs, no statistical signi�cances (Mann-Whitney U test: all P > 0.05, 
cf. Table S2 in the supporting material).
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seeded to Matrigel-coated 6-well plate wells and kept in patterning medium for 6 days in vitro (DIV). Cells were 
split 1:5 using accutase (Sigma-Aldrich), seeded into 12-well plates containing the NW and control samples, and 
cultivated in maturation medium until the experiment. SEM imaging, confocal microscopy, and patch clamping 
were conducted 18–20 days a¦er initiation of the di�erentiation. IF imaging was performed 1, 7, 11, and 15 days 
a¦er plating on the NW and control samples. Data was collected from four independent di�erentiations from 
passages 22/24 and 24/26 from two thawings of vials containing the smNPCs. Two di�erentiations per experi-
ment were used.

Ethics declarations. All experiments were conducted in accordance with the ethical statement in Reinhardt et 
al.52.

Confocal microscopy. A Leica TCS SP8 in upright con�guration (488 and 552  nm wavelength laser 
sources) was used for confocal microscopy. Cell membranes were stained in advance with a staining kit (neurite 
outgrowth staining kit, ex/em: 555/565 nm, �ermo Fisher). According to the manufacturer’s protocol, solutions 
were diluted in Dulbecco’s phosphate-bu�ered solution (DPBS), and cells were incubated in a 1× dye mixture 
(4% Formaldehyde added) for 15 min at 37 °C. �e z-stacks were acquired in a 1× background suppression solu-
tion with a slicing distance of 172 nm. Processing and analysis of the z-stacks were conducted with the Leica 
so¦ware (Leica Application Suite X, v2.0.2.15022) or ImageJ/Fiji (v1.53c, https://downloads.imagej.net/�ji/archi
ve/20191216-2110/�ji-win64.zip). For visualization, images were optimized in contrast, brightness, and false 
color, if applicable.

Immunofluorescence staining. Samples were rinsed once with DPBS (Sigma-Aldrich), �xed in formal-
dehyde (4% in DPBS, Sigma-Aldrich) for 10 min, and again rinsed three times with DPBS. Covered with DPBS, 
samples were stored until imaging at 4 °C. Fixed cells were permeabilized and blocked for 45 min with 3% BSA 
(bovine serum albumin, Carl Roth, Karlsruhe, Germany), 0.1% Tween (Tween 20, Sigma-Aldrich), and 0.1% 
Triton-X (Triton X 100, Carl Roth) in DPBS prior to incubation with anti-MAP2 (microtubule-associated pro-
tein 2) primary antibodies (0.1% BSA, MAP2 1:500 in DPBS, mouse anti-MAP2 monoclonal antibody [Y113], 
Invitrogen, Cat. No. 13-1500) overnight at 4 °C. �e cells were washed twice with DPBS and incubated with 
Alexa �uorophore-conjugated anti-mouse primary antibodies (0.1% BSA, Alexa 488 1:1000 in DPBS, goat anti-
mouse IgG-Alexa Flour 488 polyclonal antibody, Invitrogen, Cat. No. A32723) for 1 h in the dark. Stained cells 
were kept in the dark and washed three times with Tween (0.05% in DPBS) for 5 min. �e second washing step 
contained Hoechst 33342 as counterstain. If not further noted, all steps were conducted at room temperature. 
Per sample and point in time, 8–20 images were analyzed. �e covered sample area per image size was 1282 
µm × 853 µm. Images were analyzed using a custom analysis pipeline for CellPro�ler 4.1.3 (https://cellpro�ler-
releases.s3.amazonaws.com/CellPro�ler-Windows-4.1.3.exe). Hoechst images were used to identify nuclei. Vital 
cells were used to mask the MAP2 channel to identify marker positive cells. Images of identi�ed vital cells were 
exported and clustering was analyzed using the SSIDC Cluster Indicator in the BioVoxxel toolbox in ImageJ/Fiji 
(v1.53c, https://downloads.imagej.net/�ji/archive/20191216-2110/�ji-win64.zip). Data was analyzed and graphs 
were generated with Origin (v.2021). In total, approx. 230.000 cells were analyzed.

Viability assay. Viability was estimated in the CellPro�ler pipeline by discrimination of bright nuclei and 
medium bright nuclei a¦er Hoechst 33342 stain for the representation of dead and living cells, respectively. �e 
procedure results in similar values with no statically signi�cant di�erences (Mann-Whitney U test) compared to 
a test using Calcein AM and Propodium Iodide shown in the supporting information (Fig. S7).

Scanning electron microscopy and focused ion beam milling. High-resolution images and cross 
sections were produced using scanning electron microscopy and focused ion beam milling with a Zeiss Cross-
beam 550. Cells were prepared by �xation (4% Formaldehyde in DPBS, 10 min) and dehydration via a stepwise 
ethanol exchange. �e samples were then critical point dried using Tousimis’ Autosamdri-815 and a 20 nm gold 
layer was sputter-coated to avoid charging e�ects.

Electrophysiology. �e patch-clamp setup consisted of an upright Nikon Eclipse FN1 microscope (objec-
tive: Nikon CFI TU Plan EPI ELWD 50× N.A. 0.60/W.D. 11.00 mm) and a HEKA EPC 10 USB patch-clamp 
ampli�er with a red star headstage for trace recording. Patch-clamp pipettes (diameter: approx. 950 nm, resist-
ance: 5–7 M�) were manufactured from borosilicate glass capillary blanks (GB150T-8P, Science Products) using 
a Sutter P-2000 pipette puller. Polishing was conducted with a CPM-2 microforge (ALA Scienti�c Instruments). 
Samples were rinsed three times and covered with bath solution (140 mM NaCl, 2.4 mM KCl, 1.3 mM MgCl2, 
2.5  mM CaCl2,10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10  mM D-glucose, pH 
7.4) and pipettes were �lled with pipette solution (125 mM potassium gluconate (K-gluconate), 10 mM NaCl, 
1 mM Triethylene glycol diamine tetraacetic acid (EGTA), 4 mM magnesium ATP (MgATP), 10 mM HEPES, 
10 mM D-glucose, pH 7.4). Patch clamping was conducted at room temperature. �e Patch Master V2x80 so¦-
ware was used for data processing. A Bessel low-pass �lter was set to 2.9 kHz and the capacitance and series-
resistance were automatically compensated. Electrophysiological parameters were recorded and determined as 
follows. RMP: in current-clamp mode by keeping cells with zero current. MC: directly determined by the patch-
clamp so¦ware. For APs, the �rst AP of an AP train at rheobase current was analyzed–AP height: threshold to 
peak. AHP: threshold to minimum a¦er AP. AP threshold: membrane potential where the second derivative 
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becomes di�erent from zero (determined with Origin). AP duration: full-width half-maximum of the AP. Num-
ber of cells analyzed: n(NWs) = 7, n(control) = 10.

Received: 23 May 2021; Accepted: 29 August 2021
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Figure S1: Cross-sectional CLSM image of silicon nanowires (yellow) without Matrigel coating. 

Figure S2: CLSM image including a cross section of a neuron cultured on a control substrate. The neuron appears in red, the reflection of 

the substrate is yellow. 



 

 

 

 

 

 

 

 

 

 

Figure S4: Exemplary images of Hoechst-stained cells (blue) on control (a) and nanowire arrays (b) one day after plating. 

Figure S3: Comparison of f-actin/cytoskeleton (phalloidin, green) and paxillin/focal adhesions (red) of cells on NW and control 

substrates 11 days after plating. a) Cells on control substrate. b) Cells on NWs. c) Share in paxillin positive area in comparison 

with f-actin positive area. No statistical significance, Mann-Whitney U test, P > 0.05, error bars are SDs. 

Samples were washed, fixated, blocked et cetera analogously to the IF staining procedure in the main manuscript. Besides, 

sells were stained with anti-paxillin primary antibodies (0.1% BSA, Pax 1:250 in DPBS, rabbit anti-Paxillin recombinant mono-

clonal Antibody [M13], Abcam, Cambridge, UK, Cat. No. ab32084) overnight at 4 °C. Samples were rinsed with DPBS two 

times. Secondary and Phalloidin staining was performed for 1 h in the dark with Alexa fluorophore conjugated anti-rabbit 

antibodies and phalloidin (0.1% BSA, Alexa 555 1:1000, PH: 2 drop /mL in DPBS, goat anti-rabbit IgG-Alexa Flour 555 polyclonal 

antibody, Thermo Fisher Scientific, Massachusetts, USA, Cat. No. A32732, phalloidin: ActinGreen Alexa Fluor 488 probe, 

Thermo Fisher Scientific, Cat. No. R37110). 



 

 

 

  

Figure S5: a) Exemplary image of neurons cultured on planar control substrate 15 days post plating labeled with anti-MAP2 (green) 

and Hoechst counterstain (blue). b-d) Neurons on NWs with anti-MAP2 labeling and Hoechst counterstain 1, 7, and 11 days post 

plating. 

Figure S6: Total neurite length (a) and mean neurite length (b) of MAP2 positive cells determined by CellProfiler. 



 

 

 

 

 

 

Figure S7: Comparison of estimating the viability by discrimination of vital and dead cells by brightness and by staining 

with Calcein and Propidium Iodide (PI). Exemplary widefield image (a) including the corresponding Hoechst (b), Cal-

cein (c), and PI-stained (d) images including a merge (e). The analysis results from CellProfiler are compared to each 

other and the few differences are highlighted by red squares (f and g). The techniques deliver comparable results 

(55.5% vs 59.3%, bar chart in h) with no statistically significant differences (Mann-Whitney U test, P = 0.16898 > 0.05). 



 

 

 

 

 

Table S2: Statistical significances of electrophysiological properties in Figure 4. Mann-Whitney U test between NW and control samples 

of resting membrane potential, capacitance, AP amplitude, AP threshold, AHP, and AP duration. 

Parameter Precise P P threshold Sig 

RMP 0.5362 0.05 0 

MC 0.81253 0.05 0 

AP amplitude 0.60088 0.05 0 

AP threshold 0.19323 0.05 0 

AHP 0.94138 0.05 0 

AP duration 0.23879 0.05 0 

Table S1: Statistical significances of IF quantification in Figure 3. Mann-Whitney U test between NW and control substrates of cell number, 

single cells, cell viability, and MAP2 positive cells. 

Parameter Precise P P threshold Sig 

Cell numer (1 DIV) 1.23893E-4 0.001 1 

Cell numer (7 DIV) 0.33519 0.05 0 

Cell numer (11 DIV) 0.07569 0.05 0 

Cell numer (15 DIV) 0.00901 0.01 1 

Viability (1DIV) 1.84916E-6 0.001 1 

Viability (7DIV) 2.22169E-8 0.001 1 

Viability (11DIV) 1.1515E-8 0.001 1 

Viability (15DIV) 2.44257E-8 0.001 1 

Single cells (1DIV) 1.29441E-5 0.001 1 

Single cells (7DIV) 6.4152E-4 0.001 1 

Single cells (11DIV) 1.51883E-5 0.001 1 

Single cells (15DIV) 3.01902E-5 0.001 1 

MAP2 positive (1DIV) 0.37442 0.05 0 

MAP2 positive (7DIV) 0.80601 0.05 0 

MAP2 positive (11DIV) 7.43885E-4 0.001 1 

MAP2 positive (15DIV) 0.00103 0.01 1 
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and regenerative medicine.[1–3] In this con-
text, vertically aligned high aspect ratio 
nanostructures—so-called nanowire  (NW) 
arrays—used as cell culture substrates play 
an increasingly important role in estab-
lishing novel tools for interrogating and 
stimulating cells on molecular and cellular 
levels.[4–7] In recent years, studies testing 
the unique capabilities of NW arrays 
have been conducted with a variety of cell 
types, for instance, basic cell lines such as 
GPE86, HEK293, and HeLa cells, primary 
rodent neurons, and (mesenchymal) stem 
cells (MSCs), to name a few.[8,9] The impact 
of such studies on medical applications 
such as drug screenings and neurodegen-
erative disease studies might, however, be 
significantly improved by employing more 
sophisticated cells, namely, cells derived 
from human induced pluripotent stem 
cells (iPSCs).[10]

Human iPSC technologies have 
changed the way of preclinical research and 
application by enabling human  (patient-
specific) in vitro models without restric-
tions in cell availability.[11] Not only 

political and ethical controversies raised by using embry-
onic stem cells  (ESCs) are avoided, but also all major cell 
types including blood-brain barrier models and brain orga-
noids can be generated.[12,13] For studying neurodegenerative 
diseases such as Alzheimer’s or Parkinson’s, neurons derived 
from human iPSCs are of particular interest since adequate 
models are otherwise scarcely available.[14] Apart from ESCs, 

Nanowire (NW) arrays interfaced with biological cells have been demon-
strated to be potent tools for advanced applications such as sensing, stimu-
lation, or drug delivery. Many implementations, however, have so far only 
been studied with rather robust basic cell models. Here, the generation of 
human induced pluripotent stem cell (iPSC)-derived neurons is presented 
on various types of NW arrays. Specifically, combinations of three NW 
lengths (1, 3, and 5 µm), three array pitches (1, 3, and 5 µm), and two NW 
diameters (thin/thick pairs, 270–600 nm/590–1070 nm) are being utilized. 
The cell/NW interactions range from fakir-like states to NW-encapsulating 
states depending on the array characteristics. The cultures show equal 
proportions of neuronal marker-positive cells after 8–9 days of terminal 
differentiation on the NW arrays (14–15 days in total) compared to planar 
controls. In addition, the neurons are functional with similar kinetics of the 
action potentials highlighting the equivalence of the NW arrays for neuronal 
differentiation. In the future, stem cell research and regenerative medicine 
might substantially benefit from further functionalized NW arrays enabling 
the well-established mechanisms such as NW-mediated in vitro gene editing 
or intracellular delivery of biomolecules to further control and/or to enhance 
neuronal differentiation.

J. Harberts, M. Siegmund, C. Hedrich, R. Zierold, R. H. Blick
Center for Hybrid Nanostructures (CHyN)
Universität Hamburg
Luruper Chaussee 149, 22761 Hamburg, Germany
E-mail: jann.harberts@chyn.uni-hamburg.de; 
robert.zierold@chyn.uni-hamburg.de

RESEARCH ARTICLE

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admi.202200806.

W. Kim, A. Fontcuberta i Morral
Faculty  of Engineering
Laboratory of Semiconductor Materials
Institute of Materials
École Polytechnique Fédérale de Lausanne (EPFL)
Lausanne 1015, Switzerland
A. Fontcuberta i Morral
Faculty of Basic Sciences
Institute of Physics
École Polytechnique Fédérale de Lausanne (EPFL)
Lausanne 1015, Switzerland
R. H. Blick
Material Science and Engineering
College of Engineering
University of Wisconsin-Madison
Madison, WI 53706, USA

© 2022 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.

1. Introduction

State-of-the-art micro-  and nanofabrication techniques allow 
nowadays for engineering advanced biological metamaterials 
which are being considered promising candidates, for example, 
to support biomedical translation, to fabricate minimal invasive 
nanoelectronics, or to be utilized as nanotools in neuroscience 
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animal models using, for example, neurons from rodents have 
been employed. Corresponding studies, however, often suffer 
from high clinical failure rates during the translation to the 
human physiology and as a result, their pertinence for medical 
applications is typically rather limited.[15] In the same way, the 
existing studies demonstrating the advantages of NW arrays in 
cell culture but only utilizing traditional cell models might be 
restricted, for instance, in the context of improving neurode-
generative disease studies or pharmacological drug screenings. 
Nevertheless, stem cell research might substantially benefit 
from, e.g., improved neuronal differentiation and sophisticated 
neuronal cell interrogation mediated by  (functionalized) NW 
arrays.[16]

NW arrays used as cell culture substrates elicit a strong 
interaction between the substrate and the cells by their unique 
topography.[17–19] The very interplay between both renders pos-
sible a multitude of applications such as sensing, stimulation, 
and drug delivery.[20–23] Passive NW arrays have been used, for 
example, to measure mechanical cell properties,[24] to interact 
with the cell’s nucleus,[25] to reorganize actin,[26] to stimu-
late the mechanotransduction machinery,[27] or to direct cell 
polarization such as outgrowth and branching of neurites.[28,29]

Further, the strong coupling between the cell membrane and 
the substrate can also help to improve electrical recording and 
stimulation of microelectrode arrays that have been equipped 
with the nanostructures.[30] Also intrinsic material features of 
the NWs such as photoelectrochemical properties—either in 
arrays or free-standing, that is, detached from the substrate—
can be used to modulate neuronal or cardiac activity in vitro or 
as retina implants.[31,32] Another fundamental advantage of the 
NW arrays is the capability to support intracellular delivery by 
stimulated endocytosis or—in case of hollow NWs—by direct 
injection into the cell via electroporation.[33–35] The variety of 
potential applications renders NW arrays a promising element 
for next-generation biomedical instruments and nano-enabled 
neuronal interfaces.[36] However, present studies have also 
shown that NW arrays can influence basic cell properties such 
as the viability,[37] movement,[38] proliferation,[39] adhesion,[40]

velocity,[41] morphology,[42] and spreading of overgrowing 
cells.[43] Moreover, other literature reported that the growth, 
gene expression, or differentiation of, for example, MSCs or 
ESCs can be affected when being cultured on NW arrays.[44–46]

To make use of the NW array-associated advantages such as the 
improved electrical junction or the intracellular drug delivery, it 
thus is essential for the prospective applications that the neu-
ronal differentiation of human iPSCs is maintained especially 
on passive NW arrays compared to planar controls. The equiva-
lence would permit that well-established differentiation proto-
cols tested in regular Petri dishes can be applied in the future. 
In previous studies, we showed the general feasibility of gen-
erating human iPSC-derived neurons on NW arrays, but the 
utilized substrates featured only about 1 µm long NWs.[47,48] As 
a result, their rather basic topographies just induced a limited 
amount of deformational stress toward the cells. The impact 
of other NW array geometries—for instance, with longer 
NWs—on the neuronal differentiation is still unclear and thus 
has been addressed in this study.

Here, we present the generation of functional human iPSC-
derived neurons on NW arrays featuring multiple combinations 

of three different NW lengths  (1, 3,  and 5 µm), three different 
array pitches  (1,  3,  and 5  µm), and two different NW diam-
eters  (thin/thick pairs, 270–600  nm, 590–1070  nm) after only 
14–15 days of differentiation. The extensive variation of the NW 
arrays characteristics went along with fundamental changes in 
the interaction between the neurons and the NW arrays. Spe-
cifically, the interaction regimes ranged from fakir-like states on 
dense NW arrays where the cells were only in contact with the 
very NW tips to NW-encapsulating states on sparse NW arrays 
where the cells enwrapped entire NWs. Severe deformations 
and indentations of the neurons including their nuclei were 
then observed particularly with 5  µm long NWs. Despite the 
varying interactions with the NW arrays, the proportion of neu-
ronal marker-positive cells (MAP2, NeuN, TH) after 8–9 days of 
terminal differentiation on the NW arrays  (14–15 days in total) 
was similar to planar controls. In addition, similar electrophysi-
ological properties including the functional character of the gen-
erated neurons confirmed the quality of the neuronal differen-
tiation on the NW arrays. By highlighting the equivalence of the 
culturing substrates for the neuronal differentiation, the results 
pave the way for enabling the unique applications of—then func-
tionalized—NW arrays for human iPSC-derived neurons. We 
believe that stem cell research and regenerative medicine might 
substantially benefit in the future from the well-established NW 
array-mediated mechanisms such as in vitro gene editing or the 
intracellular delivery of biomolecules, for example, to further 
control and/or enhance neuronal differentiation.[49–52]

2. Results

The NW arrays featuring different NW lengths, array pitches, 
and NW diameters were prepared from plain silicon using reac-
tive ion etching (RIE) and a hard mask of rectangularly arranged 
dots defined by electron beam lithography  (EBL)  (Figure 1). 
Specifically, three NW lengths of 1, 3, and 5 µm (L1, L3, and L5), 
three array pitches of 1, 3, and 5  µm  (P1,  P3,  and P5), and 
two diameters  (D−/D+, thin/thick pairs from 270–600  nm and 
590–1070  nm diameter) were used—resulting in 18 different 
types of NW arrays (summarized in Table 1). The wide range of 
NW diameters within the D−/D+ categories was caused either 
by the nature of the RIE process or the pitch of the arrays as 
described in the following. The D− diameters correspond to 
the minimal value that was compatible with the RIE process 
(≈270–600  nm). Longer wires  (L3 and  L5) and larger pitches 
(P3 and  P5) required gradually increased diameters to com-
pensate for the tapering occurring toward the base of the 
NWs (clearly visible for L5 P3 D− and L5 P5 D−, Figure 1). For 
D+ NW arrays, the diameter was arbitrarily set to a rather large 
value of ≈1000  nm. Note, for P1  D+ NW arrays, the diameter 
was only about 600 nm because else the NWs essentially would 
have been tangent with each other and concomitant, the geo-
metrical nature of a NW array would have been lost.

The interaction of the human iPSC-derived neurons with 
the NW arrays was investigated by 3D confocal laser scanning 
microscopy  (CLSM) imaging  (Figure 2, top-views and cross 
sections). Neurons  (green) were identified by the neuronal 
marker microtubule-associated protein 2 (MAP2) and their 
nuclei  (red) were stained with DRAQ5. Note, the NW tips’ 
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reflections appeared green. Overall, three interaction regimes 
were found, namely, fakir-like, intermediate, and encapsulating 
regimes. In general, the induced topographical stress on the 
cells  (e.g., deformation of the nucleus) increased with the NW 
length. The specific settling regimes of the neurons were pre-
dominantly governed by the array pitch. The fakir-like states 
where the cells rest on a “bed-of-nails” only being in contact 
with the very NW tips were found for almost all P1 NW arrays. 
However, for L1 P1 D− NW arrays, intermediate states were 
also observed. Note, for L3/L5 P1 D− NA arrays, the neurons 
were fakir-like but more entanglement with the NW tips was 
observed. The interactions of the neurons with the P3 and P5 
NW arrays were more complex. On P3 D− NW arrays, to start 
with, the neurons often showed encapsulating settling states. 
However, in case of the longest NWs  (L5 P3 D−, Figure 2) the 
cells were likely to lose contact to the bottom of the substrate 
and were thus mostly in intermediate states. In case of the cor-
responding D+ NW arrays, in contrast, the imaged cells were 

more often in intermediate or even fakir-like states whereat with 
P3  L3  D+ NW arrays  (Figure  2) the yield of the intermediate 
state was particularly low  (3 of 11 imaged neurons, else fakir-
like). For P5 NW arrays, the majority of the neurons completely 
encapsulated the NWs and were hence also in contact with the 
bottom of the substrate. As a result, the variation of the NW 
lengths using P5 NW arrays had a distinct influence on the cell/
NW interface. Cells on the L1 P5 NW arrays were only scarcely 
visibly deformed by the short NWs. Using L3 P5 NW arrays, the 
NWs showed a larger impact on the somata. The nuclei, how-
ever, were usually unaffected. For L5 P5 NW arrays, in contrast, 
not only the somata were severely deformed but also the nuclei 
were indented by the NWs. The diameters of the NWs played 
a subordinate role for which resting state was observed. Never-
theless, the different diameters altered the amount of cell mate-
rial, that is, cell membrane and nucleus, being displaced by the 
NWs. The analysis of cells by CSLM already showed that MAP2-
positive neurons were generated on the NW arrays despite the 
to some extent severe appearing topographical challenges. In a 
next step, the overall yields of the neuronal differentiation were 
analyzed by additional neuronal markers.

The yields of the neuronal differentiation on the NW arrays 
were determined from immunocytochemistry  (ICC) double-
stainings and compared to planar controls  (Figure 3). On the 
one hand, the cells were labeled with MAP2 and neuronal 
nuclei (NeuN) (Figure 3a, examples of L1 P1 D−, L3 P3 D+, and 
L5 P5 D− NW arrays, all others and controls in Figure S1, Sup-
porting Information) and on the other hand, with MAP2 and 
tyrosine hydroxylase (TH)  (Figure  3b, examples of L1  P1  D+, 
L3 P3 D−, and L5 P5 D+ NW arrays, all others and controls in 

Figure 1. Compilation of scanning electron microscopy images of the utilized Si NW arrays featuring altering lengths (L), pitches (P), and diameters 
(D). The lengths of the NWs were 1, 3, and 5 µm (L1, L3, and L5). The array pitches were 1, 3, and 5 µm (P1, P3, and P5). The diameters for the thin
type (D−) were between 270 and 600 nm depending on the length and pitch—longer NWs and larger pitches required larger diameters to be compat-
ible to the RIE processing. The thick type (D+) was about 600 nm in diameter for P1 NW arrays and ≈1000 nm for the P3/P5 NW arrays. Note, detailed 
geometrical specifications are listed in Table 1.

Table 1. Overview of the geometry of the utilized NW arrays. The entries 
of the table follow the nomenclature of length (L)/pitch (P)/diameter 
(D) where the approximate values are given in µm/µm/nm. The dia-
meters were measured at the thickest section of the NWs.

P1 P3 P5

D− D+ D− D+ D− D+

L1 1/1/270 1/1/590 1/3/280 1/3/900 1/5/280 1/5/890

L3 3/1/290 3/1/610 3/3/380 3/3/970 3/5/460 3/5/1020

L5 5/1/360 5/1/610 5/3/540 5/3/1000 5/5/600 5/5/1070
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Figure  S2, Supporting Information). For quantification, cells 
were first identified by Hoechst-counterstaining  (nuclei). Sub-
sequently, viable cells (about 50%, Figure S3, Supporting Infor-
mation) were cross-correlated to the respective ICC color chan-
nels. The proportion of MAP2-positive cells on the NW arrays 
was about 65% and comparable to the controls (planar Si, glass; 
Figure 3c). With regard to the MAP2-positive cells, that is, neu-
rons, about 65% were also NeuN-positive  (Figure  3d, similar 
to the controls). A smaller proportion of the neurons was also 
TH-positive  (about 2.5%, Figure  3e, comparable to the con-
trols). Overall, the differentiation yields on the NW arrays were 
similar to the planar controls. Another essential measure of the 

quality of neuronal differentiation is the development of char-
acteristic ion channels and the concomitant ability to process 
action potentials (APs), that is, the functionality of the neurons.

The functionality of the neurons generated on the NW 
arrays was tested by patch clamp measurements and com-
pared to planar controls (Figure 4). The patch clamp procedure 
was generally feasible on the NW arrays but noteworthily, the 
cells’ visibility on the nanostructured substrates was hindered 
considerably compared to the planar controls (Figure 4a, exam-
ples of L5 P1 D+, L1 P3 D−, and L3 P5 D+ NW arrays, controls in 
Figure  S4a, Supporting Information). The generated neurons 
were functional on all types of NW arrays shown by recordings 

Figure 2. Interactions of the neurons with the NW arrays depending on the NW length, array pitch, and NW diameter. Neurons were stained with 
MAP2 (green) and nuclei were labeled with DRAQ5 (red). The NW tips’ reflections appeared in green (note, for D− NW arrays, the tip reflections had 
substantially less intensity—to highlight the settling regimes, the NW tips were indicated in the cross sections by dotted lines). The main panels show 
top-views of the neurons whereas the panels below depict the corresponding cross-sectional views (z-stacks prepared by CLSM). The numbers in cross-
sectional views indicate the proportion of the imaged cells which showed fakir-like (F), intermediate (I), or encapsulating (E) interaction with the NW arrays 
where the underlined entry is presented in the figure. P1 NW arrays mostly elicited a fakir-like resting state where the cells only interacted with the NW tips 
(independent of the NW length). Larger array pitches, especially P5 NW arrays, promoted the encapsulation of the NWs where with increasing NW 
length, the somata and nuclei were exposed to more severe deformations/indentations. Note, states were called intermediate where the cells started 
to enwrap the NWs but were not in contact with the bottom of the substrate. General note regarding the image composition: For the fakir-like states 
and the L1 NW arrays, the main panels consist of an overlay of two separate images where one is focused on the NW tips and the other in the cell. 
Other main panels: Only one image with focus at the NW tips.
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of APs (Figure 4b, traces of controls in Figure S4b, Supporting 
Information). The amplitudes of the APs were about 70  mV 
and similar to the controls (Figure 4c). The AP thresholds and 
AP widths were ≈−25  mV and 3.6  ms, respectively, similar to 
the controls (Figure 4d,e). In addition to the functional analysis, 
we characterized further electrophysiological parameters of 
the neurons such as the resting membrane potentials (RMPs), 
membrane capacitances  (MCs), and voltage-dependent mem-
brane currents  (Figure 5). Specifically, the RMPs and MCs 
were about −50 mV and 12 pF, respectively, comparable to the 
controls  (Figure  5a). Lastly, the early-inward and late-outward 
currents were measured by applying voltage steps from −70 to 
+30 mV to the cells (Figure 5b, shown here: L1 P1 D−, L3 P3 D+, 
and L5  P5  D−, all other NW arrays in Figure  S5a, Supporting 
Information, Si control in Figure 5d, glass in Figure S5b, Sup-
porting Information). The recorded traces showed early nega-
tive peaks  (inward currents, insets of respective panels) and 
late positive constant currents (outward currents) depending on 
the applied voltages. The peak values of the early-inward and 
late-outward currents normalized to cells’ MCs plotted against 
the applied voltages showed minima of the inward currents 
at about 0 mV and an increase of the outward current at volt-
ages higher than 0  mV  (Figure  5c, Si in Figure  5d, glass in 
Figure S5c, Supporting Information).

3. Discussion

The fabrication of NW arrays by RIE in a top-down process 
from bulk material such as Si is well-established in the field.[53]

By defining the hard mask, that is, the array pitches and NW 
diameters, via EBL wafer-scale sample fabrication with high-
precision is enabled.[54] In general, the utilized NW lengths 
and array pitches match the values frequently found in the 
literature.[20] The D− diameters achieved by RIE rather cover 
the upper range of NW diameters used in the field—espe-
cially for the L5 NW arrays. Nonetheless, for applications such 
as solar cell NWs diameters around 300–400  nm would be 
acceptable.[55,56] Employing even thicker NWs (D+) extends the 
universality of the study since, for example, also NWs with a 
diameter of about 1 µm influence cell spreading or facilitate cell 
transfection.[57,58] Moreover, such larger diameters fill to some 
extent the gap between NW and micropillar arrays used in cell 
culture.[59,60] All NW arrays—with NW lengths up to 5 µm—
were prepared in a single-step RIE process. Such long NWs are 
usually achieved in multi-step deep RIE  (DRIE) processes[61]

whereas NW arrays prepared by regular RIE typically reach 
shorter lengths of about one micron due to a critical degree of 
underetching.[62] The ensemble of the top-down approach via 
RIE and a hard mask defined by EBL ensures a high reproduc-
ibility of the NW array fabrication virtually without any defects 
such as missing or askew NWs which is common in bottom-
up approaches.[63–65] A defect-free nature of the NW arrays, 
however, was crucial to study the general impact of the NW 
arrays on the neuronal differentiation. Single missing NWs, 
for example, in P5 NW arrays would appear as P10 NW arrays 
to individual cells—or even as a flat since the cells might fit 
completely in between the NWs without any further interac-
tion. Nevertheless, we also tested the neuronal differentiation 
on bottom-up fabricated NW arrays since the NW growth goes 

Figure 3. ICC stainings with MAP2, NeuN, and TH. a) Exemplary ICC stainings of cells using MAP2 (green, upper panels) and NeuN (red, lower 
panels). Shown are L1 P1 D−, L3 P3 D+, and L5 P5 D−  (all others in Figure S1, Supporting Information). b) Exemplary ICC stainings of cells using 
MAP2 (green, upper panels) and TH (red, lower panels). Shown are L1 P1 D+, L3 P3 D−, and L5 P5 D+ (all others in Figure S2, Supporting Information). 
c) Proportion of MAP2-positive viable cells. d) Proportion of NeuN-positive neurons. e) Proportion of TH-positive neurons. No statistically significant 
deviations from the controls (ANOVA with post-hoc Tukey’s test, α = 0.05). n (analyzed images) = 7. Error bars are standard deviations (SDs).
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along with enhanced material properties such as improved 
surface states, fewer material defects, and the capability to add 
functionality by integrating hetero-junctions by varying the 
doping during the growth, for example, to build NW solar cells 
to stimulate cells grown on top.[66,67] Specifically, we prepared 
L2 P3 D−, L2 P3 D+, L4.5 P1 D+, L4.5 P3 D+, and L4.5 P5 D+ GaAs 
NW arrays (Figure S6a, Supporting Information) and validated 
the generation of human iPSC-derived neurons on these NW 
arrays by MAP2 and NeuN stainings  (Figure  S6b, Supporting 
Information). However, employing Si for the NW fabrication—
as used herein for the comprehensive analysis—is also reason-
able since nanostructured Si is considered a promising material 
to overcome fundamental limits of current biomedical devices, 
for example, by enabling subcellular biointerfaces.[68]

The interface between the human iPSC-derived neurons and 
the NW arrays was marked by a variety of cellular settling states 
of which the fundamental dependency of the states with regard 
to the NW lengths, array pitches, and NW diameters was in 
accordance with a model developed in Buch–Månson et  al.[69]

In general, this model describes that fakir-like states are favored 
by cells in the case of long NWs, small array pitches, and thin 
diameters. In contrast, NW encapsulation is more likely for 
short NWs, large array pitches, and thick diameters. Overall, 
for P1 NW arrays, we observed the fakir-like state which is in 
accordance to the model and other studies with high-density 

NW arrays.[43,70–72] With increasing pitch, the neurons began to 
encapsulate the NWs. For the P3 NW arrays, the yields for par-
tial NW encapsulation were reduced in the case of the D+ NW 
arrays which is contradicotry to the expectations derived from 
the model. One reason might be that in the case of P3 D+ NW 
arrays the effective distance between the NWs (i.e., pitch minus 
diameter) falls below the threshold for NW encapsulation. A 
similar phenomenon has been observed in Hanson et al., where 
for a constant pitch of 1 µm and a NW length of 500 nm the 
cells encapsulated NWs featuring a diameter of <200  nm but 
were fakir-like for 500 nm thick NWs because of the decreased 
effective array pitch (500 vs 800 nm).[73] This also explains, why 
for L1 P1 D− not only fakir-like but also intermediate states 
were observed. For the P5 NW array, we mostly observed com-
plete encapsulation of the NWs which is in accordance with 
other studies using low arrays densities.[43,74] The strong inter-
action of the NWs with the nuclei in the encapsulating states 
is also reported in the literature.[25] In direct comparison to 
a prior study of us with undifferentiated neural progenitor 
cells (NPCs)—used to generate the neurons herein—the differ-
entiated neurons were more likely to favor the fakir-like state at 
similar specifications of the NW arrays.[75]

The neuronal differentiation yields on the NW arrays were 
analyzed after 14–15 days  (8–9 on the NW arrays) of culturing 
by labeling neuron-specific markers such as MAP2, NeuN, 

Figure 4. Functionality of the human iPSC-derived neurons generated on the NW arrays. a) Examples of neurons patch clamped on NW arrays with 
different NW lengths, array pitches, and NW diameters (shown: L5 P1 D+, L1 P3 D−, and L3 P5 D+, controls: Figure S4a, Supporting Information). 
b) Exemplary traces of APs evoked by rheobase current for all types of NW arrays (controls: Figure S4b, Supporting Information). c) Quantification of 
the mean AP amplitudes. d) Quantification of the mean AP thresholds. e) Quantification of the mean AP widths. No statistically significant deviations 
compared to the controls (ANOVA with post-hoc Tukey’s test, α = 0.05). n (analyzed cells) = 4, 6, 3, 4, 4, 3, 3, 6, 2, 2, 3, 5, 3, 6, 4, 3, 4, 5, 7, 7, from left 
to right, respectively. Error bars are SDs.
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and TH. About 65% of the cells cultivated on the NW arrays 
were positive for the postmitotic neuronal marker MAP2. Such 
a value is comparable to other studies conducted in regular 
well plates.[76] The majority of the identified neurons  (≈65%) 
were also immunoreactive for another mature neuronal 
marker, namely, NeuN, similar to other studies.[77] A small 
fraction of neurons was also positive for TH (about 2.5%) indi-
cating the development toward a dopaminergic phenotype. 
Notably, the proportion for TH was rather small but being a 
late marker  (e.g., a significant TH upregulation after 20 days 
of differentiation was reported in Gilmozzi et  al.) such values 
are normal for very young cultures as, for example, literature 
reports also on single-digit proportions for cells cultured even 
longer than here  (30  days).[78] Overall, the numbers reflect 
normal yields for the generation of human iPSC-derived neu-
rons but remarkably all yields were equally independent on the 
type of substrate, that is, the strong interaction with the NW 
arrays including the partly severe deformations of the somata 
and nuclei had no impact on the neuronal differentiation. 
Also, the yields compare well considering the short differen-
tiation period of only 14–15 days versus >30 days used in other 
studies.[76–78] In this context, it is also striking that the neurons, 
in addition, were functional already. One potential reason for 
the fast maturation of the neurons might be the early applica-
tion of DAPT (on day 6) to the maturation medium to enhance 
the neuronal differentiation.[79]

The electrophysiological analysis via patch clamping showed 
that on all types of NWs arrays the generated neurons were func-
tional demonstrated by recordings of APs whose kinetics such as 
the AP amplitude, AP threshold, and AP width were similar to the 
planar controls. Moreover, the mean values of amplitude (about 

70 mV), threshold (about −25 mV), and duration (about 3.6 ms) 
were comparable to other human iPSC-derived neurons.[80–84]

The RMPs  (about −50  mV) and MCs  (about 12  pF) were not 
only similar to the controls but also in accordance with the litera-
ture.[80–84] Lastly, we measured the early-inward and late-outward 
membrane currents to test for the characteristic interplay of the 
sodium and potassium ion channels. Independent of the type 
of NW arrays, the neurons showed the typical negative peaks 
and constant positive currents. Here, the normalized maximum 
inward/outward currents plotted against the applied voltages 
showed similar voltage-dependencies to the controls and other 
studies.[79,85] Considering again the tremendous differences 
observed for the interface between the neurons and the NW 
arrays, it is remarkable that the functional maturation is equal 
to the controls as well as to other studies. As a result, the geo-
metrical specifications of the NW arrays may freely be chosen 
to optimize both the cell/NW interface and the properties of the 
NW arrays in order to match prospective applications.

4. Conclusions 

This study demonstrates the generation of functional human 
iPSC-derived neurons on NW arrays with varying geomet-
rical specifications such as the NW length  (1–5  µm), array 
pitch  (1–5  µm), and NW diameter  (270–1070  nm) within 
only 14–15  days of cultivation. The neuronal differentia-
tion was equal to planar controls in terms of both neuronal 
markers (MAP2, NeuN, TH) and electrophysiology such as AP 
kinetics, RMPs, and characteristic membrane currents. Such 
equal outcome of the differentiation is particularly striking 

Figure 5. Additional electrophysiological analysis of the human iPSC-derived neurons cultivated on the NW arrays. a)  Resting membrane poten-
tials (RMPs) and membrane capacitances (MCs) on all types of substrates. No statistically significant deviations compared to the controls (ANOVA 
with post-hoc Tukey’s test, α =  0.05). b)  Exemplary traces of early-inward  (negative peaks) and late-outward  (positive/constant) membrane cur-
rents recorded from neurons cultured on NW arrays during the application of voltage steps from −70 to +30 mV (shown here: L1 P1 D−, L3 P3 D+, 
and L5 P5 D−, Si control: panel (d), all other NW arrays: Figure S5a, Supporting Information, glass: Figure S5b, Supporting Information). c) Peak 
inward-  (diamonds) and outward-currents  (squares) normalized to the cells’ MCs plotted against the applied voltages for all types of NW arrays 
(Si control: panel (d), glass: Figure S5c, Supporting Information). n (analyzed cells) = 4, 6, 3, 4, 4, 3, 3, 6, 2, 2, 3, 5, 3, 6, 4, 3, 4, 5, 7, 7, from left to right, 
respectively. Error bars are SDs.
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since strong interactions of the neurons with the NW arrays 
have been observed which were going along with altering set-
tling states such as fakir-like states or NW-encapsulating states. 
The equality of the neuronal differentiation despite the topo-
graphical challenges paves the way for future applications with 
functionalized NW arrays and, especially, allows for tailoring 
the physical specifications of the NWs arrays which might facil-
itate advanced applications such as sensing, stimulation, or bio-
molecule delivery in stem cell culture.

Specific applications being invaluable in the context of stem 
cell technologies and based on the findings presented herein 
might be, for example, as follows: The neuronal differentia-
tion of human iPSCs might be enhanced by currents/poten-
tials directly generated from solar cell NW arrays analogously 
to a study by Kwon et al., where the neurogenesis of fetal stem 
cells benefited from electrical stimuli mediated by NW arrays 
externally connected to a power supply.[86] Also, therapeutic 
applications such as retina implants might have an advantage 
by employing solar cell NW arrays to precisely stimulate the 
respective nerve cells since the devices can be embedded into 
translucent polymers and tailored to be sensitive to specific 
wavelengths.[87] Moreover, stem cell culture might be facilitated 
by means of NW-mediated cell transfection to enhance, for 
instance, in vitro gene editing tools such as CRISPR/Cas9.[49,50]

NW arrays with hollow NWs might further extend the number 
of suitable payloads by soluble cargoes to render possible, for 
example, the direct intracellular delivery of neuronal growth 
factors to stimulate neurogenesis.[51,52]

In conclusion, our results demonstrate the feasibility 
to combine human iPSC-derived neurons with NW arrays 
featuring a widespread compilation of geometrical character-
istics to enable a likewise diversity of potential applications. 
Hence, we believe that stem cell research and regenerative 
medicine will substantially benefit in the future from further 
functionalized NW arrays for improved cell differentiation and 
interrogation.[5,16]

5. Experimental Section
Nanowire Array Preparation: The NWs arrays were fabricated from 

silicon wafers  (Si-Mat, P/Bor  <100>, 5–10  Ω⋅cm) in a top-down process 
by RIE using a chromium hard mask. The mask was predefined via 
EBL  (Raith Voyager e-beam lithography system) in a 90  nm thick layer of 
positive photoresists  (PMMA, AllResist, AR-P 671.02). Circles with varying 
diameters (from, for example, 200 nm for the L1 P1 D− NW arrays, up to, for 
instance, 700 nm for the L5 P5 D+ NW arrays) were defined in a rectangular 
arrangement with pitches of 1, 3, and 5 µm. After developing  (1:3  methyl 
isobutyl ketone (MIBK):isopropyl alcohol (IPA) including 2.7% H2O for 30 s 
and IPA for 30 s), an about 50 nm thick layer of chromium was deposited in 
a physical vapor deposition (Balzer/Pfeiffer, PLS 500) process. The samples 
were etched with an inductively coupled plasma (ICP)-RIE (Sentech SI500) 
using 200 W ICP power, 50 W RF power, 2 Pa pressure, 25 sccm SF6, and 
50 sccm C4F8 at 0 °C electrode temperature. The etch rate was about 300 nm 
min−1 and the etch duration was set accordingly to obtain NWs with lengths 
of 1, 3, and 5 µm. The NW arrays were passivated by a layer of Al2O3 (about 
20 nm) deposited by atomic layer deposition in a custom-built system. The 
samples were imaged with a Crossbeam 550 (Zeiss). To ease the handling 
of the wafer pieces, the substrates were glued with polydimethylsiloxane 
(PDMS, SYLGARD 184 Elastomer Kit, Dow Corning) to 12 × 12 mm2 glass 
coverslips. For cell culture, the samples were treated with an oxygen plasma, 
placed in a well of a 12-well plate, sterilized in 70% ethanol for 5 min, and 

coated with Matrigel  (Corning  354263, 1:150 in Knock Out DMEM, Life 
Technologies) over night at room temperature or 1 h at 37 °C (1 mL per well). 
The GaAs NW fabrication is stated in the Supporting Information.

Cell Culture: The human iPSC-derived neurons were generated 
from human iPSC-derived NPCs.[85] The NPCs were maintained in 
Matrigel-coated  (1.5  mL per well) 6-well plates using basic N2/B27 
medium  (1:1 mixture of DMEM/F12 and Neurobasal medium, 1% 
penicillin/streptomycin/glutamine, 100X, 1% B27 supplement without 
vitamin A, 50X, 0.5% N2 supplement, 100X, Life Technologies) 
supplemented with 100 µm ascorbic acid  (AA, Sigma-Aldrich), 0.5 µm
SAG (Biomol), and 3 µm CHIR 99021 (Axon MedChem) and split ≈1:10 
to about 800k cells per well of a 6-well plate every 4–5 days (detachment 
via accutase, Sigma-Aldrich). The neuronal differentiation of the 
NPCs (800k cells per well freshly seeded in 6-well plates) was initiated by 
changing to a patterning medium (basic N2/B27 medium supplemented 
with 100 µm AA, 0.5 µm SAG, 1 ng mL−1 GDNF, PeproTech, 1 ng mL−1

BDNF, PeproTech) for 6  days. The 6-days predifferentiated NPCs were 
reseeded into 12-well plates containing the NW arrays and controls. From 
here on, the differentiation was continued using maturation medium 
(N2/B27 basic medium supplemented with 100  µm AA, 2  ng mL−1

GDNF, 2 ng mL−1 BDNF, 1 ng mL−1 TGF-β3, PeproTech, 100 µm dbcAMP, 
Sigma-Aldrich) for another 8–9 days. Note, at the beginning of the 
neuronal maturing on the NWs arrays, only a small fraction of cells 
was MAP2-positive  (about 15% one day post-plating to the NW arrays 
and controls, Figure S7, Supporting Information). On day 6, also 10 µm
DAPT  (Biomol) was added for one day to the maturation medium.[79]

The cells were kept at 37 °C with 5% CO2 in a humidified atmosphere 
and culture media were replaced every 2–3  days. All experiments were 
conducted 14–15 days after initiation of the differentiation where for NW 
arrays the last 8–9 days the cells were on the very substrates. Ethics 
declaration: All experiments were conducted in accordance with the 
ethical statement in Reinhardt et al.[85]

Confocal Laser Scanning Microscopy: An upright Leica TCS 
SP8 confocal microscope with a HC PL APO CS2 63x/1.20 water 
immersion objective and 488/638  nm lasers was used to prepare 
the z-stacks  (slicing distance: 250  nm). Neurons were stained with 
MAP2  (see “Immunocytochemistry”) and nuclei were stained with 
DRAQ5  (ThermoFisher Scientific, Fluorescent Probe Solution, 5  mm, 
Cat. No. 62251, 1:1000 in Dulbecco’s phosphate buffered saline (DPBS)) 
for 10  min at 37  °C. Processing and analysis of the z-stacks were 
conducted with the Leica LAS X Core software. For illustration, images 
were optimized in contrast, brightness, and false color, if applicable.

Immunocytochemistry: Samples were rinsed with DPBS, fixed in 
formaldehyde  (4% in DPBS, Sigma-Aldrich) for 10  min, rinsed three 
more times with DPBS, and stored at 4 °C in DPBS until imaging. Fixed 
cells were permeabilized and blocked for 45 min with 3% bovine serum 
albumin (BSA, Carl Roth), 0.1% Tween  (Tween 20, Sigma-Aldrich), 
and 0.1% Triton-X  (Triton X 100, Carl Roth) in DPBS. Incubation with 
the primary antibodies  (MAP2, NeuN, TH) was conducted in DPBS 
with 0.1% BSA overnight at 4  °C with concentrations as follows—
anti-MAP2  (microtubule-associated protein 2, mouse anti-MAP2 
monoclonal antibody [Y113], Invitrogen, Cat.  No.  13-1500): 1:500, anti-
NeuN (neuronal nuclear antigen, rabbit anti-NeuN polyclonal antibody, 
Abcam, Cat.  No.  ab104225): 1:500, anti-TH  (tyrosine hydroxylase, 
rabbit anti-TH polyclonal antibody, Abcam, Cat.  No.  ab112): 1:1000. 
Subsequently, the cells were washed twice with DPBS and incubated 
with Alexa 488/555 fluorophore-conjugated anti-mouse/anti-rabbit 
secondary antibodies  (1:1000 in DPBS with 0.1% BSA, goat anti-
mouse/anti-rabbit IgG-Alexa Flour Plus 488/555 polyclonal antibody, 
Invitrogen, Cat.  No.  A32723/A32732) for 1  h in the dark. Stained cells 
were kept in the dark and washed three times with Tween  (0.05% 
in DPBS) for 5  min  (second washing step with Hoechst 33342 for 
counterstaining, 5  mg mL−1 in H2O, 1:1000). If not further noted, the 
steps were conducted at room temperature. Images were analyzed using 
a custom analysis pipeline for CellProfiler 4.2.1.[88] The Hoechst channel 
was used to identify nuclei. Dead cells were sorted out in the pipeline 
by discrimination of bright nuclei  (apoptotic) and medium bright 
nuclei  (viable).[48] Viable cells were used to mask the MAP2 channel to 
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identify MAP2-positive cells. The NeuN/TH channels were masked by 
the MAP2-positive cells to identify NeuN/TH-positive cells.

Electrophysiology: A HEKA EPC 10 USB patch-clamp amplifier 
with a red star headstage installed to an upright Nikon Eclipse FN1 
microscope  (objective: Nikon CFI TU Plan EPI ELWD 50× N.A. 
0.60/W.D. 11.00  mm) was used for trace recording.[72] The patch clamp 
pipettes  (resistance: 5–7  MΩ) were manufactured from GB150T-8P 
borosilicate glass capillary blanks  (Science Products) using a P-2000 
pipette puller  (Sutter) and polished with a CPM-2 microforge  (ALA 
Scientific Instruments). Samples were rinsed three times and subsequently 
covered with bath solution  (140  mm NaCl, 2.4  mm KCl, 1.3  mm MgCl2, 
2.5  mm CaCl2,10  mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid  (HEPES), 10  mm d-glucose, pH  7.4, at room temperature) and 
pipettes filled with pipette solution (125 mm potassium gluconate, 10 mm
NaCl, 1 mm triethylene glycol diamine tetra-acetic acid, 4 mm magnesium 
ATP, 10 mm HEPES, 10 mm d-glucose, pH 7.4).[85] The Patch Master V2x80 
software was used for data recording including a Bessel low-pass filter set 
to 2.9  kHz and automatic compensation of the capacitance and series-
resistance. Electrophysiological parameters were recorded and determined 
as follows. RMP: in current-clamp mode by keeping cells with zero 
current; and MC: directly determined by the patch clamp software. For 
APs, the first AP of an AP train at rheobase current was analyzed—namely, 
AP amplitude: threshold to peak; AP threshold: membrane potential 
where the second derivative became different from zero (determined with 
Origin); and AP width: full-width half-maximum of the AP.

Statistical Analysis: Confocal laser scanning microscopy imaging was 
conducted on 5–12  neurons per type of NW array. Immunocytochemistry 
data per type of NW array was collected from seven images with an 
area of about 1374 × 914  µm2 containing in average 1035 ± 418  cells. 
Patch clamping was conducted on 2–7  cells per type of NW array. 
Origin  (v.2022) was used to analyze the data using a one-way ANOVA 
analysis with a post-hoc Tukey’s test. The graphs are presenting 
the means  ±  standard deviations. Differences were considered not 
statistically significant for p > 0.05.
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Figure S1: MAP2 and NeuN stainings. Exemplary ICC recordings of cells labeled with MAP2 (green) and
NeuN (red) cultured on the NW arrays and the controls (Si and glass).
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Figure S2: MAP2 and TH stainings. Exemplary ICC recordings of cells labeled with MAP2 (green) and TH (red)
cultured on the NW arrays and the controls (Si and glass).

Figure S3: Viability of the cells cultured on the NW arrays and the controls. The viabilities of about 50%
are reasonable for neurons after a replating procedure (Calabrese, B., Powers, R. M., Slepian, A. J., Halpain, S., Post-
differentiation Replating of Human Pluripotent Stem Cell-derived Neurons for High-content Screening of Neuritogenesis
and Synapse Maturation. J. Vis. Exp. 2019, 150(e59305)). No statistically significant deviations in comparison to the con-
trols (ANOVA with post-hoc Tukey’s test, α=0.05). n(images)= 7. Error bars are SDs.

Figure S4: Exemplary images of neurons patch clamped on the control substrates (Si, glass) including
traces of APs. a) Images of cells patch clamped in control substrates. b) Exemplary traces of APs recorded at rheobase
current on Si and glass controls.
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Figure S5: Electrophysiology: Control traces and completive traces on NW arrays. a) Exemplary traces of
early-inward and late-outward membrane currents recorded from all types of substrates during the application of voltage
steps from −70 to +30mV. b) Corresponding membrane currents recorded from neurons on control substrates. c) Peak
inward- and outward-currents normalized to the MCs plotted against the applied voltages for the controls (Si and glass).
Error bars are SDs.

Figure S6: Examples of GaAs NW arrays including human iPSC-derived neurons generated on such NW
arrays. a) Examples of GaAs NW arrays with lengths of about 2 and 4.5 m (L2, L4.5), array pitches of 1, 3, and
5 m (P1, P3, P5), and diameters of about 250 and 450 nm (D−, D+) for the L2 NW arrays, and diameters of about
600 nm (D+) for the L4.5 NW arrays. b) Exemplary MAP2 (green) and NeuN (red) stainings of neurons generated on
the respective NW arrays.
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Fabrication of the GaAs NW arrays1

Thermal oxide is used as a mask to define the arrays of holes on four inch <111> P-doped Silicon wafers
with a resistivity of 0.1–0.5 cm. Substrates are coated with ZEP-520A resist at 8000 rpm for 1min fol-
lowed by baking at 200 C for 5min. This process yields a nominal resist thickness of approximately
100 nm. A VISTEC EBPG 5000+ e-beam tool operating at 100 kV was used to define the pattern. The
pattern consisted of a square arrangement of holes of sizes ranging of about 65 nm; the array pitches
were 1, 3, and 5 m. The pattern is transferred on the oxide layer by a combination of wet-chemical
etching based on 7:1 buffered hydrofluoric acid solution (BHF) and reactive ion etching (RIE) using
SPTS APS (dielectric etcher) with CHF3/SF6 chemistry. After patterning, the wafers were diced into
10×10mm2 square chips sized for the MBE sample holder. To ensure an oxide-free surface in the holes,
the chips were shortly dipped in the BHF solution prior to the introduction in the UHV chamber. All
NW growth took place in DCA P600 MBE machine. The final oxide thickness before loading to machine
was 10±1 nm for all substrates. The prepared chips were subsequently annealed at 500 C for 2 h in UHV
to ensure a pristine surface free of water and organic molecules. The samples were then transferred to
the growth chamber. There, they were degassed at 770 C for 30min to further remove any possible sur-
face contaminants. In the first step, Ga was predeposited for 10min at beam equivalent pressure (BEP)
of Ga of 1.4×10−7Torr (corresponding to a nominal Ga growth rate of 1.1 Å/s) by keeping the shutter
opened. Once growth temperature had been reached, the As4 source was opened at a beam equivalent
pressure (BEP) of As4 of 2×10−6Torr, at a substrate temperature of 634 C measured by pyrometer,
and with 7 rpm rotation. The NW growth duration was tuned for having the targeted NW lengths. The
GaAs NW arrays were—analogously to the Si NW arrays—passivated with Al2O3 using ALD.

1Adapted from: Kim, W., Dubrovskii, V. G., Vukajlovic-Plestina, J., Tütüncüoglu, G., Francaviglia, L., Güniat, L., Potts, H., Friedl,

M., Leran, J. B., and Fontcuberta I Morral, A., Bistability of Contact Angle and Its Role in Achieving Quantum-Thin Self-Assisted

GaAs nanowires, Nano Letters 2018, 18(1), 49–57.

Figure S7: Proportion of MAP2-positive cells one day after plating on the NW arrays compared to con-
trols. No statistically significant deviations in comparison to the controls (ANOVA with post-hoc Tukey’s test, α=0.05).
n(images)= 6. Error bars are SDs.
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ABSTRACT: Brain-on-a-chip (BoC) concepts should consider
three-dimensional (3D) scaffolds to mimic the 3D nature of the
human brain not accessible by conventional planar cell culturing.
Furthermore, the essential key to adequately address drug
development for human pathophysiological diseases of the
nervous system, such as Parkinson’s or Alzheimer’s, is to employ
human induced pluripotent stem cell (iPSC)-derived neurons
instead of neurons from animal models. To address both issues,
we present electrophysiologically mature human iPSC-derived
neurons cultured in BoC applicable microscaffolds prepared by
direct laser writing. 3D nanoprinted tailor-made elevated cavities
interconnected by freestanding microchannels were used to
create defined neuronal networksas a proof of conceptwith
two-dimensional topology. The neuronal outgrowth in these nonplanar structures was investigated, among others, in terms of
neurite length, size of continuous networks, and branching behavior using z-stacks prepared by confocal microscopy and
cross-sectional scanning electron microscopy images prepared by focused ion beam milling. Functionality of the human iPSC-
derived neurons was demonstrated with patch clamp measurements in both current- and voltage-clamp mode. Action
potentials and spontaneous excitatory postsynaptic currentsfundamental prerequisites for proper network signalingprove
full integrity of these artificial neuronal networks. Considering the network formation occurring within only a few days and the
versatile nature of direct laser writing to create even more complex scaffolds for 3D network topologies, we believe that our
study offers additional approaches in human disease research to mimic the complex interconnectivity of the human brain in
BoC studies.
KEYWORDS: brain-on-a-chip, human induced pluripotent stem cell-derived neurons, 3D nanoprinting, 3D cell culture scaffolds,
neuronal networks, patch clamping, spontaneous excitatory postsynaptic currents

Traditional in vitro experiments in planar Petri dishes
drastically oversimplify the complexity of in vivo
environments, such as the human brain or spinal cord.

Organ-on-a-chip has improved in vitro environments and led to a
rise in the popularity of the complementary approach of brain-
on-a-chip (BoC).1 Initial approaches for BoC used two-
dimensional (2D) microfluidic devices to separate the axon
from the soma of a neuron to study the characteristics of the
axon itself and the regeneration after axotomy.2,3 Additionally,
local drug treatment in the axonal region has been investigated.4

However, the applied soft lithography techniques used limit
such devices to only two dimensions that do not match the

three-dimensional (3D) structure of in vivo environments;
thereby, a demand for artificial 3D neuronal constructs exists in
order to take in vitro experiments to the next level.5

The current 3D cell cultures that mimic the natural matrix use
materials like fibrinogen, cellulose nanofibrils, or hydrogels to
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create aerogels or suchlike porous structures.6−8 Certainly, these
scaffolds depict noteworthy progress in the field since changes
in, for example, proliferation, differentiation, and gene
expression have been observed by cultured cells;9 however,
they substantially lack structural features to control and
manipulate neuronal network formation in a tailored fashion.
A tailor-made 3D scaffold BoC that facilitates confined neuronal
guiding would create a valuable tool to investigate neurons in
predefined neuronal circuits for electrophysiological mechanism
studies and drug screenings.10,11

To date, chemical and topological cues have to be used to
influence neurite pathfinding within a scaffold.12−14 The effect
of chemical cues on cell adhesion, cell migration, or neuron
guiding has been demonstrated with a wide variety of surface
coatings such as poly-D-lysine, poly-L-lysine, poly-L-ornithine,
and polyethylene glycol.15−18 Furthermore, topological cues
introduced by surface modulations of planar substrates have
been studied using, for example, guidance barriers,19−21

microtube arrays,22−26 or confinements in neurocages, grooves,
and microchannels.2,27−34 Similar to initial 2D BoCs, standard
fabrication techniques used in these studies, such as reactive ion
etching, imprint/contact lithography, or laser micropatterning
only operate in 2D or maximum 2.5D and are not feasible to
make the leap into the “real” third dimension.35 Technical
advances in the conceptionally different technology of direct
laser writing (DLW) by two-photon polymerization (2PP) now
introduce previously impossible approaches to take the step
from an 2D BoC toward a more natural 3D environment using
CAD-designed scaffolds36 with feature sizes down to 150 nm.37

To date, DLW has already been used to create growth guiding

neurocages38 in 2D as well as 3D scaffolds, such as microtowers
and woodpile structures without guiding39−41 or scaffolds with
controlled cell adhesion or neurite guidance.42,43 Hence, 2PP-
DLW is a promising candidate to fabricate scaffolds for BoCs
with 3D network topologies.
Employing human induced pluripotent stem cell (iPSC)

technologies44 is an additional essential key to make progress in
BoC in precisely mimicking the natural structure and physiology
of the human brain tissue45 while avoiding high-failure rates of
new drugs during translation from animal models.46,47 Addi-
tionally, human iPSC-based models overcome the limited
availability of primary human cells, enabling the preclinical
efficacy and safety assessment of treatment modalities.48 In fact,
human iPSC-derived neurons build the cornerstone to
adequately study or potentially even to ameliorate human
pathophysiological conditions such as Parkinson’s or Alz-
heimer’s disease.49,50 Moreover, neuroscience research and
clinical translation are being facilitated by the development of
increasingly complex co-culture and organoid systems.51,52

Thus, human iPSC technology is fundamentally changing the
strategy of basic, preclinical, and clinical research.53

Until now, human iPSC-derived neurons have not been
applied to DLW-scaffolds; hence, the pertinence of studies using
DLW is limited in the context of proving feasibility and thus
addressing human pathophysiological conditions, effectively,
when used in BoCs. In this work, we begin to close this gap by
employing functional human iPSC-derived midbrain dopami-
nergic neurons in direct laser written 3D scaffolds with tailor-
made neuronal network topology in 2D consisting of 24 elevated
cavities connected by freestanding microchannels. Growth

Figure 1. Description and characterization of the 3D nanoprinted (direct laser written) microscaffolds. (a) Schematic overview of the structure
consisting of 4 × 6 cavities connected by freestanding microchannels to the directly neighboring cavities in the x- and y-axes. (b) Scanning
electronmicroscopy image of themicroscaffold’s center. Tilt: 45°. (c) Top view of a central cavity with openings in all four directions. (d) Cross
section of a microchannel. Inset: Close-up view of a microchannel’s cross section. (e) Shrinkage of the direct laser written scaffold in relation to
the defined feature sizes of the CADmodel. n (scaffolds) = 5, each measured at the center and edge of the write field. Error bars are the standard
error of mean.
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inside the microscaffolds was analyzed by z-stacks prepared by
confocal microscopy and cross-sectional scanning electron
microscopy images. With patch clamp experiments, we prove
functional electrophysiological integrity of the neurons and
determine electrophysiological properties such as resting
membrane potentials, early inward/late-outward currents as
well as kinetics of action potentials (APs). Especially, observed
spontaneous excitatory postsynaptic currents (sEPSCs) indicate
the presence of synaptic junctionsan important prerequisite
for interneuronal communication. Thus, we propose our work to
be applicable to BoC devices to build functional human
neuronal networks with 3D network topologies, allowing for
additional approaches to mimic the complexity of the human
brain.

RESULTS AND DISCUSSION
The 3D nanoprinted (direct laser written) scaffold (Figure 1a)
consists of an array of 4 × 6 cavities on top of microtowers
spaced by 25 μm; each cavity is connected by a microchannel to
the directly neighboring cavity. Total dimensions of the CAD
model are 275 μm × 175 μm in the x- and y-directions,
respectively. The model had been adjusted to fit into a single
write field of the direct laser writer (Nanoscribe) providing
stitch-free scaffolds. Figure 1b displays a scanning electron
microscopy image of such a scaffold. The inner part of the
cavities has a width of 20 μm, and the wall thickness is 2.5 μm,
resulting in a total width of 25 μm (Figure 1c). Each cavity has a
depth of 10 μm and is carried by a microtower with a total height

of 30 μm (Figure 1d). The microchannels have inner
dimensions of 5 μm in height and 4 μm in width (inset in
Figure 1d). Prior to cell culture experiments, we analyzed the
shrinkage of the scaffold’s feature sizes (Figure 1e) after writing
and developing since 2PP-DLW resins usually shrink during
processing. The lateral dimensions shrink by about 8%, whereas
the z-dimension and wall thickness are less affected by the
shrinkage, that is, only 3−4%. The largest discrepancy between
the CAD model and real scaffold was observed at the inner
dimensions of the microchannels having a total shrinkage of
16%. Consequently, the inner cross section of the channel results
in an effective size of 4.3 μm × 3.4 μm (H ×W). Channel length
and cavity interior shrink by approximately 11%, whereas the
cavity height shrinks less by 4%.
Dissociated dopaminergic neurons were plated onto the

scaffolds in a self-assembly process (see Figure S1 for
immunofluorescence stainings). To facilitate the adhesion of
cells primarily inside the cavities and to support growth through
the microchannels, the interior of the microscaffold is selectively
coated with cell adhesive poly-L-lysine (PLL) using a PLL-filled
micropipet. When the pipet tip is brought in contact with the
surface of the microstructure, capillary forces distribute the
solution inside the entire network. Detailed visualization of the
coating processalso using food dyecan be found in the
supporting material (Figure S2, Movie S1, and Movie S2). In
addition to PLL, neuronal growth is generally promoted by a
complementary unspecific coating of laminin.

Figure 2. Visualization and characterization of the neuronal outgrowth within the microscaffolds using z-stacks imaged by CSLM. (a) Overview
of a neuronal network (red) built by two neurons and corresponding neurites growing along the microchannels. Different branching types
within the scaffold are marked by arrows. Dotted lines mark the positions of the stack slices shown in (b−g). The image was created by down
projecting all x−y planes. (b, c) Cross sections of the neurons adhered to the bottom of the cavity. (d, f) Cross sections of a neurite growing on
the bottom corner of the microchannel. (e, g) Cross sections of a neurite growing at the top corner of the microchannel. (h) Comparison of the
neurite length of individual neurons inside the scaffold as a function of culturing time. n (neurites after 1, 2, 3 DIV) = 15, 56, 55. (i)
Quantification of continuous networks within a scaffold containingmore than two somata (n = 24): Number of cavities and channels involved as
well as total number of somata per network. (j) Distribution of single andmultiple neurons per cavity. n (cavities) = 273. (k) Comparison of the
channel orientation picked by the neurite in x- and y-directions. n (branches) = 286. (l) Share of neurites growing straight on and being
deflected at T and X branches, respectively. n (branches) = 132. (m) Cell viability during 1−4 DIV inside the scaffolds compared to planar
control. n (scaffolds) = 172. Box plots: Boxes: 25−75% range; line: mean; whiskers: range within 1.5 IQR; and crosses: outliers. Bar charts:
Error bars are standard error.
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The neurons used in this study were derived from human
iPSCs, which differentiated at least 14 days in vitro (DIV) on
regular Matrigel-coated well plates. Mature neurons were
detached using Accutase, and the cell suspension was transferred
to a well plate containing the microscaffold.
First, we analyzed the neuronal outgrowth using light

microscopy and confocal scanning laser microscopy (CSLM).
For the latter, the neurons were stained using the membrane
stain from ThermoFisher’s neurite outgrowth staining kit. A
typical recording of z-stacks prepared by CSLM is compiled in
Figure 2a−g. In detail, Figure 2a displays a top view of a typical
neuronal network formed by two neurons in adjacent cavities. In
this example, both neurons rest inside X branched cavities (the
term X refers to four connected neighbors), and their neurites
grow through microchannels passing through T (three
connected neighbors) and L (two connected neighbors)
branching cavities. Cross-sectional images are obtained by z-
stacking of different image planes. The specific locations at
which the selected figures in Figure 2b−g are taken, are
indicated by dotted lines in the overview image Figure 2a. In
detail, Figure 2b,c show the cell somata inside the cavity, which
adhere to the cavity’s corners to maximize the contact area to the
scaffold’s surface. Figure 2d,e and Figure 2f,g display cross-
sectional images of neurites inside the microchannels along and
across the channel orientation, respectively. Note, the neurites
prefer to grow along the corners of the channel and can stick to
the bottom as well as the ceiling of the microchannel.
In a following step, we analyzed the network formation by

different aspects such as neurite length, continuous network
scale, or branching behavior. In general, the mean neurite length
of individual neurons increases from 73 to 117 μm over the time
span of 1−3 DIV (Figure 2h). Especially, the number of outliers
increases over time and shows maximum lengths up to 450 μm,
which in turn means that up to 9 microchannels and cavities
have been crossed. Furthermore, we analyzed continuous
networks within a scaffold, which were defined by at least two
neurons in separate cavities whose neurites overlap or cross each

other within the scaffold (Figure 2i). The dimension of the
networks reaches from a minimum size of just two connected
neurons in neighboring cavities up to large networks, which
stretch out over 17 cavities and 18 channels. On average, 3.7
neurons were involved in the formation of a continuous
network. Moreover, cavities were predominantly occupied by
only one neuron (Figure 2j). Continually, we examined the
growth directions of the neurites. Note, the surface roughness
along the x- and y-axes is slightly different due to 2PP-DLwriting
the scaffold line-by-line. Yet, this asymmetry of the surface
roughness in x- and y-directions has no effect on lateral direction
in which the neurites preferred to extend because the share of
channels picked by the neurites in x- and y-directions is equal
(Figure 2k). Furthermore, we quantified the turning behavior of
the neurites at X and T branches (Figure 2l): For T branches,
paths were only considered where the neurite had to choose
between growing straight or turning, which excludes cases when
neurites entered from the “bottom” of a T branch. For X
branches, we observe that 59% of the neurites prefer to turn
toward a channel to the side. For T branches, however, we
observe that most of the neurites grew straight (92%) and
turning was a lot less probably compared to X branches. Finally,
we found that cells growing inside the scaffolds show a viability
of about 77%, which is similar to cells cultivated on planar
controls (Figure 2m).
To visually support the findings from the network analysis, a

compilation of high-resolution scanning electron microscopy
images of neurites inside the scaffold is shown in Figure 3.
Specifically, Figure 3a,b display top views of T and X branches
containing neurites growing straight and turning, respectively.
The two regular cases become apparent, since neurites in the
center of a channel tend to grow straight (a) and neurites at the
edges are more likely to turn toward the corresponding direction
(b). In addition, the growth cone displayed in Figure 3c initially
turns slightly after entering the cavity. Figure 3d,e show a
longitudinal and transversal cross section of the microchannel,

Figure 3. Scanning electron microscopy images of the neurite growth supported by cross sections prepared with focused ion beam milling.
Neurites are false colored in green. (a) Top view of a neurite growing straight on in a T branch cavity. (b) Top view of a neurite being deflected at
X and T branches. (c) Top view of a growth cone inside an L branch cavity. (d) Cross section along the microchannel showing a neurite growing
along the bottom corner of the channel. (e) Cross section of a microchannel at a section of the channel where a neurite is in transition from the
corner at which it enters the channel to the corner of the microchannel where it leaves the channel (cf. panel b).
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respectively. Both cases of a neurite growing in the edge and the
center of the channel are illustrated.
To test the electrophysiological integrity of the neurons inside

the scaffold, we performed various types of patch clamp
measurements in both current- and voltage-clamp mode. In
Figure 4a, a typical patch clamp procedure is illustrated, where
the patch pipet (blue) enters from the left and is in contact with
the cell soma (green) located in the top left cavity. The neurite
grows through the top right cavity turning downward and then
leaves the picture detail through the bottom right cavity.
Passive membrane parameters of neurons measured inside the

scaffold, namely, a resting membrane potential (RMP) of −54.9
± 4.9 mV and a membrane capacitance (MC) of 8.1 ± 1.5 pF,
are similar to planar control (Figure 4b) and reveal no

statistically significant deviances (ANOVA with post hoc
Turkey’s test, α = 0.05, cf. Table S1). Furthermore, we analyzed
APs evoked by an electrical current injection. Typical traces of
APs measured from a neuron inside the cavity are displayed in
Figure 4c. Injected electrical current steps were applied from−6
pA to +12 pA in 3 pA steps, where the black trace corresponds to
+12 pA. The kinetics of the APs were then quantified in terms of
amplitude, threshold, spike afterhyperpolarization (AHP), and
duration (Figure 4d). The AP amplitude is 69.5 ± 6.0 mV, the
threshold for triggering APs amounts to −25.4 ± 2.5 mV, the
hyperpolarization after APs is 16.1 ± 3.4 mV, and the AP
duration is determined to be 4.4± 0.5 ms. Again, no statistically
significant deviations are found compared to the control (Table
S1). Aside from these current-clamp measurements, we

Figure 4. Electrophysiological characterization of neurons using the patch clamp technique. (a) Illustration of the patch clamp procedure while
measuring a neuron grown inside the scaffold. The pipet is entering from the left (blue) and in contact with the cell (green). The neurite is
growing along the L and T branch, leaving the imaged area. (b) Comparison of passive membrane properties between neurons grown inside
microscaffolds (n = 6) and on control substrates (n = 9). Error bars: Standard error of mean. (c) Exemplary plot of an AP train during electrical
depolarization in current-clamp mode using a current step function from −6 pA to +12 pA in 3 pA steps, where the black trace corresponds to
+12 pA. (d) Quantification of the AP shape. Error bars: Standard error of mean. (e) Exemplary plot of the in- and outward currents in voltage-
clampmode using a voltage step function from−70 mV to +30 mV in 10 mV steps, where the black trace corresponds to +30 mV. (f) Current−
voltage relationship of in- and outward currents inside the scaffold (black traces, n = 6) and control (gray traces, n = 9) measured on the peak
and normalized to the membrane capacitance. Error bars: Standard error.

Figure 5. Characterization of sEPSCs measured on neurons inside microscaffolds. (a) Exemplary trace of postsynaptic events. (b) Zoom-in on
event labeled in (a) by a red-colored box. (c) Comparison of kinetic parameters such as amplitude, area, and decay of sEPSCs measured in
scaffolds (n = 70) compared to control (n = 28). Error bars: Standard error of mean.
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performed voltage-clamp measurements to test the presence of
characteristic early inward and late outward currents. Typical
traces of such currents normalized to the MCmeasured on a
neuron in the scaffoldare shown in Figure 4e. The voltage was
applied from −70 mV to +30 mV in 10 mV steps, where the
black trace corresponds to +30 mV. The inset zooms in on the
early inward currents. The peak currents were then plotted
against the applied potentials and compared to the control
(Figure 4f). Both shape and amplitude of the inward/outward
voltage−current relations inside scaffolds (black) are compara-
ble to the control (gray).
Finally, we tested the neurons inside the scaffold for

spontaneous excitatory postsynaptic currents (sEPSCs). An
exemplary trace of a sEPSC recording is shown in Figure 5a,b,
where the latter zooms in on an individual event. We analyzed
the kinetic parameters of the postsynaptic events (n = 70) such
as amplitude, area, and decay time to be 13.9 ± 1.9 mV, 27.2 ±
4.0 (pA·ms), and 3.5 ± 0.5 ms, respectively (Figure 5c). These
values are comparable to the control measurements (again, no
statistically significant deviation, ANOVA with post hoc
Turkey’s test, α = 0.05, cf. Table S2).
2PP-DLW is a powerful CAD-assisted tool to fabricate 3D cell

culture platforms recapitulating natural features and size scales
of cell environments with high precisiona prerequisite for
future BoC devices.54 In this work, we prepared an array of 4× 6
elevated cavities connected by freestanding microchannels to
hold cell somata and for neurite guiding, respectively.
Conceptually, the capability of DLW to fabricate free-standing
channels and elevated cavities with high grade is crucial to realize
more complex scaffolds. Furthermore, scaffolds decoupled from
the rigid substrate build a softer environment beneficial for soft
tissue engineering concordant to hydrogels.55 The size of 175
μm × 275 μm was optimized to fit completely in both the write
field of the direct laser writer (Nanoscribe) as well as the field of
view of the patch clamp setup. However, scalability in DLW
fabrication is in general no issue, as it has been demonstrated
already with woodpile structures40,56,57 or 3D microscaffolds,43

whereby fabrication time of scaffolds in mm-scale stayed in the
order of hours. Note, all the materials for scaffold preparation
used in such an approach are of synthetic nature and thus are free
from ethical concerns. This fact is a striking advantage compared
to animal-derived polymers such as collagen,58 rendering DLW
written scaffolds an ideal candidate for large-scale studies.
Compared to our earlier work on murine neurons,43 we kept

all cavities at the same height to facilitate imaging and carrying
out the patch clamp measurements while keeping the network
topology identical. Using Nanoscribe’s IP-Dip resin, we easily
achieved the necessary feature sizes of the scaffold, which
compete with or even outperform prior studies that employed
DLW.39,59,60 As for many resins, IP-Dip shrinks during
development. In detail, we observe a shrinkage between 3%
and 16%, which is comparable to the literature for IP-Dip.61

Since IP-Dip is not explicitly mentioned as biocompatible, we
passivated the scaffolds with aluminum oxide to reliably avoid
any cytotoxicity.62−64 The complete biocompatibility of our
scaffold is reflected in both cell viability and electrophysiology.
Despite a small shrinkage of the scaffold, the cavity sizes and the
channel diameters reliably served for soma adhesion inside the
cavities and neuronal outgrowth inside the channels, as shown
via confocal microscopy and scanning electron microscopy. As a
matter of fact, the selective PLL coating16 inside the scaffold and
complementary laminin coating65 substantially contribute to
localized growth, as we demonstrated in prior work.43 Inside of

the microchannels, the neurites prefer to grow along the edges
predominantly caused by contact guidance.66

The cavity’s size of 20× 20 μm2 primarily leads to small single
cells (70%) being located inside individual cavities (cell soma
diameters of about 10 μm). To evaluate these findings, we
applied the analysis to data used in a previous publication.43 We
found that for identical cavity dimensions, the yield rate of single
cells using human iPSC-derived neurons compared to murine
neurons is increased (from 70% to 40%, respectively) since the
mean diameter of murine somata is smaller. Also, selectivity of
20 × 20 μm2 sized cavities for rather small human iPSC-derived
neurons is plausible since the dimensions of the cavities limit the
cell sizes, which fit into an individual cavity. Albeit DLW would
allow for tailor-made preparation of cavities ranging in size,
larger cavities would result in a reduced number of individual
neurons inside each cavity. On average, continuous networks
within a scaffold were formed by 3.7 neurons, and within these
networks, individual neurites crossed up to 9 cavities and
microchannels. For future BOC applications, the estimation of
the complexity of the neuronal network is crucial in order to
model the complexity of the brain with its billions of neuronal
junctions.1 However, in this concept study, we kept the network
complexity at a manageable degree for manual data analysis
using low cell densities. In mean, 16% of the cavities were
occupied with neurons, and the networks covered up to 75% of
the scaffold. To achieve improved yields of cavities filled with
neurons, the seeding density could be increased accordingly.
Probably, higher seeding densities would also go along with
more neurons attached elsewhere on the scaffold. Strategies
using, for example, cell repellent polyethylene glycol (PEG)-
functionalized PLL to coat the area without specific PLL coating
could further increase settling selectivity even at high seeding
densities. To avoid multiple neurons in a single cavity, one can
tailor the sizes of the cavity by adjusting the CAD-file for the
laser writing process.
Since DLW adds to the structure line by line, different surface

topology results in the nm-scale along the x- and y-axes. Note,
literature reports that surface roughness can influence adhesion
and viability.67,68 Yet, in our case, we do not observe any
preferred growth direction of the neurites depending on the
surface roughness, meaning that guiding by macroscopic
scaffold topology and surface coating is decisive. The general
pathfinding of neurites, however, differs depending on the
branching type of the cavity. For X branches, 59% of the neurites
turned toward a side channel. For T branches though, 92% of the
neurite grew straight. In general, one can assume that after
entering the cavity, the neurite most likely continues to grow
straight because growing along corners in an angle of >84° is
rather unlikely, as demonstrated by Renault et al.32 On a flat
surface without contact guidance, one can assume a random
walk of the neurite’s growth cone. For X branches, turning angles
of about 0°−50° and 130°−180° would result in finding a
turning channel first, which covers about 55% of the opening
angle and fits well to what has been observed. For T branches,
only 0°−50° turning correspond to finding a sideways laying
channel first, which is about 27%. Still, this value is higher
compared to our findings (8%). We believe that this discrepancy
can be explained as follows: To have the option for growing
straight or being deflected in a T branch, the neurite must enter
the cavity from an exterior channel at the edge of the scaffold (or
else they were excluded from data). To fulfill this requirement,
either the neuron itself must be located in an exterior cavity or
the neurite entered the outer region of the scaffold before from
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inner channels. In the latter case, the neurite is more likely to
reach the outer edge of the cavities and channels first by growing
straight. Due to contact guidance, the neurite then prefers to
continue growing along this outer edge. In addition, neurites
bend slightly toward the direction of the corner they stick to
before they detach from sharp edges, as they will do while
entering the cavity. This observation was also seen by Renault et
al. and is herein visualized in a high-resolution image of the grow
cone (Figure 3c). Thus, the outer edge is reached again first in
the following cavity and repeats the routine leading to high
probabilities to grow straight in T branches (for an example, see
Figure S3).
Full functional electrophysiological integrity of the human

iPSC-derived neurons inside the scaffolds was demonstrated
with patch clamp measurements in both current- and voltage-
clamp mode. The neurons inside scaffolds show stable RMPs
(−54.9± 4.9 mV), which are similar or above average compared
to iPSC-derived neurons.69−73 From a MC of 8.1 ± 1.5 pF, one
can roughly estimate the lengths of the neurites of the neurons
patched. Assuming spherical somata with diameters of 10 μm, a
mean neurite diameter of 1 μm, and a specific membrane
conductance of 0.9 pF/cm2 for neurons,74 the average neurite
length per neuron is about 180 μm, which is in accordance with
our findings of the network analysis. Furthermore, comparable
values of MCs for neurons originating from human iPSCs are
found in literature.72,75,76 The kinetics of the APs in terms of

amplitude (69.5 ± 6.0 mV), threshold (−25.4 ± 2.5 mV), AHP
(16.1 ± 3.4 mV), and duration (4.4 ± 0.5 ms) are similar to
neurons derived from human iPSCs.69−71,77,78 Proper ex-
pression of fast-gating sodium and slow-gating potassium ion
channels is shown with adequate early inward currents and late
outward currents, whose normalized peak currents are in
accordance with literature.79 Furthermore, the presence of
postsynaptic currents demonstrates functional synaptogene-
sisthe formation of synapses between neuronsa prereq-
uisite for forming functional network activity.80 Kinetics of the
sEPSCs in terms of amplitude (13.9± 1.9 mV), area (27.2± 4.0
pA·ms), and decay (3.5 ± 0.5 ms) are in line with other human
iPSC-derived neurons.75,77

We show that human iPSC-derived neurons form functional
neuronal networks in 3D nanoprinted microscaffolds. Other
studies already used nonconfining and/or random scaffolds built
from PMEDSAH, fibrin hydrogel, micropillars, or microfibrous
chitin-alginate as platforms to induce neuronal cells from human
iPSCs.81−84 However, our direct laser written scaffolds feature
additional neurite guiding, and more importantly, functional
electrophysiological analysis has been performed in contrast to
the aforementioned studies. So far, other existing studies using
DLW and human neurons demonstrated no or only very limited
neurite guiding capabilities and no functional analysis at all.
Moreover, the human neurons in these studies have been
derived from human embryonic stem cells instead of human

Figure 6. Potential future concepts for scaffolds with 3D network topology. (a) SEM image of a DLW print of a scaffold with cavities at four
different heights connected by contorted channels ranging from cavities at the very top to bottom. (b−f) Projection of z-stacks and
corresponding cross sections of human iPSC-derived neurons cultured in the structure shown in (a). Neurites smoothly grow to cavities at
different elevations. (g−i) Concept of a stackable 3D scaffold: Multiple layers of planar scaffolds would be stacked after cell seeding (g). Each
layer would consist of 2D networks (h) which are connected with each other by cross-linking channels (i). The joints are colored in red.
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iPSCs used in our experiments. Note, employing human
embryonic stem cells raises sharp ethical and political
controversies on the one hand,85 and on the other hand, only
patient-derived induced pluripotent stem cells have the unique
advantage to study disease-associated genotype−phenotype
relationships.86,87

Even though we used rather small scaffold dimensions with
2D network topology for our concept study, the versatile options
of CAD-assisted DLW to fabricate intricate cell culture
scaffolds88 and the indefinite scalability of self-assembly cell
plating allow us to propose our results to be applicable for
scaffolds of larger scale and more complex topologies in BoC
applications. Thus, we believe that our results with human iPSC-
derived neurons in direct laser written scaffolds offer additional
approaches to address matters regarding in vitro disease
modeling and functional network studies.
To give a more sophisticated perspective for future designs,

we created a scaffold prototype containing cavities within towers
of varying heights and contorted channels, which interconnect
the cavities arranged at the different levels (Figure 6a). Growth
and guiding within this structure are shown in Figure 6b−f,
where the neurites smoothly reach neighboring cavities at
different elevations/height levels using the twisted micro-
channels. Since neuronal growth in steeply curved channels is
without obvious restrictions, it is reasonable to propose that
such channels could be used to cross-link different layers of 2D
networks. Figure 6g−i outline an approach, where stackable
scaffolds (g) containing cavities and channels in 2D (h) would
be used to assemble a cube-like scaffold after the cells have been
seeded onto the scaffold. Several cross-linking channels (i)
would then allow for interconnections between each layer of the
cube scaffold. Figure S4 in the supporting material shows a
comparable scaffold held by regular tweezers and demonstrates
that the DLW produced scaffolds withstand the required
mechanical stress to be stacked together.

CONCLUSIONS
We demonstrate that human iPSC-derived midbrain dopami-
nergic neurons are functional in artificial microscaffolds, which
could be used in BoC applications and thereby satisfy present
needs in medical research.45 Midbrain dopaminergic neurons
are an interesting candidate to build BoCs, as they control
essential key functions in the brain, such as voluntary movement,
reward processing, and working memory.89 Furthermore, many
disorders such as Parkinson’s disease, autism, and schizophrenia
are associated with malfunction of the dopaminergic system.90

In particular, we prepared tailor-made 3D nanoprinted
microscaffolds for guided neuronal growth and employed
human iPSC-derived neurons to demonstrate functional
neuronal network formation within these scaffolds. Analysis of
light, confocal, and scanning electron microscopy images
confirm reliable network formation with guided neuronal
growth, which is based on topological and chemical guiding
cues. Electrophysiological integrity of neurons inside the
microscaffolds is demonstrated with patch clampmeasurements,
whose results show no statistical deviances compared to planar
control substrates. In particular, neuronal functionality was
proven by the capability to fire action potentials and by
recordings of spontaneous excitatory postsynaptic currents,
which indicate functional synaptogenesis required for inter-
cellular signaling. The application of human iPSC-derived
neurons not only overcomes ethical and political controversies
raised by using human embryonic stem cells but also enables

patient-specific studies of disease-associated genotype−pheno-
type relationships. Concluding, we believe that our findings
allow for additional approaches in human disease research by
acting as a platform for artificial culture substrates mimicking the
complexity of the human brain in, for example, BoC
applications.

MATERIALS AND METHODS
Sample Preparation. The scaffolds were manufactured by two-

photon polymerization direct laser writing (2PP-DLW) with a
Nanoscribe Photonic Professional GT using IP-Dip resin. CAD files
for structures were designed with Autodesk’s AutoCAD. Scaffolds were
written with 10 mm s−1 and 58% laser power (∼17 mW) on glass
coverslips using a 63× objective. Slicing distance was 0.3 μm, hatching
was 0.2 μm, and contour distance was 6 μm. The samples were
developed inMR-Dev 600 for 30min and subsequently immersed twice
in isopropyl alcohol (99.9%) for 30 s. The scaffolds were uniformly
passivated with 15 nm Al2O3 using a custom-built atomic layer
deposition system in stop-mode operation heated to 95 °C utilizing
trimethylaluminum andwater as precursors with pulse times of 0.05 and
0.1 s, respectively. The exposure and pump times were set to 60 and 90 s
for both half reactions. A constant nitrogen (6.0) flow of 20 ccm was
applied during deposition. Before coating with PLL, samples were
treated with atmosphere plasma at 50% power for 5 s (Femto, Diener
Electronic) to increase hydrophilicity. PLL (0.01 g× L−1, mol. wt. 30k−
70k, Sigma-Aldrich, St. Louis, MO, USA) was selectively pipetted on
the scaffold utilizing an upright patch clamp setup (poly-D-lysine would
be an equivalent substitute). After coating, samples were rinsed in
deionized water and sterilized in 70% ethanol for 5 min. Complete
laminin coating of the scaffold (50 mg × mL−1, Sigma-Aldrich) was
performed directly before cell transfer for 20 min at 37 °C in a 35 mm
Petri dish. Subsequently, the laminin solution was removed, 2mL of cell
culture medium was added immediately, and the sample was placed in
the incubator. Mature neurons were then transferred from a 12-well
plate to the 35 mm Petri dish featuring the microscaffold. For that
purpose, 1 mL of cell suspension containing all neurons of a well of a 12-
well plate (see Cell Culture) was gently added to 2 mL of cell culture
medium already in the 35 mm Petri dish. Due to the localized cell
adhesive surface treatment, the neurons settle in a self-assembly process
inside the scaffold. Experiments were then conducted from 1−4 days
after the transfer, depending on the trail. Samples were cleaned after the
experiments for reuse purposes with Tergazyme for 20 min at 37 °C.
Control experiments were conducted on glass coverslips.

Cell Culture. Human induced pluripotent stem cell-derived
neurons were derived from neural progenitor cells, which still
incorporate the capability to propagate. Frozen vials of small molecule
neural progenitor cells (smNPCs), generated from human pluripotent
stem cells according to Reinhardt et al., were provided from the Max
Planck Institute for Molecular Biomedicine in Muenster, Germany.79

Further cell culture was conducted on-site. The differentiation of
smNPCs into midbrain dopaminergic neurons (mDANs) is based on
the protocols in Reinhard et al. For maintaining the smNPCs, basic
medium (50:50 DMEM/F12:Neurobasal, 1:100 penicillin/streptomy-
cin/glutamine, 1:100 B27 supplement without vitamin A, 1:200 N2
supplement, Life Technologies, Carlsbad, CA, USA) was supplemented
with ascorbic acid (AA, 100 μM, Sigma-Aldrich), smoothened agonist
(SAG, 0.5 μM, Biomol, Hamburg, Germany), and CHIR 99021 (3 μM,
Axon MedChem, Groningen, Netherlands). smNPCs were split close
to confluency (every 4−5 days) in a ratio of 1:10−1:20. To generate
mDANs, approximately 1× 106 smNPCs per well of a 6-well plate were
seeded in patterning medium (basic medium supplemented with 100
μM AA, 0.5 μM SAG, 1 ng/mL glial-derived neurotrophic factor
(GDNF) and 1 ng/mL brain-derived neurotrophic factor (BDNF),
PeproTech, Rocky Hill, NJ, USA). Six days after initiating the
differentiation, the cells were split 1:5to reduce cell clustering during
the differentiationinto 12-well plates containing maturation medium
(basic medium supplemented with 100 μMAA, 2 ng/mLGDNF, 2 ng/
mL BDNF, 1 ng/mL transforming growth factor-β3 (TGF-β3,
PeproTech), and 100 μM dibutyryl cyclic-AMP (dbcAMP, Sigma-
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Aldrich)) and differentiated for at least 8 more days (14 in total). Well
plates were coated with Matrigel (Corning 354263, prediluted 1:5 in
KnockOut DMEM (Life Technologies) and stored at −20 °C;
additional dilution (1:30) in KnockOut DMEM for use, 1.5 mL per
35 mm dish/6-well, 0.75 mL per 12-well, overnight at room
temperature or 1 h at 37 °C in the incubator). Cells were kept in a
humidified incubator at 37 °C and 5% CO2. Cell culture media were
changed completely every 2−3 days. For passaging/splitting/trans-
ferring cells, cells were detached using Accutase for 10−15 min at 37
°C, centrifuged, and subsequently resuspended in the corresponding
cell culture medium. All neurons have been differentiated for at least 14
days on Matrigel-coated well plates. They were replated in the scaffolds
with such temporal advance that measurements were conducted with
neurons, which then have been differentiated 15−21 days in total.
Ethics Statement. All experiments were conducted in accordance

with the ethical statement in Reinhardt et al.79

Confocal Microscopy. Confocal scanning laser microscopy
imaging was conducted using an upright Leica TSC SP8 confocal
microscope equipped with two lasers of 488 and 552 nm wavelength.
The cell membrane was stained using the membrane stain from
Thermo Fisher’s neurite outgrowth staining kit (A15001, ex/em: 555/
565 nm), and the stain was used according to the manufacturer’s
instructions: Cell culture medium was exchanged by 1× dye mixture in
Dulbecco’s phosphate-buffered saline (DPBS) and placed for 15 min in
the incubator at 37 °C. Imaging was done in 1× Thermo Fisher’s
background suppression in DPBS. Slicing step size of the z-stacks was
172 nm. Z-stacks were processed and analyzed using Fiji.91 Plots were
created with Origin (v. 2018, applies to all data plotted). For
publication, all images were optimized in contrast as well as brightness,
and/or false color coded if applicable.
Immunofluorescence Staining. Cells were stained using anti-

MAP2 (microtubule-associated protein 2) and anti-TH (tyrosine
hydroxylase) primary antibodies to identify the neuronal and
dopaminergic phenotype, respectively. Secondary antibodies were
Alexa+ fluorophores at 488 and 555 nm. Details regarding the staining
procedure and materials used can be found within the figure caption of
Figure S1.
Viability Assay. Viability assays were performed using calcein-AM

(0.5 μM, Thermo Fisher Scientific, Waltham, MA, USA) and
propidium iodide (10 μM, Sigma-Aldrich) in DPBS. Medium was
exchanged by the dye solution, and the sample was placed for 15 min in
the incubator at 37 °C. Before imaging, samples were rinsed with DPBS.
Control samples were analyzed using ImageJ (threshold-, watershed-,
and analyze-particles function).92 Scaffolds were quantified manually.
Scanning Electron Microscopy and Focused Ion Beam

Milling. High-resolution scanning electron microscopy images and
cross sections created via focused ion beammilling were prepared using
Zeiss’ Crossbeam 550. Cells were fixated for 10 min with 4%
paraformaldehyde in DPBS at room temperature. After dehydration
using a stepwise ethanol exchange, the samples were critical point dried
(Tousimis Autosamdri-815) and sputtered with 20 nm gold to reduce
charging effects during imaging.
Electrophysiology. An upright patch clamp setup (Nikon Eclipse

FN1) with a nonimmersion objective with extra-long working distance
(Nikon CFI TU Plan EPI ELWD 50×N.A. 0.60/W.D. 11.00 mm) was
used.64 The traces were recorded using a HEKA EPC 10 USB patch
clamp amplifier and a red star headstage. The data were processed by
the patch clamp software (Patch Master V2x80) with a Bessel low-pass
filter at 2.9 kHz. Pipet capacitance and series-resistance were
automatically compensated. The bath solution consisted of (in mM):
NaCl 140, KCl 2.4, MgCl2 1.3, CaCl2 2.5, HEPES 10, D-glucose 10
adjusted to pH 7.4 with NaOH. The pipet solution consisted of (in
mM): K-gluconate 125, NaCl 10, EGTA 1, MgATP 4, HEPES 10, D-
glucose 10, adjusted to pH 7.4 with KOH.73 All experiments were
performed at room temperature.76 The pipets were fabricated from
borosilicate glass capillary blanks (GB150T-8P, Science Products)
using a Sutter P-2000 pipet puller and were subsequently heat polished
(CPM-2, ALA Scientific Instruments). Tip diameters were approx-
imately 950 nm, resulting in resistances of 5−7 MΩ. The RMP was
determined by holding the cells with zero current in current-clamp

mode. The MCs were directly determined by the patch clamp amplifier
software. APs were characterized from the first AP of an AP train at
rheobase current. AP height is defined by threshold to peak, threshold is
defined by the second derivative becoming different from zero
(derivative by using Origin’s Savitzky−Golay smooth, polynomial
order: 3, points of window: 30), AHP is threshold tominimum after AP,
and AP duration is the full width half-maximum of the spike. sEPSCs
were recorded at a holding potential of −70 mV and analyzed using
Mini Analysis (Synaptosoft Inc.). Event detection threshold for
amplitude and area was set to 5× RMS noise. RMS noise was about
1.4 pA. Patch clamp measurements were conducted 2−3 days after
transfer to the scaffold.
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Hamburg, 22761 Hamburg, Germany

Aaron Silva − Center for Hybrid Nanostructures, Universitaẗ
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Figure S 1: Exemplary images of MAP2 (green) and TH (red) labeled neurons to affirm the 

dopaminergic phenotype of the neurons. 

Neurons were washed with DPBS, fixated for 10 min using 4 % paraformaldehyde in DPBS at 

room temperature, rinsed 2 times and stored at 4 °C until further use.  Cells were permeabilized 

and blocked for 45 min at room temperature with 3% BSA, 0.1 % Tween and  0.1 % Triton-X. 

Primary anti bodies (ABs) incubated over night at 4 °C using 0.1% BSA, MAP2 1:5000, TH 

1:1000 (MAP2 Monoclonal Antibody (Invitrogen, Cat. No. 13-1500), Rb pAb to Tyrosine 

Hydroxylase (abcam, Cat. No. ab112)). Cell were washed twice with DPBS, secondary ABs 

incubated 1h at room temperature in the dark using 0.1% BSA and ABs 1:1000  (Goat anti-

Mouse IgG (H+L), Alexa FluorTM Plus 488 (Invitrogen, Cat. No. A32723), Goat anti-Rabbit 

IgG  (H+L), Alexa FluorTM Plus 555 (Invitrogen, Cat. No. A32732)). Cells were washed 3 

times with 0.05 % Tween in DPBS for 5 min.
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Figure S 3: Example of neurite constantly growing straight at the border of the scaffold.

Figure S 2: Coating of the microscaffolds using a food dye and PLL-filled micropipet, 

respectively. The pipets enter from left. a) Cavities filled with food dye. B) The pipet is removed, 

and the food dye solution is drying. c) Initial pipet position inside the cavity without contact to the 

scaffold’s surface. d) Pipet in contact with the scaffold lasting 5 s. Capillary forces cause complete 

filling of the scaffold. e) After removing the pipet from the surface, the scaffold dries beginning at 

the cavity centers. f) Subsequent drying of the channel interior after additional 2 s. All pictures are 

taken from video clips, which can also be found in the supporting material (Movie S1 and Movie 

S2). Note, that food dye was only used for visualization. Since the pipet tip easily clogs with the 

food dye solution, it was necessary to break the tip for coating. Also drying of the scaffold does 

not work properly. Using a PLL-solution, none of these problems occurred.
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Table S 1: ANOVA with post hoc Turkey’s test between scaffold and control of resting 

membrane potential, capacitance, AP threshold, AP, amplitude, AHP, and AP duration, 

alpha = 0.05.

Parameter MeanDiff SEM q Value Prob Alpha Sig LCL UCL

RMP 1.73431 5.19116 0.47247 0.74364 0.05 0 -9.48053 12.94915

Capacitance 0.76167 2.20051 0.4895 0.73478 0.05 0 -3.99226 5.51559

AP threshold 1.33333 2.61739 0.72042 0.619 0.05 0 -4.32119 6.98786

AP amplitude 1.98333 7.50833 0.37357 0.7958 0.05 0 -14.23743 18.2041

AHP 0.52222 3.25673 0.22677 0.87507 0.05 0 -6.51353 7.55797

AP duration -0.11667 0.77223 0.21366 0.88223 0.05 0 -1.78496 1.55163

Figure S 4: Microscaffold held by regular manual tweezers.



 5 

Table S 2: ANOVA with post hoc Turkey’s test between scaffold and control of post synaptic 

events in terms of amplitude, area, and decay, alpha = 0.05. 

Parameter MeanDiff SEM q Value Prob Alpha Sig LCL UCL 

Amplitude 3.09801 3.27782 1.33664 0.34696 0.05 0 -3.4084 9.60443 

Area -3.08579 6.71593 0.64979 0.64693 0.05 0 -16.41681 10.24524 

Decay -0.73321 0.8962 1.15702 0.41531 0.05 0 -2.51216 1.04573 
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Neurite guidance and neuro-caging on steps and
grooves in 2.5 dimensions†

Cornelius Fendler,a Jann Harberts, a Lars Rafeldt,a Gabriele Loers,b

Robert Zierold *a and Robert H. Blickac

Directed guidance of neurites is a pre-requisite for tailor-made designs of interfaces between cells and

semiconducting components. Grayscale lithography, reactive ion etching, and ultraviolet nanoimprint

lithography are potent semiconductor industry-compatible techniques for a cost- and time-effective

fabrication of modulated surfaces. In this work, neurite outgrowth of murine cerebellar neurons on 2.5D

pathways produced with these methods is studied. Structures of micron-sized steps and grooves serve

as cell culture platforms. The effects of contact guidance through topography and chemical guidance

through selective poly-D-lysine coating on these platforms are analyzed. As a consequence, the herein

presented fabrication approach can be utilized to cultivate and to study low-density neuronal networks

in 2.5D configuration with a high degree of order.

Introduction

The ability to manipulate and direct axonal pathnding is
crucial for bioengineering dened neuronal circuits. Improved
knowledge and control over axon outgrowth could lead to the
development of diagnostics and cures for currently incurable
and in part still poorly understood pathologies of the central
nervous system such as Alzheimer's disease, multiple sclerosis
or spinal cord injuries.1 Valuable tools to study neurons are in
vitro cell cultures on micro-patterned cell culture platforms.
Specically, axon pathnding and neuronal outgrowth can be
controlled by chemical or topographical cues or a combination
of them.2 A pioneering publication in the eld of chemical
guidance is the work of Kleinfeld et al. from 1988.3 They showed
how micropatterning of planar substrates by photolithography
utilizing di- and triamines as chemical binding centers
promoted local cellular adhesion and outgrowth of rodent
spinal and cerebellar cells whereas monoamines, such as (3-
aminopropyl)triethoxysilane—which in fact are generally used
as adhesion promoter to covalently bond organic materials to
oxidic surfaces—inhibited the cell adhesion. Another approach
was pursued by Oliva et al. which used microcontact printing to
dene arrays of a cell adhesion molecules serving as guide for
the axon's outgrowth of hippocampal neuronal cells from

embryonic rats but leaving the cell soma as well as dendrites
unaffected.4 Note, both techniques employed to dene purely
chemical cues, namely photolithography and contact lithog-
raphy, are standard tools in semiconductor andmicroelectronic
industry for decades. On the other hand, topographical cues
(partially in combination with chemically induced guidance)
have been investigated to tailor neuronal outgrowth. A plethora
of surface modulated or 2.5-dimensional (2.5D) structures have
been utilized to act as culture platforms for guided neurite
outgrowth, including variations in nanoscale surface topog-
raphy,5 guidance barriers,6,7 3D connement in neuro-cages,
grooves and channels,8–15 microtube arrays,16–20 nanowires,21

and nano- or micropillars.22–26 The synthesis of such tailor-made
neurite guiding platforms has been motivated for their appli-
cation in drug screening, scaffolding of articial tissue, axon-
specic testing of growth direction, modeling the myelin
formation, and gaining insight into regeneration processes
occurring aer a severe injury of the spinal cord.27–30 Moreover,
in recent years, brain-on-a-chip devices have aroused interest of
the research community as pedant to organ-of-a-chip
approaches. The latter ones not only focus on neuronal cells
but also investigate other cells of the human body, such as liver,
lung, or the skin in articial devices.31–33

On the one hand, the progress in micro- and nano-
structuring within the last decades allows for the synthesis of
complex cell culturing substrates with tunnels and tubes being
far beyond a simple surface structuring. As an example, arrays
of self-rolled-up microtubes—upon release of intrinsic strain in
their multilayer thin lm architecture by selective etching of
a sacricial layer—or 3D-printed free-standing hollow channels
by 2-photon-polymerization lithography can serve as articial
substrates for neurite guidance and connement. However, the
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fabrication of complex surfaces geometries with the aforemen-
tioned procedures is time-consuming, expensive, not scalable,
and hence economically not feasible for large-scale production
as needed for e.g. drug screening experiments. Other tech-
niques qualied for scalable applications, however, such as
brinogen, cellulose nanobrils, or hydrogels have been
applied as cell culture substrates already but lack of structural
features to manipulate neuronal outgrowth at will.34–36

On the other hand, substrates with tailor-made surface
geometries for cell cultivation, can be prepared by making use
of well-established methods in microelectronic industry, such
as photolithography, microcontact printing, imprint lithog-
raphy, dry- and wet-etching processes, physical and chemical
vapor depositions methods to name a few of them. Moreover,
such fabrication routes only make use of materials of synthetic
nature and are thus free from ethical concerns and of general
interest in the eld.37 In future, ethical concerns could be
further minimized by the application of induced stem cell-
derived neurons which have been demonstrated to be cultivat-
able on microstructured substrates as well.38,39

In this work, we combine established technologies, namely
grayscale lithography (GSL) and ultraviolet nano-imprint
lithography (UV-NIL) with reactive ion etching (RIE) to
prepare readily reproducible and cost-effective modulated
surfaces. The topographical features of the platforms are
specically designed to study contact guidance during neuronal
network formation. Cellular network orientation and neurite
outgrowth pathways of murine cerebellar granular cells
(MCGCs) through grooves and over micron-sized edges with
varying heights are analyzed herein. In detail, lithographically
structured steps inside of grooves introduce 2.5Dmodulation in
a substrate to further enhance the complexity of the outgrowth
pathways. Parylene C (ParC) and alumina (Al2O3) surface coat-
ings are applied by chemical vapor deposition (CVD) and atomic
layer deposition (ALD), respectively, before culturing for
improved cell adhesion and viability.40–47 Furthermore,
a spatially localized poly-D-lysine (PDL) coating is utilized to
improve the selectivity of soma adhesion and neurite outgrowth
paths.3,48,49 Moreover, additional laminin coating promotes
neurite outgrowth and neuron viability.50

Results and discussion
Contact guidance at steps and in grooves

One approach to tailor the neuron outgrowth is to introduce
morphological traces, which serve as guide for the growth cone.
Fig. 1 shows neurons cultivated on step structures produced by
GSL. The height difference between adjacent steps is 2 mm with
a total of four different heights (see also Fig. S1†). Vital neuronal
networks have developed on the substrates as displayed by
confocal laser scanning microscopy (CLSM) images (Fig. 1a–c). A
tendency to settle on lower levels on the structure rather than on
the top steps is observable: 32% of the cells are seeded in the pits,
34% on the lower steps, 27% on the higher steps, and 8% on the
top steps. The overall cell density on the displayed substrate is
(648� 114) cells per cm2. Note, the pits and top steps each make
up 1/6 of the total surface area, while lower and higher steps each

make up 1/3. Consequently, the measured cell density is highest
in the pits with (1086 � 264) cells per cm2. Neuronal network
formation over the entire substrate surface shows that the steps
do not present an insurmountable barrier for neurite outgrowth.
However, the outgrowth is signicantly inuenced by the
topography andmany neurites are oriented in the direction of the
step edges. The majority of neurite trajectories is oriented within
an angle of �15� towards the step edge direction (Fig. 1d).

Further insight into the network geometry is provided by
scanning electron microscopy (SEM) analysis of the same
culture. Most neurites are oriented along the step edge direction
for a large portion of their paths (Fig. 1e). Many thin neurites as
well as neurite bundles with small impinging angles are guided
and deected by step edges (Fig. 1f and g). However, once steps
are crossed, neurites are predominantly not deected. In detail,
the majority of observed neurites that cross multiple steps both
upwards and downwards without deection have a trajectory
over 60� relative to the step edges (Fig. 1h and i).

In contrast to GSL-produced steps, structures produced by
a combination of RIE with subsequent UV-NIL reveal sharp, well
dened edges with 90� angles. Thus, such structures are ideally
suited to assess neurite pathnding along competing growth
options when exposed to barriers of different heights. Three
different cases are observed on steps of 3 mm, 6 mm, and 9 mm
height (Fig. 2). At 3 mm steps, the orientation of neurites in the
network is statistically random with neurites freely extending
over the steps. On 6 mm steps, neurites in networks have
a predominant orientation along the edges of the steps and
somata are mostly settled on lower steps and in pits. However,
cross-linkage across the top steps is sufficient for network
connections between the pits. Noteworthy, neurites of single or
only a few neurons are switching between perpendicular and
parallel orientation along the step edges. On 9 mm steps, no
network formation across the steps is observed. Neurites are
completely deected when approaching a lower step edge,
which leads to connement in the pits and guidance along the
step edge direction.

Li et al. reported a threshold height of 10–11 mm for cortical
cell cultures in crossing and turning on steps coated with PDL.51

The authors explicitly noticed that the threshold is of the same
magnitude as the growth cone dimension of cortical neurons.
Hence, the results indicate that the size of the growth cone is
also the dening factor for the threshold for MCGCs in crossing
steps. When encountering a step of larger vertical dimensions
than its dimension, the cone would need to turn in a 90� angle
to cross onto the next step while turning in plane offer alter-
native pathways with smaller bending angles. Thus, neurites are
entrapped by vertical walls of 9 mm.When encountering smaller
steps, the bending angle needed to extend onto the next plane is
reduced which in turn increases the likelihood of crossing.

The orientation of neurites perpendicular to 6 mmsteps for low
density cell cultures may be explained by the presence of topog-
raphy as single guidance cues in the absence of other cells nearby.
When the growth cone senses an edge, it can either align with the
edge or continue its trajectory across the edge to sense for the next
cue. The closest way to the next cue in formof the next step edge is
directly 90� across the step. This form of perpendicular contact
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guidance has previously been observed on grooves of sub-micron
dimensions and on radial neurite bundles.52–54

One possibility to introduce an additional degree of order to
neuronal networks cultivated on step structures is the addition
of further topographical contact guidance. To this end, chess-
board structures of cavities connected by channels with inte-
grated steps produced by GSL were utilized as cell culture
platforms for MCGCs. The height difference between consecu-
tive steps is 2 mm as in the rst scenario. Since neurites are
trapped in the channel, we observe, in agreement with our
previous results, no deection at the steps because the angle of
approaching the step is larger than 60�. Two neurons in adja-
cent cavities are shown in Fig. 3a. Neurites in the displayed
channels show exemplary behavior for pathnding observed on

all of these investigated substrates. Specically, neurites origi-
nating from cell somata that are settled in cavities are mostly
extended towards the channels. Over a certain distance, the
neurites are guided over the steps along the bottom of the
channels (1). At some point, typically aer crossing one of the
top-level steps, the neurites attach to the channel wall and do
not follow the steps back downwards (2) pointing to morpho-
logical guidance at the corner. Therefore, some neurites
subsequently leave the channels. However, in the displayed case
the main trajectory remains inside the channel and leads back
down onto the channel bottom. In contrast, other neurites leave
the channel aer crossing the channel bottom towards the
other edge when approaching a higher step level (3) indicating
that the growth cone fumbles in a preferred forward direction.

Fig. 1 (a–c) CLSM images of MCGCs cultured on ParC coated step structures produced by GSL at 4 DIV. Brightness of the steps correlates with
the height: light and dark correspond to top steps and bottom pits, respectively. Red arrows point to neurites guided along edges. (d) Circular
histogram of the normed distribution of neurite orientations in (a) relative to the step edges. (e–i) False-colored scanning electron microscopy
(SEM) images of neurons on step-structures after 4 DIV.

Fig. 2 CLSM images of MCGCs at 10–11 DIV on steps of varied height (h¼ 3 mm, 6 mm and 9 mm) and width (w¼ 12 mm and 32 mm) produced by
RIE. All substrates have been coated with ParC and PDL.
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The overall guidance effect of the channels is showcased in
Fig. 3b. Most neurites originating from a cell cluster settled near
a cavity as well as the neurites of somata settled on the top rim
of a channel are extended into the channels. Guided neurites
are apparently longer than neurites without contact guidance,
which may indicate an acceleration of the neurite outgrowth
through contact guidance in the channels similar to the effect
shown for neurites inside of tubes.17 Nearly all observed neu-
rites leave the channels at some point—predominantly at the
highest step—and extend onto the substrate surface without
2.5D structuring. Note, observed neurites of somata settled
inside of cavities typically exit the channels before reaching an
adjacent cavity (Fig. 3c) indicating that the chosen distance
between two cavities is too large to dene connected neuronal
networks when steps are introduced in the outgrowth path.

While neurite guidance along the channels is observed in the
cases described above, a majority of the somata is unspecically
settled on the at surface (Fig. 3d). Accidentally, single neurites
from these somata are extended into the channels, but a large
part of the neuronal networks is formed on the surface without
modulation. Neurites of these networks, especially in case of
neurite bundles, build suspended bridges over the channels
(Fig. 3e) or extend down on one side wall and up on the other
side wall without changing the trajectory (Fig. 3f and g). This
observation again points to the fact of a preferred forward
direction of the outgrowth by the growth cone. In a special case,
some small somata are settled inside of a channel. Neurites can
then be extended into the channels as well as onto the at

surface; no specic preference has been found in this case
(Fig. 3h).

In intermediate summary, our observations show that steps
and walls produced by GSL are sensed by the growth cone. The
effect is not strong enough to reliably build ordered 2.5D
networks on the structured surfaces, but some neuron caging
and neurite guidance is given. The path chosen by neurites aer
encountering the border of a step or a channel is dependent on
the angle of approach. At large angles, neurites tend to cross
steps and channels without change of trajectory. At small
angles, they tend to follow the step edge direction or channel.
This behavior is analogous to stripe ‘tracking’, observed for
neurites encountering stripes of xed chemical guidance cues
laminin and bronectin.55 High probability of neurites exiting
the channels at some point can be attributed to frequent
directional changes of the trajectories induced by the step
structure inside the channels. Neurites have previously been
shown to cross boundaries more oen on surfaces with multi-
directional patterns than neurites on unidirectional patterns.13

The observation of longer neurites when extended through
channels ts previous ndings where axons on anisotropic
patterns where signicantly longer than axons on at surfaces.14

Chemical guidance by poly-D-lysine

In the previous sections only contact guidance at steps and
corners has been investigated. Note, the culture substrates have
been uniformly coated by a PDL layer. However, selective
adhesion coating can support contact guidance along the

Fig. 3 False-colored SEM images and a CLSM image of MCGCs on chessboard structures produced by GSL after 6 DIV. (a) Two connected
neurons. Three magnified areas of interest show (1) guidance along the bottom of a channel, (2) guidance on the sidewall of a channel, and (3)
a neurite pathway exiting a channel. (b) Red arrows indicate spots, where neurites leave the channels. Yellow arrows indicate neurites, that are not
guided. Blue arrows indicate re-entering of neurites into channels. Neurites originating from a cell cluster and somata that are settled on top of
channels. (c–h) Examples of neurites exiting, entering, and crossing channels.
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surface topography. The effect of selective surface coating with
PDL on MCGCs was rst tested on at substrates without
contact guidance to evaluate the impact as chemical guidance
factor. The neurons were cultivated on glass substrates with an
Al2O3 surface coating. Droplets of PDL solution were printed in
a pattern of circles with approx. 36 mm diameter. Confocal
microscope images of cultured cells for circles printed every 90
mm are shown in Fig. 4a–c. 89 � 5% of all somata are settled
directly on or are attached to circular areas covered with PDL. A
network of neurites spans between the circles. In the rare case of
somata that are located between circles, their neurites are
directly extended to the nearest circles. Within the coated areas,
a higher number of somata and neurites are attached and
extended on the outer rim than in the center.

The results indicate a very strong PDL reliance of cell attach-
ment and migration of somata on the substrate. Cell adhesion
near the edges of circles indicates an uneven distribution of PDL
residue in the rings, likely due to the so-called coffee-ring effect,
known to occur in ink-jet printing of polymers.56 During neurite
outgrowth, PDL clearly functions as a guidance cue. Orientational
analysis of the neurite growth directions in case of PDL droplets
with 90 mm periodicity (Fig. 4d and e) reveals that the simple
quadratic pattern is sufficient to introduce a certain order to the
network: dominant neurite orientation towards 0� and �45�.
Spreading of most neurites between nearest and second-nearest
circles (Fig. 4f) results in preferred directions either parallel or
diagonal to the printed pattern.

In contrast, Fig. 4g–i show close-ups of cultured neurons on/in
circles printed with the same amount of PDL—same diameter—
but every 190 mm where nearly all cellular material is attached at
the PDL spots. Neurites of vital cells are exclusively extended
inside the boundaries of the coated area. This result indicates that
theminimal distance between two PDL circles of 154 mm (edge-to-
edge) exceeds the maximal distance neurites of MCGCs span
without attractive chemical guidance cues. When the distance
between PDL-covered areas is too large, neurites retract and start
sensing in a different direction. As a result, no neuronal networks
can be formed over PDL coating with large distance spacing.

Combination of contact and chemical guidance

Based on the results of the rst section, chessboard structures
of cavities and channels with steps were produced by RIE as well
as UV-NIL (see Fig. S2†) and were cultivated with MCGCs to
obtain ordered 2.5D neuronal networks. But this time, PDL was
not coated onto the entire surface, instead PDL was specically
and spatially applied to enhance the selectivity of cell adhesion
only locally. First, PDL was coated with a materials printer tar-
geted to the cavities. Note, it is reasonable to assume that
droplets with PDL solution spread through the channels
through capillary forces before evaporation of the solvent,
leading to PDL coating that is homogenously distributed in the
modulated area.46 Using this surface treatment, guidance in the
conned area is achieved and a neuronal network spans
through the channels and cavities (Fig. 5a). However, neuronal

Fig. 4 CLSM images and orientation analysis of neurons cultured on PDL circles with diameters of approx. 36 mm printed on an Al2O3 surface (7
DIV). (a–c) Circles printed in a pattern of 90 mm periodicity and an average distance between two circles of 54 mm. (d) Color-coded confocal
image of neurons cultured on PDL circles in a pattern of 90 mm. Coloration of neurites corresponds to the neurite direction relative to the pattern.
(e) Circular histogram of the normed distribution of neurite orientations on the pattern. (f) Percentage share of neurite pathways between nearest
(first), second nearest and third-nearest circles. (g–i) Circles printed in a pattern of 190 mm and an average distance between two circles of 154
mm.
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somata are mostly not settled in the cavities, but on top of the
substrate's surface or in the channels themselves. Most likely,
droplets of PDL solution aimed at the cavities were deposited
onto the channels due to the insufficient accuracy of the stage
alignment. As a result, somata are settled in the channels and
neurites are spread on straight lines across the surface of the
sample (Fig. 5b). Second, and in contrast, utilizing a pipette
mounted at a micromanipulator to inject PDL into cavities and
channels with the same design results in neuronal networks
with somata exclusively attached to the cavities and with several
neurites that spread through the channels and along the
bottom of the cavities (Fig. 5c and d). Some neurites are partially
guided along the top edges of the channels and cavities. When
clusters of several cells are settled in cavities, some neurites are
spread across the surface towards different cavities (Fig. 5e).
This design was tested with step heights between 2 mm and 10
mm. Overall, neuronal networks in RIE-etched structures in
combination with chemical cues have a high degree of order
and can be used to successfully guide neuron outgrowth along
2.5D pathways for step heights of 4 mm and below. In accor-
dance to the ndings on step structures in the rst section, step
heights above 6 mm hinder neurite elongation; the observed
neurite guidance in those cases occurs mostly for clusters along
the top edge. Within this section we showed how the combi-
nation of chemical cues for guidance with contact guidance in
channels can be employed to build neuronal networks in 2.5D.

Our conclusive experiments revealed that spatially controlled
chemical cue application, sharp edges, and step heights above 6
mm are needed for optimum guidance.

Conclusion

We utilized grayscale lithography, reactive ion etching, and
ultraviolet nanoimprint lithography to fabricate rapidly repro-
ducible and cost-efficient cell culture platforms with well-dened
2.5D topography on the micron scale. Murine cerebellar granule
cells were successfully cultivated on these substrates and formed
low-density neuronal networks. Neurites were extended on 2.5D
pathways. Vertical walls with certain height and sharp 90� edges
conned neurite extension in a dened space on the bottom
plane. The critical step height for neurite caging has been
determined to be larger than 6 mm. However, every change in the
trajectory raised the probability of neurites extending alongside
walls and exiting the well-dened channels over the top edge.
Selective chemical coating determines potential cell adhesion
spots and areas of neurite outgrowth predominantly to the coated
areas. Coated cavities act as efficient neuro-cages. Thus, with
a combination of chemical and topographical guidance, ordered
2.5D neuronal networks have been successfully generated and
maintained. Our results of guided neuronal outgrowth experi-
ments on 2.5D structures prepared by semiconductor industry
compatible techniques might pave the way to articial

Fig. 5 CLSM images of MCGCs at 6–8 DIV on chessboard structures produced by RIE and UV-NIL. (a) Cavities of 10 mm depth and steps in
channels of 5 mmheight coated with PDL with a materials printer. (b–e) Cavities of 14 mmdepth and steps in channels of 4 mmheight. PDL coated
by a material printer (b) and with a micromanipulator (c–e). Red arrows indicate neurites guided at the top edge of cavities. Blue arrows indicate
neurites at the bottom of cavities.
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microstructured cell culture substrates and might form the
stepping stone for linking tailor-made semiconductor devices
with neuronal cell cultures.

Methods
Grayscale lithography

Glass wafers were dehydrated at 200 �C for 10 min. AZ4562
photoresist (MicroResist) was deposited via spin coating at
2000 rpm for 30 s to get 10 mm thick layers and the wafers were
kept on level ground at room temperature (RT) for 10 min.
Optimal prebake time was 1 min at 60 �C and ramped up to
100 �C for 10 min. Aer GSL, the samples were developed in
AZ826 MIF (metal ion free; MicroResist) for 3.5–6 min,
depending on structure depth. Optical GSL was carried out
using a DWL66+ laser writer (Heidelberg Instruments) equip-
ped with a 363 nm Ar+ laser (max. 360 mW). Grayscale les were
prepared with AutoCAD (AutoDesk).

Reactive ion etching

Photomasks were produced with the DWL66+ laser writer using
prefabricated photo mask blanks (G Materials) metalized with
Cr and coated with 530 nm MICROPOSIT S1800 photoresist
(MicroChem). The respective exposure patterns were prepared
with AutoCAD. The wafers were heated to 115 �C for 50 s for
postbake and developed in AZ826 MIF for 3.5 min. In prepara-
tion for RIE, Si wafers were spin coated with LOR5A at 4000 rpm
and AZ4562 for 30 s at 4000 rpm. Prebake time was 1 min at
60 �C, ramped up to 100 �C for 6 min. Transferring the desired
structures into the resist through contact lithography, the
coated wafers were exposed for 15 s with 13 mW cm�1 of 365 nm
UV light using an MJB4 mask aligner (Süss MicroTec).
Substrates (silicon, h100i �0.5�, Czochralski grown, Sie-
gertWafer) were treated in a Si 500 inductively-coupled plasma
(ICP)-RIE plasma etcher (Sentech). The gaseous mixture con-
sisted of 50 standard cubic centimeters per minute (sccm) SF6
feed gas, 70 sccm C4F8 for sputtering and 5 sccm O2 for glow
discharge. The stage temperature was set to 0 �C, ICP power was
set to 400 W and radio frequency was set to 15 Hz with
a chamber pressure of 1.02 bar. Subsequently, photoresist was
removed with acetone in an ultrasonic bath.

UV nanoimprint lithography

UV-NIL was utilized for the duplication of structures previously
produced by RIE. These structures served asmaster stamps for the
UV-NIL production. The master stamps were covered with a layer
of uorosilane (1H,1H,2H,2H-peruorodecyltrichlorosilane, 96%,
Alfa Aesar) as anti-adhesive coating by CVD. The stamps were rst
cleansed by sonication in acetone and isopropyl alcohol (IPA),
followed by 2 min of ozone exposure in a UV/ozone cleaner (UVO
Cleaner Model 144AX Series, Jelight Company). Following ozone
treatment, CVD of uorosilane was performed in a Vacutherm
vacuum oven (Fisher Scientic) for 30 min at 80 �C and 0.4 bar.
Common glass coverslips (20 mm, #1, CarlRoth) were utilized as
resin substrates. The substrates were cleansed and exposed to
ozone plasma for dehydration analogous to the stamps.

OrmoPrime® 08 (MicroResist) was applied as adhesion layer
through spin coating for 1 min at 4000 rpm and hardbaked on
a hotplate for 5 min at 150 �C. OrmoStamp (MicroResist), a poly-
mer with glass-like properties and high UV-NIL resolution, was
used as resist. Single droplets were positioned centrally on the
stamps, before glass substrates were placed on top without
additional pressure. UV-curing was performed in an MJB4 mask
aligner for 2 min with 13 mW cm�1 of 365 nm UV light. The
resulting negatives of the original master stamps function as
replica stamps in a second UV-NIL step with identical parameters,
which produces the substrates utilized as cell culturing platforms.

Surface coatings

Alumina. Al2O3 was deposited by ALD utilizing trimethyla-
luminum [Al(CH3)3] and water as precursors in a custom-built
ALD system. On planar control substrates, a layer thickness of
15 nm was determined by spectral ellipsometry.

Parylene C. ParC was coated on cell culture substrates by
CVD in a SCS Lab-coater® 2 (Speciality Coating Systems). In
previous experiments with 0.7 g ParC all surfaces of structures,
including interior surfaces of microtubes, were coated with
a layer of approx. 130 nm thickness.20 For this work, 0.5 g were
used for coating.

Poly-D-lysine. Regardless of the PDL deposition method, all
substrates were treated with ozone plasma at 3.5–5 W for 3–5 s
in a plasma system (Femto, Diener Electronic) in advance to
increase the hydrophilicity of the surface.

For nonspecic PDL coating onto the entire surface of the
culture platform a droplet of approx. 100 ml cm�2 PDL solution
(0.01 g l�1, mol wt 30–70k, Sigma Aldrich) was pipetted onto
the substrates. Resting time was at least 30 min. Aer
removing the PDL solution, the substrates were cleansed with
DI water (18.2 MU cm) two or three times to remove excess PDL
molecules.

Patterns of PDL were printed utilizing a Dimatix Materials
printer DMP-2831 (Fujilm) with 16 nozzle cartridges that eject
1 pl droplets of liquid. Piezo-element voltage was set to 20–25 V,
with a jetting frequency of 2.5 kHz. The temperature of the
nozzle chamber as well as the sample holder was set to 21 �C.
The distance between write head and substrate was set to 600
mm. The viscosity of PDL solution, estimated based on droplet
velocity and piezo-element voltage, is approximately 13 cP.

A custom-built upright patch clamp setup was utilized for
site-specic PDL coating in cavities and grooves. The setup
consists of a microscope, an objective with a large working
distance, a micromanipulator and freshly prepared glass
pipettes with openings of down to <1 mm.

Laminin. Right before cultivation, all substrates were addi-
tionally coated with laminin by incubation with laminin solu-
tion (10 mg ml�1) for 20 min.

Cell culture

The substrates were cultivated with wild type murine cerebellar
granule cells. All mice were 6–7 days old at the time of extrac-
tion. A detailed description of the isolation process has been
previously given by Loers et al.57 Culture medium was
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Neurobasal A (Thermo Fisher Scientic) supplemented with
penicillin/streptomycin (1%), bovine serum albumin (1%),
insulin (10 mg ml�1), L-thyroxine (4 nM), transferrin holo (100 mg
ml�1), sodium selenite (30 nM) (all Sigma Aldrich), fetal bovine
serum (6%, Capricorn Scientic – FBS Advanced) and Gibco B-
27 (50�, Thermo Fisher Scientic). Cell concentration was
adjusted to 2 � 105 cells per ml. Cells were plated in droplets of
approx. 100 ml cm�2 suspension and le to settle for 1 h at 37 �C
and 5% CO2 in the incubator. Aerwards, 3 ml cell medium was
added per 35 mm Petri dish (Fisher Scientic, Biolite). Cytosine
arabinoside (3 mM) was added aer 24 h. Medium was renewed
aer 2 DIV and subsequently every 2–3 days.

Animals

C57BL/6 mice were bred at the animal facility of the University
Medical Center Hamburg-Eppendorf and maintained at 22 �C
on a 12 h light/12 h dark cycle and provided with food and water
ad libitum. All experiments were conducted with mice of either
sex and in accordance with the German and European
Community laws on protection of experimental animals.
Procedures used were approved by the responsible committee
of The State of Hamburg (permission no. Org_679). Experi-
ments were carried out and the manuscript was prepared
following the ARRIVE guidelines for animal research.

Confocal laser scanning microscopy

For CLSM, neurons were stained using Neurite Outgrowth
Staining Kit (Invitrogen, Thermo Fisher). Growth medium was
removed and the substrates were treated with 1� dye mixture in
Hank's Balanced Salt Solution (HBSS) or Dulbecco's Phosphate-
Buffered Saline (DPBS) for 15min at 37 �C and 5% CO2. Imaging
was performed with a Leica TCS SP8 confocal microscope
(excitation at 488 nm and 552 nm wavelength; detection
between 494–530 nm and 558–610 nm). Rendering of images to
2D stacks was performed using Leica LAS X soware or the Fuji
distribution of ImageJ.58,59 The OrientationJ plugin in ImageJ
was used for directional analysis of neurite orientation.60,61

Scanning electron microscopy

In preparation for SEM, cells were xated and dried by exposure
to paraformaldehyde in HBSS (4%) for 20 min at 37 �C.
Substrates were rinsed three times with puried water and
successively submerged in 10%, 25%, 50%, 75% and 99.5% v/v
ethanol absolute (VWR Chemicals) solution for 10 min each.
Subsequently, the substrates were either air dried or critically
point dried for optimal preservation (Autosamdri-815 Series A,
Tousimis). Substrates were stored under vacuum in a desiccator
until further use. All substrates were coated with approx. 30 nm
Au by sputter coating (K550 Emitech Sputter Coater) before SEM
imaging (Zeiss Crossbeam 550).
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Supporting material: Neurite guidance and neuro-caging on steps and grooves in 2.5 
dimensions

Cornelius Fendlera, Jann Harbertsa, Lars Rafeldta, Gabriele Loersb, Robert Zierolda*, Robert H. Blick,a,c

aCenter for Hybrid Nanostructures (CHyN), Universität Hamburg, 22761 Hamburg, Germany
bCenter for Molecular Neurobiology Hamburg (ZMNH), University Medical Center Hamburg-Eppendorf (UKE), Hamburg 20251, Germany.

cMaterial Science and Engineering, College of Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706, USA.

Substrates produced by grayscale lithography (GSL)
Cross sections of step structures in AZ4562 as result of exposure tests at 22 mW laser power are shown in Figure S1 a. Since photon 
absorption in the resist is a nonlinear process, exposure with linear grading leads to an exponential decrease of step height towards larger 
depths. If the goal is the production of complex geometries, results of an intensity test can be fed into computational calculation to convert 
desired features into fitting gray scale values. Correct values for simple structures without the demand for nanoscale accuracy, such as the 
ones described in this chapter, can be directly estimated based on the test results. An exemplary step structure created by GSL with a targeted 
step height of 2 μm is shown in Figure S1 b. The gray values were set to 42, 122 and 228 to reach 2 μm, 4 µm and 6 μm depths. A profile 
corresponding to such a step structure is shown in Figure S1 c. The profile indicates slightly rounded edges. Figure S1 d shows examples of a 
chessboard structures produced with GSL. The design connects cavities through channels with integrated steps of 2 μm height with each 
other.

Substrates produced by reactive ion etching (RIE)
A plot of RIE etch depth in dependence to process time is shown in Figure S2 a. Slight variations in the etch rate can be attributed to 
temperature fluctuations in the reaction chamber. The etch rate determined by linear regression of the etch depths is (9.8 ± 0.1) nm/s. To 
obtain multiple steps in one structure, up to three consecutive cycles of contact lithography and RIE were executed. An example of a structure 
resulting from two cycles is shown in Figure S2 b. Etching of channels with 10 μm gaps every 40 μm in one and overlaying continuous channels 
in the other cycle results in steps with the height defined by RIE in the cycle with the gaps included in the design. Figure S2 c shows multiple 
substrates for which the described principle was utilized to produce identical boundaries of 10 μm height defining channels that connect 
cavities with 2 μm – 10 μm additional depth, resulting in distinct steps at the channel entrances/exits. Isolated cavities were etched first, 
followed by the design including the channels. Steep sidewalls form 90 ° corners at the bottom of the structures. Slight misalignment of the 
exposure designs and interference patterns are visible due to limited accuracy of contact lithography with mask aligners during the second 
RIE circle. At high overall depth of 18 μm and 20 μm, deviations from the design increase with residues and uneven surface inside the cavities.

Electronic Supplementary Material (ESI) for Nanoscale Advances.
This journal is © The Royal Society of Chemistry 2020



Figure S 1: Profiles and images of structures produced by GSL in AZ4562 photoresist with 22 mW laser power. The profiles were measured with a DektakXT profilometer (Bruker).
(a) Results of exposure tests. A 50 % filter was installed in the beam path of the laser for the black plot in contrast to no filter for the red plot. The gray bars at the top give a top
view onto the gray values of the exposure design. From left to right, the gray values increase in discrete steps of 8, which linearly correlate with the local UV laser intensity during
the writing process. The red dashed line represents the profiles displayed in the plot. (b) CLSM 3D stack of the step structure. Scale: 40 μm. (c) Profile of a step structure created by
exposure with alternating gray values of 0, 42, 122 and 228. (d) Brightfield images of a chessboard structure produced with the same gray values of 0, 42, 122 and 228. Cavities are
connected through channels with steps. The focus of the right images is shifted by -2 μm top to bottom. Scale bars: 50 μm, 20 μm.



Figure S2: Profiles and images of structures produced by RIE in silicon. (a) Cross section profiles of grooves measured with a profilometer. A plot of the etch depth against time is
shown in the small graph. The etch rate is (9.8 ± 0.1) nm/s. (b) Optical images of a chessboard pattern created by two consecutive etch steps. Cavities are connected through channels
with steps. The focus is set to -5 μm in the middle and -10 μm in the bottom image relative to the silicon surface. Scale bars: 200 μm (top), 50 μm (middle and bottom). (c) SEM
images of chessboard structures with isolated cavities with increasing depth from 12 μm to 20 μm from left to right etched in a first step and cavities connected by continuous
channels with 10 μm depth edged in a second step, resulting in steps at the cavity exits accordingly (indicated for 12 μm cavities with arrows). Scale bars: 20 μm.
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the axons are passing several electrodes making the data anal-
ysis challenging. To enhance the signal-to-noise ratio, invasive 
electrodes are utilized[3] having the downside of damaging the 
cells in long term studies.

The fabrication of semiconductor microtubes is based on 
the growth of lattice mismatched layers.[8,9] We employ mole-
cular beam epitaxy (MBE) to define a sequence of a sacrifi-
cial layer, a strained layer, and a top layer directly grown on 
a GaAs wafer, see Figure 1a. By using components with dif-
ferent lattice constants during growth, strain is formed in the 
multilayer. Since GaAs and AlAs have similar lattice para-
meters (aGaAs = 0.565 nm and aAlAs = 0.566 nm),[10] such a layer 
system would not be strained. Stress is built by adding indium 
to the system: Increasing the indium content increases the 
lattice constant linearly. In this work, a multilayer consisting 
of 16 nm Al0.3Ga0.7As, 4 nm GaAs, 7 nm Al0.3Ga0.7As, 15 nm 
In0.2Al0.24Ga0.56As, and 40 nm AlAs is used. These layer thick-
nesses result in a tube diameter of 3 µm,[11] the same order of 
magnitude as the diameter of an axon.

The optically active 4 nm GaAs quantum well (QW) is 
located between the AlGaAs barrier layers (Figure 1b). By selec-
tive etching of the 40 nm AlAs sacrificial layer, strain is released 
and the tubes start rolling up (see the Supporting Information 
for details). Figure 1c shows a rectangular array of tubes fabri-
cated via photolithography with a single tube length of 50 µm 
and diameter of 3 µm containing two windings.

Because of the toxicity of the arsenic compounds to biological 
materials, GaAs has to be sealed with a biocompatible material 
before introducing living cells to the samples. Therefore, the 
bottom of the GaAs wafer is coated with polydimethylsiloxane 
(PDMS). As a first step, microtube samples are laid on cured 
PDMS well. The edges of the wafer are carefully brushed with 
liquid PDMS (1:10). After curing out on a hotplate for 5 min at 
100 °C, the bottom and the edges are coated with PDMS. The 
next step is coating the top of the sample with the biocompat-
ible polymer parylene-C (Specialty Coating Systems, Labcoter 2) 
via chemical vapor deposition (CVD). During the CVD process, 
the tubes are coated from outside and inside with a 130 nm 
parylene-C layer.[12] This polymer shows outstanding electrical, 
chemical, and thermal stability and is widely used as an elec-
trical insulator and coating for biomedical implants.[13]

The pioneering work in the field of neuron guiding on 
semiconductor microtube arrays by Schulze et al.[14] indi-
cated an excellent potential for such hybrid devices. We have 

In this communication, we present a combined approach for 
local guided adhesion of neurons, assisted growth across a 
large area, and probing of synthetic neural circuits via optically 
active semiconductor microtubes. A quantum well, embedded 
in the wall of the microtube, supplies the microtube with opti-
cally active characteristic, enabling remote sensing of action 
potentials. The electric field caused by the alteration of the 
membrane potential of the axon during action potential genera-
tion propagates in the wall of the microtube, thus changing the 
band structure of the semiconductor and the emission wave-
length (WL) of the microtube.

Improved understanding of the brain and the reasons for 
its misfunction, e.g., neurodegenerative disorders are of great 
interest for medicine and neuroscience. The challenge is to con-
nect the disciplines of neurobiology and electronics/photonics 
to mimic the 3D environment of the brain while still having a 
highly defined system. Typically, most of the suggested devices 
use electrical feedback methods to detect action potentials (APs) 
and understand interactions in a neural network consisting of 
up to thousands of microelectrode arrays.[1–5] However, for over 
a decade, the emerging research field of optogenetics has cre-
ated new promising wireless devices for neural stimulation 
and activation detection.[6,7] Optical detection methods have 
many advantages compared to using electrodes. Plane elec-
trodes do not deliver the best signal-to-noise ratio, addition-
ally, the branchy shape of the axons extending over large arrays 
of the sample does not enable to build a defined system, since 
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shown earlier that microtubes act as geometric guides for axon 
outgrowth.[12,15] Axons prefer to grow along boundary sur-
faces[16] and can be guided into the tubes. In our earlier work 
(Yu et al.[15]), we focused on SiGe as a material for semicon-
ductor microtubes and have shown excellent neuron guiding 
capabilities with tube diameters one order of magnitude larger 
than the diameters of the axons. Recently, Froeter et al.[17]

reported on Si3N4 microtubes having diameters very similar to 
axons, revealing an acceleration effect on the axon outgrowth. 
However, the tubes of both synthesis routes were not optically 
active as in our approach. In our experiments, we use tailor-
made tube diameters comparable with the diameters of mouse 
axons. By combining the topological and chemical guidance 
cues, 30% of the microtubes on our samples are filled with 
axons.

To define the adhesion areas of the neurons, the samples are 
selectively coated with the adhesive amino acid poly-L-lysine. 
Figure 2a shows a rectangular array of tubes. The red semi-
transparent circles highlight poly-L-lysine (PLL) droplets, which 
serve as adhesive factor for neurons.[18,19] Prior to printing the 
droplets of PLL on the parylene-C coated microtube samples, 
the samples are plasma-treated with oxygen plasma (FEMTO, 
diener electronic) for 1.5 s. This treatment creates a hydrophilic 
surface and optimizes the size of the PLL droplets to a dia-
meter 25 µm. The deposition of the PLL arrays is undertaken 
using Dimatix Materials Printer (DMP-2831, Fujifilm USA) 

which takes advantage of the piezoelectric inkjet technology. 
The delivered software enables to design a desired droplet array 
which is printed on the sample via nozzles having a droplet 
volume of about 1 pL. The distance between two microtubes 
(20 µm) is chosen in such a way, that the printed PLL droplets 
slightly overlap with the tubes’ openings. This overlap is cru-
cial to guide axons into and through the tubes since we found 
that their growth into the tubes is otherwise not as efficient 
(Figure SI1, Supporting Information).

Neuron guiding experiments are carried out with cerebellar 
granule neurons from mice. The so-called bipolar shape of 
these neurons is of advantage because there are only two neu-
rites (which later transform to axon and dendrite) per neuron, 
forming a more defined system in comparison to multipolar 
cortical or hippocampal neurons with numerous neurites. 
A liquid suspension that has been optimized to obtain a cell 
density of 5 × 103 cells cm−2 is plated onto the substrate and 
cells are cultured for 5–21 d until axon outgrowth is deter-
mined. Figure 2b shows a synthetic neural circuit with highly 
controlled guiding of the axons through the tubes of a length 
of 50 µm, which turns out to be appropriate length for our 
experiments for realizing hybrid neural circuits in future. In 
Figure 2c, the PLL coated areas are highlighted with dashed 
circles, the cell bodies are located in the crossing points of the 
microtube’s entrances and the axons grow through the micro-
tubes forming a highly defined network.

Adv. Mater. Interfaces 2016, 3, 1600746
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Figure 1. a) A sketch of the fabrication of microtubes. The active 4 nm GaAs layer is embedded between the AlGaAs barrier layers. b) A sketch of the 
energy bands in the multilayer: The electrons are excited with a 552 nm laser, as a result excitons are generated relaxing in the lowest energy state of 
the QW and recombine via photon emission with the energy of the band gap (Eg). c) SEM image of an array of naked GaAs microtubes with a length 
of 50 µm and a distance between the microtubes 20 µm. c*) SEM image of an individual uncoated microtube. d) Room temperature PL spectrum of 
a transferred microtube. The gray curve shows emission at 818 nm which refers to the emission of a GaAs QW, the black curve refers to the PDMS 
substrate (scale bars (c) 20 µm and (c*) 3 µm).
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For the optical characterization of the microtubes, a green 
(552 nm) laser, being a part of the confocal microscope Leica 
TSC SP8, is used. After collecting the reflected beam with a 20×
objective, it is focused and directed into a spectrometer (Sham-
rock 303i, Andor) via broadband dielectric mirrors and collected 
with a charge-coupled device (CCD) (Newton CCD DU920P, 
Andor) camera operating in the infrared range of the spectrum.

A 2.25 eV (552 nm) green pumping laser is used to excite the 
electrons from the valence into the conduction band (Figure 1b, 
see experimental section in the Supporting Information for 
details). The excitation energy of the green laser exceeds the 
band gap energies of all semiconductor compounds and as a 
result of pumping, electron–hole pairs (excitons) are gener-
ated relaxing at the lowest energy state of the QW. The excitons 
recombine spontaneously and emit a photon corresponding to 
the band gap energy. Due to restrictions of the MBE, we engi-
neered this emission WL to be 820 nm. The room temperature 
(RT) photoluminescence (PL) measurements are carried out 
on microtubes, which are transferred to a transparent glass 
substrate coated with a double-layer system of PDMS.[20] This 
transfer is essential, since (a) the interaction of GaAs substrate 
with the cellular materials is completely avoided and (b) the 
emission of the microtube–axon hybrids is more pronounced, 
i.e., less absorption by the semiconductor substrate.[21,22] The 
GaAs QW embedded in the tube’s wall reveals in experiment 
an emission peak at 818 nm, which is in good agreement with 
the designed emission WL (Figure 1d). Note that RT PL meas-
urements of such materials are extremely challenging and typi-
cally performed at low temperatures (4 K).[23,24]

To obtain more specific information about the axon place-
ment in the tube, the tubes are milled via focused ion beam 
(FIB), for the first time to our knowledge, and the samples 
are investigated with scanning electron microscope (SEM). 
Figure 3b,c shows different magnifications of the rectangular 

highlighted area of Figure 3a, where the microtube is milled 
perpendicularly and the cross-section clearly shows an axon in 
the microtube adhering tightly on the right side of the micro-
tube’s wall, which is crucial for further experiments as shown 
theoretically elsewhere.[25] In Figure 3c, one can distinguish 
between the axon, semiconductor, and polymer layers.

The confocal microscope allows high-resolution mapping 
of the regions of interest. For the optical probing experiments, 
living neurons are labeled with a green dye (Neurite Outgrowth 
Staining Kit, Invitrogen) which enables us to study axons in the 
tubes and cell viability. The dye is excited via a 552 nm green 
laser and the images are recorded by confocal microscopy. 
Although bulk GaAs is opaque in the visible regime, ≈20% 
of the light is transmitted due to the low semiconductor layer 
thickness of about 100 nm, and the labeled axons inside the 
tubes can be detected.[26] The conformal parylene-C coating 
around the tubes is transparent in the visible regime.

To confirm whether the axons truly grow through the tubes 
or maybe on the edges outside of the tubes, a method of inten-
sity line plots is applied (Figure 4a,b). Hence, our comparative 
studies of the intensity carry information whether (I) a single 
axon, (II) an axon in the tube, or (III) an empty tube is depicted. 
A line plot of a single axon shows the highest intensity, while 
the tubes with axons inside medium intensity and empty tubes 
show the weakest response (Figure 4a,a*). To build a 2D neural 
network, the axon has to grow through the entire microtube. 
Therefore, our confocal microscope allows us to quantify in 
detail, how far into the tube an axon has grown as shown in 
Figure 4b,b*. The confocal image in panel (b*) clearly shows an 
axon 35 µm deep in the tube.

During AP propagation, the membrane potential changes 
generating electrical field of a magnitude of 10 mV nm−1. This 
field propagates in the tube’s wall, changes the band struc-
ture of the embedded QW,[27,28] and induces a change in the 
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Figure 2. a) An optical microscope image of an array of machined microtubes. The red circles highlight the areas where PLL is microprinted to steer 
adhesion of the neurons. b) A confocal microscope image of synthetic neural circuit across a large area with cells cultured for 7 d. Neurons are opti-
cally labeled green and PLL shows up as red spots. c) A confocal microscope image of chemical and geometrical neuron guiding. The dashed circles 
highlight PLL printed areas. Scale bars in (a)–(c) are 20 µm.
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emission WL of the QW. This is typically referred to as the 
quantum confined Stark effect (QCSE) and can be used for 
wireless detection of APs.

As a proof-of-concept, we employed an “artificial axon,” 
which is inserted into a microtube. Applied voltages of 1 and 
2 V show a red-shift in the emission wavelength of the QW of 
1.6 and 2.7 nm, respectively (Figure SI2b, Supporting Informa-
tion). In addition, we simulate electrical fields propagating in 
the semiconductor membrane using COMSOL Multiphysics. A 
peak-to-peak voltage of |Vpp

AP| = 150mV, referring to the peak-
to-peak voltage of an AP, is applied to an axisymmetric system 
consisting of 50 nm of electrolyte solution and semiconductor 

membrane tube (SMT) embedded in boundary layer (BL) of 
parylene-C or TiO2 on both sides (inset in Figure 4d). By imple-
menting the resulting fields to the calculations of the QCSE,[29]

(Figure SI2a, Supporting Information) for a 4 nm GaAs QW, 
we obtain the shifts in the emission WL.

Figure 4c shows the shifts as a function of BL and SMT 
thickness using parylene-C as coating. The highest calculated 
shift of 0.24 meV (0.1 nm), which can be achieved by tuning 
the microtube’s wall system, would not be resolvable with our 
current setup.

The finite element simulations suggest using TiO2 rather 
than parylene-C as a coating material for the microtubes since 

Adv. Mater. Interfaces 2016, 3, 1600746
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Figure 3. a) SEM image showing neurite guiding. The white labeled rectangular area shows an axon growing into the microtube. The white dashed 
area at the bottom highlights the end of the tube with an axon growing out of it. b) Zoom-in of the marked area in (a). The microtube has been milled 
with a FIB to show the axon in the tube. The tube is tightly wrapped around the axon. The bright stripe on top of the microtube marked with an arrow 
indicates metallic deposition, which is part of the sample preparation for FIB milling to protect the tube from demolition. c) Zoom-in of the outlined 
area in (b). The SEM image shows a cross-section of the parylene-coated microtube with a neurite inside. The darker circles refer to the parylene-C and 
the brighter area in between is the thin GaAs membrane. Scale bars 5 µm for (a), 1 µm for (b), and 500 nm for (c).
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the shifts in the emission energy of the quantum well show 
values of about 20 times higher in comparison to parylene-C 
(Figure 4d). Since shifts up to 0.93 meV (0.5 nm) are resolv-
able with our current setup, we suggest biocompatible TiO2

[30]

as coating material for the detection of real action potentials. 
Due to much higher relative permittivity, TiO2 BL shows energy 
shifts of up to 4.4 meV (2.4 nm) (Figure 4d). Conformal deposi-
tion of TiO2 inside the microtube can be achieved by means of 
atomic layer deposition based on sequential pulses of vaporous 
precursors[31] such as the combination of titanium isopropoxide 
with water.

In summary, this paper presents a combination of geomet-
rical and chemical guidance cues resulting in a synthetic neural 
circuit. A detection method for axons inside optically active 
semiconductor microtubes with the help of intensity line plots 
promotes the sample mapping and creates an excellent highly 
defined system for further optical probing of APs and under-
standing the interactions between neurons. Using these opti-
cally active microtubes, APs can be detected indirectly without 
electrodes taking advantage of the QCSE. The sensitivity of our 

current device lies slightly below the resolution limit for an 
AP, however simulations indicate shifts up to 2.4 nm during 
AP propagation in the emission spectrum of the microtube for 
modified thicknesses of the semiconductor membrane and the 
coating material.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4. a) Intensity lines plotted against the distance. The red curve shows the highest intensity and refers to an axon on the semiconductor surface 
outside the tube. In comparison, the blue curve shows an axon in a tube and the black one refers to intensity line plot of an empty tube. a*) The cor-
responding sketch and confocal image to (a). b) Intensity line plots for detection of exact length of the axons inside the tubes. The labeled axon shows 
the highest intensity. The intensity of the axon in the tube is damped by the tube. b*) The corresponding confocal image to (b). c) Simulated QCSE 
using parylene-C as coating material under the influence of an applied field of |Vpp

AP| = 150 mV. The gray curve refers to a constant SMT thickness of 
20 nm by varying the thickness of the BL. The black curve refers to a constant BL thickness of 10 nm as a function of SMT thickness. d) Simulated 
QCSE using TiO2 as coating material under the influence of the same applied field showing shifts up to 4.4 meV. The black dashed curve shows the 
resolution of our current setup. Thus we suggest the future use of TiO2 as coating material instead of parylene-C. Scale bars 20 µm for (a*) and (b*).
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1. Fabrication of the microtubes 

The rectangular arrays of microtubes are fabricated by means of photolithography defining the starting edges, 

shallow mesa and stop edges (Figure 1a). The starting edges are undercut with a phosphoric acid solution 

(H2O:H2O2:H3PO4, 500:10:1), with etch rates of 1nm/s. at least 42 nm deep into the sample until reaching the 

sacrificial layer (AlAs). Shallow mesa and the stop edges, in contrast, are etched only 27 nm until reaching the 

strained InGaAs layer to ensure that the hydrofluoric acid (HF) only enters from the starting edge side. As a last 

step, the AlAs sacrificial layer is etched selectively with 5 % HF, thus minimizing the strain so that the tubes 

start rolling up. 

2. Different deposition areas of PLL 

The deposition area of PLL is crucial to achieve neuron guiding through the tubes. In case of 

coating the whole sample with PLL, the cells disperse statistically and only a few axons grow 

into the tubes (Figure SI1a). Printing PLL in the gaps between the tubes without any overlap 

with them makes the axons grow along the PLL printed areas and not into the tubes (Figure 

SI1b).   

3. QCSE measurements on an artificial axon 

To determine the magnitude of the QCSE of the QW energy levels embedded in the 

microtube an ‘artificial axon’ (tungsten needle) is inserted into a parylene-C coated microtube 

via a micromanipulator. The applied voltage changes the band gap characteristics of the 

embedded QW and induces a red shift in the emission peak of the QW (Figure SI2b). 
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Figure SI1. (a) PLL is deposited over the whole sample. Cell bodies are labeled green and axons red.  (b) The 

white dashed area shows the PLL printed area having no overlap with the tubes. In this case the axons only grow 

along the printed PLL and are not guided into the tubes. Scale bars 20 µm. 

 

 

Figure SI2. (a) PL intensity plotted against the wavelength. The QCSE measurements on a microtube with an 

artificial axon show a red-shift in the emission of the QW. The shift is 1.7 nm and 2.6 nm for applied voltages of 

1 V and 2 V respectively. Black curve refers to a bias 0 V, red curve 1 V and green curve to 2 V. The inset 

represents the shift in as a function of the applied voltage. (b) Calculated QCSE for a 4 nm thin GaAs QW 

showing quadratic dependence of the emission energy shift to the applied field. [28]Applied electric field causes a 

red shift in the emission energy of the QW.  
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ABSTRACT: Here we present a designer’s approach to building cellular neuronal
networks based on a biocompatible negative photoresist with embedded coaxial
feedthroughs made of semiconductor microtubes. The diameter of the microtubes is
tailored and adjusted to the diameter of cerebellum axons having a diameter of 2−3 μm.
The microtubes as well as the SU-8 layer serve as a topographical cue to the axons. Apart
from the topographical guidance, we also employ chemical guidance cues enhancing
neuron growth at designed spots. Therefore, the amino acid poly-L-lysine is printed in
droplets of pl volume in the front of the tube entrances. Our artificial neuronal network has
an extremely high yield of 85% of the somas settled at the desired locations. We complete
this by basic patch-clamp measurements on single cells within the neuronal network.

■ INTRODUCTION

Highly defined neural networks are the underlying base to
unravel the intricate functioning of the brain, such as
movement, memory, and information processing in general.1

Axon guidance, or in a more general term pathfinding, is a self-
assembly process where as a result networks for neural
communication are created. In general, the target cells are
found, and as a result, synapses are generated. The highly
sophisticated and dynamic process of pathfinding is of prime
importance since it is crucial for decoding neurodegenerative
diseases such as Parkinson and Alzheimer.2−4

In vivo cells are surrounded by the extracellular matrix
consisting of proteins. Besides offering structural and
biochemical support for cells, those molecules serve as chemical
cues to axons helping to find the target cell. To understand the
role and the exact functions of this matrix, in vitro studies are
best suited. Therefore, different compounds of the extracellular
matrix are micropatterned on artificial substrates to design
functionalized advanced bioelectric devices5−7 mimicking to
some degree the wiring process of the brain in a controlled
environment. Often proteins such as poly-L-lysine (PLL),
laminin, and fibronectin are applied, which promote neuron
adhesion and axon outgrowth.8−10 However, working toward
revealing the pathfinding mechanisms, Koser et al.11 recently
reported on the mechanical influences of the environment on
axon guiding. This implies that in order to decipher neural
communication the mechanosensitive and topographical

aspects of the pathfinding process should be taken into account
as well.
Topographical cues represent a modulation of the surface;

e.g., they form grooves, ridges, and gratings.5−13 In 2010,
Schulze et al.14 for the first time implemented semiconductor
microtubes as topographical neuron guides. Axons prefer to
grow along the boundary surfaces of the tubes and can be
guided through the tubes. In 2011, Yu et al.15 reported on SiGe
semiconductor microtubes as excellent neuron guides.16,17

Further studies on the guiding characteristics of the tubes were
presented in following years,18 and recently we were able to
implement optically active characteristics within these micro-
tubes, enabling the use of device concepts such as wireless
detectors of neural firing.19 The guiding characteristics of the
tubes were enhanced by selectively coating the samples with
PLL, which acts as a chemical guidance cue.
In this article, we combine semiconductor microtubes

enhanced by a scaffold made of an SU-8 resist to form a
highly effective topographical constraint strongly confining the
adhesion of cells. These containers, as we named them, act as a
topographical cue which we complement by micropatterning
the sample with PLL as a chemical cue, increasing the yield of
axons growing into the microtubes. By incorporating the
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optically active characteristics into the microtubes from our
previous studies, we are able to create a basis for understanding
neural pathfinding. This designed network we then probe
locally in a first approach via patch clamp recordings, revealing
the successful integration of a neuronal network of mouse
axons.

■ EXPERIMENTAL SECTION
Fabrication of the Microtubes. Figure 1 shows the fabrication of

the microtubes, which is based on the principle of self-rolling of a

strained multilayer. The diameter is tailored to be in the range of the
diameter of an axon of a granule cell (1 μm). It is accomplished by
tuning the layer thicknesses of the single layers, and the percentage of
the components (Al, Ga, As, In) also plays a role.20 The multilayer

implemented in this work consists of 16 nm AlGaAs, 7 nm InGaAs,
and 23 nm InAlGaAs on top of an AlAs sacrificial layer separating the
strained layers from the GaAs substrate. By the selective etching of the
AlAs layer, the multilayer starts to roll up, and tubes with a diameter of
2.7 ± 0.1 μm are formed. A detailed description of the fabrication of
the tubes can be found elsewhere.21

SU-8 Processing. To increase the yield of the axons growing into
the tubes, the tubes are overlaid with the SU-8 negative photoresist.
Because of the biocompatible characteristics, SU-8 is commonly used
in various in vivo and in vitro experiments.22−24 The design of the SU-
8 layer is shown in Figure 2a, where rectangular containers in the areas
of the tube openings are free of SU-8 and the rest of the sample is
covered with a layer thickness ranging from 6 to 20 μm. The SU-8
layer prevents the growing of the axons along the tubes, an unwanted
effect in many neuron guiding studies.14,15

The spin coating of SU-8 is carried out in a three-step ramp: the
first step is accelerating the sample at 100 rpm/s to the desired speed,
letting it spin for 2 min, and decelerating at 100 rpm/s. The spin-
coating speeds were determined for the desired thicknesses in a
separate step for a SU-8 GM-1075 (Gersteltec Engineering Solutions)
solution with 1-methoxy-2-propanol acetate (PGMEA) in a 3:1 ratio.
The small chip size of 25 mm2 and its rectangular shape cause a non-
negligible buildup of resist edge beads. We implemented a flattening
process by placing a hydrophobic glass slide treated with trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane in a vacuum oven on the sample
at the peak prebake temperature (see Figure SI2). The prebake
temperature begins at 45 °C and ramps up at a rate of 5 °C/min to 95
°C for 10 to 35 min depending on the layer thickness. The chip then
gets cooled to room temperature at a rate of 5 °C/min. The samples
are aligned and exposed to UV light (200 mJ/cm2), followed by the
postexposure bake at a peak temperature of 95 °C for 15 to 30 min
and developed with PGMEA, rinsed with isopropyl alcohol, and dried
with nitrogen.

Figure 1. Sketch of the fabrication of microtubes. The microtubes are
fabricated via photolithography defining starting edges, the mesa
boundary, and stop edges. By selectively etching the AlAs sacrificial
layer, the strain is released and the mesa starts rolling up.

Figure 2. (a) To support the adhesion of the neurons, the containers are coated with the adhesive amino acid PLL. The zoom-in shows the overlap
of the tube entrances and PLL. (b) Optical microscope image of the SU-8 superimposed microtubes. The brighter yellow-colored material in the
containers is the underetched, though not rolled up, semiconductor material. It lies on the surface of the sample. The minimally wavy character is
caused by the released tension due to etching. (c) SEM image of SU-8 superimposed microtubes in which the entrances of the microtubes in the
containers are seen. The bottom and the sides of the sample are coated with PDMS polymer, and the top, including the microtubes from inside, are
coated with parylene-C polymer. The inset shows a cross section of a focused ion-beam-milled microtube coated with parylene-C. To protect the
microtube, a metallic layer was deposited on top of the tube. The brighter inner layer is the metallic residue caused by the milling. Scale bars for (b)
and (c) are 25 μm, and that for the inset of (c) is 500 nm.
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Coating the Samples with Parylene-C. Prior to introducing
cells into the samples, the bottom and sides of the GaAs substrate are
fixed in cured poly(dimethylsiloxane) (PDMS) pads whereas the top is
conformally coated with biocompatible polymer parylene-C by
chemical vapor deposition (Labcoater Parylene Deposition System,
Specialty Coating Systems) to prevent the toxic effects of the arsenic
compounds. The polymer shows outstanding electrical, chemical, and
thermal stability and is widely used as an electrical insulator and
coating for biomedical implants.25 The thickness of the parylene-C
layer is 130 nm. A scanning electron microscope (SEM) image of the
cross section of a parylene-C-coated microtube is shown in Figure 2c.
PLL Printing. To specify the areas of cell adhesion and neurite

growth, PLL (Sigma-Aldrich, mol wt 70−150 kDa, concentration
0.01%) is printed on the samples. As shown in 1975 by Mazia et al.,26

PLL is a standard adhesion molecule for neurons that increases the cell
adherence due to the interaction of the positively charged polymer and
the negatively charged proteins on the cell surface. Additionally, it acts
as a chemical cue for guiding neural growth.27 We use a materials
printer (Dimatix 2831 Fujifilm) to precisely microprint the samples
with PLL. By treating the samples with oxygen plasma, the hydrophilic
properties of the samples are improved. The resulting enlargement of
the drop size on the surface increases the printed area with one ejected
drop of PLL to a diameter of 30 μm on the plasma-treated sample.28

Here, the printing pattern coincides with the container chambers of
the SU-8 as shown in Figure 2a.
Neuron Preparation and Culturing. In this work, postnatal

cerebellar neurons from 6- to 7-day-old mice are utilized. The cerebella
are dissected and incubated with trypsin/deoxyribonuclease solution,
and single cells are separated using fire-polished Pasteur pipettes. Cell
concentrations of (1 × 104−2 × 104) cells/cm2 are used. The cells are
incubated in culture medium consisting of Neurobasal A, penicillin
streptomycin, bovine serum albumin (5%), insulin, L-thyroxine,

transferrin holo, and sodium selenite. The devices are incubated in a
humidified atmosphere at 37 °C and 5% CO2, and the neuronal
outgrowth is analyzed after 3−5 days in vitro (DIV).29

Confocal Imaging. For the visualization of the living cells, we use
a neurite outgrowth staining kit (Thermofisher) consisting of three
fluorescent dyes: a cell viability indicator (495/515 ex/em), a cell
membrane stain (555/565 ex/em), and a background suppression
reagent. This kit enables us to visualize the cell soma and the neurites
separately. The dyes are excited with blue (488 nm) and green (552
nm) lasers, which are simultaneously scanned over the sample. The
results are shown in Figure 3a, where the somas are labeled green and
the neurites are labeled red.

Preparation for SEM Imaging. The cells are fixed in 25%
glutaraldehyde/HBSS solution, incubated for 30 min at room
temperature and washed with DI water. To prepare the samples for
critical-point drying (autosamdri-815), HBSS is replaced with a water/
ethanol mixture with increasing ethanol content from 25 to 100%. The
resolution of the SEM images is improved by sputtering the samples
with a 20 nm layer of a gold−palladium alloy.

Patch Clamping. Patch clamping is a common method of probing
neural activity,30 where the voltages and currents of the cell membrane
are precisely measured. The electrophysiological measurements are
carried out with our upright patch-clamp setup (Nikon FN1)
optimized for opaque culturing substrates where the pipet angles
with respect to the sample are maximized by implementing an
objective with an extra-long working distance. Figure 5a shows a
sketch of the patch-clamping setup. With the help of micro-
manipulators, a heat-polished glass pipet with an electrode is injected
toward the cell membrane in order to form a gigaohm seal in the
whole-cell mode. After the gigaohm seal is formed, a patch-clamp
amplifier (HEKA EPC 10 USB Double) is used to stimulate an action
potential via a current injection of 10−50 pA into the intracellular

Figure 3. (a) Confocal image of a sample with cells cultured in 4DIV. Cell bodies are marked green, and cell membranes including neurites are
marked red. The different shade of the microtubes indicates whether there is a neurite growing inside. The layer thickness of the PDMS is 10 μm.
(b) Falsely colored SEM image of critical-point dried cells showing a neurite growing through a microtube (red). The scale bars are 20 μm for (a)
and 25 μm for (b).
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electrode and record the signal (Figure 5c). Typically, the signal
consists of the simultaneous opening of several ion channels causing a
spiky depolarization, called the action potential.

■ RESULTS AND DISCUSSION
Figure 2b shows an optical microscope image of an array of SU-
8-enwrapped microtubes whereas the tips of the tubes’ end
points are connecting different containers and the area between
the crossing points of the tubes tips are free of SU-8 (see also
Figure SI2). The tubes themselves have a length of 50 ± 0.2 μm
and a wall thickness of 92 nm (rolled up twice). The
horizontal/vertical distance between the tubes is 20 μm. The
SU-8 layer thicknesses are in the range of 6−20 μm and are
fabricated in this study in order to analyze the trapping
characteristics of single mouse granule cells with a typical soma
diameter of 10 μm (see also Figures SI5 and SI6 in Supporting
Information). In Figure 2c, an SEM image of a sample is shown,
where a cross section of a tube is shown in the close-up. The
tube was micromilled using a focused ion beam (FIB) to
confirm the conformal parylene-C coating. The semiconductor
and polymere layers are clearly distinguishable in the cross-
section of the tube’s wall.
Figure 3a shows a confocal image with the results of neuron

trapping on a sample. The somas are marked green and the
neurites are marked red, and the cells are cultured in 4 DIV.
The somas are trapped in rectangular containers, and the
neurites are guided into the microtubes. The different shades
on the confocal image of the microtube indicate whether there
is a neurite growing inside. The tubes, which appear brighter,
are filled with neurites. Because of the three-dimensional
confinement, the tubes have an accelerative effect on axon
growth. Froeter et al. claim that the growth velocity of the
neuritis is enhanced 4-fold in the tubes with respect to the

growth velocity on a planar substrate.31,32 Figure 3b shows an
SEM image of a soma placed in front of the microtube and a
neurite growing through the tube extending into the next
container.
Although bulk GaAs and the other layer compounds are

opaque in the visible regime, at layer thicknesses in the
nanometer range, as used in our study, they transmit about 20%
of the light33 and the labeled neurites growing in the
microtubes can be detected. SU-8 and parylene-C are
transparent in the visible regime. Figure 4 presents intensity
line plots to visualize whether the neurite is inside the
microtube. Figure 4a shows the confocal image of a sample,
superimposed with a 10 μm SU-8 layer, where each pixel of the
generated image carries intensity information, and (b) shows
the corresponding intensity plots. The sample is excited with a
green (552 nm) laser, whereas the detection range is 562−602
nm. The red curve corresponds to fluorescent signals of a
labeled neurite, the green curve corresponds to the fluorescent
signal of a neurite, the signal is attenuated by the walls of the
microtube, and the blue curve refers to a plane microtube. Note
that the confocal image in Figure 4a is an overlay of two
channels, green and red. We observe an increase in the intensity
in the tubes with neurite inside (green) and are able to
distinguish them from the neurites without a tube wrapping
around (red) and plain tubes (blue). Using this method, the
exact length of a neurite in the tube can also be extracted.21

A summary of the results of neuron trapping is shown in
Figure 4c, where the percentage of the containers filled with
neurons (either living or dead) as a function of the SU-8
thickness for a cell concentration of 1 × 104 cells/cm2 is
presented. We did not distinguish between containers filled
with several cells or one cell. The graph indicates that the best
yield in container filling, 85%, has a layer thickness of 20 μm. A

Figure 4. (a) Confocal image of neurites guided into microtubes. The red, green, and blue bars indicate the positions of the intensity line scans on
the sample, and the corresponding diagram is shown in (b), differentiating among an empty microtube (blue), a neurite (red), and a tube filled with
a neurite (green line). (c) Number of containers filled with neurons as a function of the thickness of the SU-8 layer. The average fill factor of the
containers is about 60% for SU-8 thicknesses of up to 14 μm. Increasing the layer thickness to 20 μm increases the filling factor to an average of 80%.
The scale bar for (a) is 25 μm.
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layer thickness of 6 μm, which is also the thinnest layer, shows
the lowest trapping characteristics with about 50% of containers
loaded with cells. Layer thicknesses of between 6 and 20 μm
show slightly higher trapping with 60% of the containers filled.
The results indicate higher trapping characteristics for
increasing container thicknesses. Furthermore, the number of
living cells in the containers is counted. Increasing SU-8
thickness increases the percentage of living cells from about
64% for an SU-8 thickness of 6 μm to about 81% for an SU-8
thickness of 20 μm (Table SI4). In addition, the percentage of
cells growing on top of the SU-8 layer is extracted. Through a
combination of the SU-8 containers and the PLL printing, the
number of cells on top of the samples is negligible; more
information can be found in the Supporting Information in
Table SI4. On 72% of the studied samples, the percentage of
on-top neurons makes up <1% of the total number of neurons
on the sample. On the remaining 28% of the samples, the
percentage was still low with 2−3% of the total number of
neurons. No correlation was noticed between the height
distribution of the SU-8 layer and the percentage de/increase of
the on-top neurons.
In an additional study, the number of tubes filled with

neurites using the method of intensity line plots is studied in
comparison to nonsuperimposed samples (coated with an
identical PLL pattern as for the SU-8 superimposed samples).
Even though there were more cells and cell clusters on the
nonsuperimposed samples,19 the number of neurite-filled tubes
is doubled from 30 to 60% for the samples coated with SU-8
not depending on the thickness of the SU-8 layer.
Furthermore, electrophysiological measurements are carried

out on neurons growing on the samples with tubes (no SU-8)

to analyze the firing potential of the cells and confirm that the
cells are fully functioning on the devices (see Figure 5c). The
neuron (4 DIV) is spontaneously spiking approximately every 6
ms with a spike duration of 1.2 ms per action potential.34,35 The
obtained results are recorded using a Bessel filter (all
frequencies over 2.9 kHz are removed). These results are in
accordance with the spiking characteristics of a typical
cerebellar granule cell showing fast-spiking behavior with
narrow spikes at high frequency. This behavior is mainly
caused by the Kv3 voltage-gated potassium channel family since
the activation of the Kv3 currents is much faster in comparison
to that in other channels.36

■ SUMMARY AND CONCLUSIONS
In this study, we present a defined synthetic designer neural
circuit with controlled characteristics for neuron trapping on
6−20 μm SU-8 layers. The microtubes array was enwrapped
with an SU-8 layer to trap the neurons in front of the
microtubes. The patterning with PLL promotes neurite guiding
and confines the settling areas of the neurons. The best
trapping results are achieved with a layer thickness of 20 μm
with 85% of the containers filled with neurons. Additional
patch-clamping measurements show the typical fast-spiking
behavior confirming the biocompatibility of our device since
the neurons spontaneously fired action potentials after 4DIV.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
muir.7b03311.

Figure 5. (a) Sketch of the patch-clamping setup: the pipet is inserted into the cell via a micromanipulator (whole cell mode), and the sensing
electrode records the changing voltage caused by the opening and closing of the ion channels. An upright microscope including an objective with an
extra-long working distance is implemented. (b) Light microscope image of patch-clamping of the neurons. Because of the opacity of the device, the
cells are not visible with an inverted microscope. (c) Patch-clamp measurements of a neuron grown on a microtube sample showing spontaneous
firing after 4 DIV. The scale bar for (b) is 10 μm.
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Additional information on the removal of SU-8 edges, a
tilted SEM image of the sample, and more data for the
cell counting in the container (PDF)
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(25) Huang, G.; Bolaños Quiñnes, V. A.; Ding, F.; Kiravittaya, S.;
Mei, Y.; Schmidt, O. G. Rolled-Up Optical Microcavities with
Subwavelength Wall Thicknesses for Enhanced Liquid Sensing
Applications. ACS Nano 2010, 4 (6), 3123−3130.
(26) Mazia, D.; Schatten, G.; Sale, W. Adhesion of cells to surfaces
coated with polylysine. Applications to electron microscopy. J. Cell
Biol. 1975, 66 (1), 198−200.
(27) Millet, L. J.; Stewart, M. E.; Nuzzo, R. G.; Gillette, M. U.
Guiding neuron development with planar surface gradients of
substrate cues deposited using microfluidic devices. Lab Chip 2010,
10, 1525−1535.
(28) Harberts, J.Poly-D-Lysin-Fixierung von Neuronen auf GaAs-
Proben mit Hilfe von Fotolithographie und Dimatix Materials Printer.
(29) Loers, G.; Chen, S.; Grumet, M.; Schachner, M. Signal
transduction pathways implicated in neural recognition molecule L1
triggered neuroprotection and neuritogenesis. J. Neurochem. 2005, 92
(6), 1463−1476.
(30) Chen, R.; Canales, A.; Anikeeva, P. Neural recording and
modulation technologies. Nature Reviews Materials 2017, 2, 16093.
(31) Froeter, P.; Huang, Y.; Cangellaris, O. V.; Huang, W.; Gillette,
M. U.; Williams, J.; Li, X. Superior neuronal outgrowth guidance and
rate enhancement using silicon nitride self-rolled-up membranes. 2015

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03311
Langmuir 2018, 34, 1528−1534

1533



73rd Annual Device Research Conference (DRC), 2015, p 93, 10.1109/
DRC.2015.7175571.
(32) Froeter, P.; Huang, Y.; Cangellaris, O. V.; Huang, W.; Dent, E.
W.; Gillette, M. U.; Williams, J. C.; Li, X. Toward Intelligent Synthetic
Neural Circuits: Directing and Accelerating Neuron Cell Growth by
Self-Rolled-Up Silicon Nitride Microtube Array. ACS Nano 2014, 8
(11), 11108−11117.
(33) Polyanskiy, M. N. Refractive Index Database; http://
refractiveindex.info/, 2008−2015.
(34) Egri, C.; Ruben, P. C. Action Potentials: Generation and
Propagation. eLS 2001, 10.1002/9780470015902.a0000278.pub2.
(35) Xie, C.; Lin, C.; Hanson, L.; Cui, Y.; Cui, B. Intracellular
recording of action potentials by nanopillar electroporation. Nat.
Nanotechnol. 2012, 7, 185.
(36) Bean, B. P. The action potential in mammalian central neurons.
Nat. Rev. Neurosci. 2007, 8 (6), 451−465.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b03311
Langmuir 2018, 34, 1528−1534

1534



Designer Neural Networks with Embedded Semiconductor 

Microtube Arrays 
 

Aune Koitmäe *, Manuel Müller, Cornelius S. Bausch,  Jann Harberts, Wolfgang Hansen, Gabriele 

Loers , and Robert H. Blick 

* Corresponding Author 

E-Mail address: akoitmae@physnet.uni-hamburg.de 

 

 

 

Table of content 

 

1. Fabrication process of the devices 

2. Removal of  SU-8 edges  

3. SEM image of a tilted sample 

4. Table of cell yield in general, amount of cells out of containers and for amount of living 

cells 

5. Additional SEM and confocal images 

 

 

 

 

 

 

 

 



 

 

1. Fabrication process of the devices  

For better understanding the single steps of the fabrication process are listed in the Figure SI1. The whole 

process takes approximately three days.  

 

Figure SI1: (a) Step 1: Fabrication of the microtubes. (b) Step 2: The tubes are coated with SU-8. (c) Step 

3: The sampes are coated with a PDMS well followed by the parylene-C coating. (d) Step 4: The samples 

are micro-printed with PLL. 

 

2. Removal of  SU-8 edges  

The size of the implemented chips (25 mm
2
) leads to an unwanted effect of resist edges, being 10 times 

higher than the mean thickness in the middle of the sample. To eliminate these edges, a glass slide is 

implemented (Figure S1(a)). The flattening process is carried out by applying a minor pressure on the glass 

slide with tweezers. This results in pushing the resist towards the middle of the sample and causing a non-

wanted effect of creation of air bubbles on the sample (Figure S1(b)). To reduce the bubbles, SU-8 was 

diluted with PGME (3:1) and the prebake temperature was increased to 110°C (Figure S1(c)). The glass 

slide is applied during the heating process at 95°C and the temperature is cooled down immediately after 

reaching 110°C.  

 



 

Figure SI2: (a) To reduce the SU-8 edges on the chip, a glass slide is utilized. A minor pressure using a tweezer is applied. (b) 

A light microscope image of the air bubbles on the sample, which appear as a result of using the glass slide. (c) A light 

microscope image of a sample showing the results after dilution of the SU-8 and increasing the prebake temperature to 110°C. 

Scale bar 50 µm.  

 

 

 

 

 

 

 

 

 

 

 



3. SEM image of a tilted sample 

 

 

Figure SI3: An SEM image of SU-8 superimposed microtubes. The tubes entrances are clearly seen. The sample is tilted by 30°. 

Scale bar 25µm. 

 

 

 

 

 

 

 

 

 

 

 



 

 

4. Table of cell yield in general, amount of cells out of containers and for amount of living cells 

With increasing layer thickness of SU-8 the amount of living cells increases. The percentage of the cells out 

of containers shows no correlation with the layer thickness of the SU-8. The reason for slightly higher 

percentage in the case of 6 µm SU-8 layer can be the higher amount of cells introduced to the sample. We 

used the same volume in all of the samples, but slight differences of the number of cells can occur. 

Table SI4 

SU-8 thickness (µm) % of filled containers % of cells out of 

containers 

% of living cells 

6 51.7 2.3 63.8 

7 61.9 0.4 66.6 

10 71.2 0 69.8 

13 67.6 0 83.7 

20 83.8 0.3 80.9 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

5. Additional SEM and confocal images 

In the following we would like to present some more better resolution images of the cells in the containers 

and also show the influence of the SU-8 thickness has to the resolution of the confocal images. With 

increasing layer thicknesses the resolution decreases (SI6 (b)). The reason is noise caused by the SU-8. We 

can achieve good resolutions for 10 µm and 12 µm SU-8 layer. For 20 µm the resolution has clearly 

decreased.  

 



 

Figure SI5: (a) An SEM image of a neuron in the left container and a neurite extending in the neighboring container. The 

material in the right container upper left corner is presumably cell material, which is peeled off during the processing for the SEM 

imaging. The layer thickness of the SU-8 is 10 µm. (b) A confocal image of a sample with 10 µm SU-8. The somas are marked 

green and the neuritis red. One can see neurites extending from one container to the neighboring ones. The scale bars are 30 µm 

for (a) and 25 µm for (b). 

 



 

Figure SI6: (a) A confocal image of a sample with 12 µm SU-8.  . The somas are marked green and the neuritis red. One can see 

neurites extending from one container to the neighboring ones.  The tubes with axons inside show slightly different color from the 

empty tubes. The different color shades is the neurite filled tubes can be explained by the different position od the neurite in the 

tube. In case the neurite locates against the tube´s wall on the upper side of the tube, the signal coming from the neurite is higher 

than the signal coming from a neurite located on the ground of the tube. (b) A confocal image of a sample with 20 µm SU-8. Due 

to the higher thickness of the SU-8 the recorded images include more noise. The scale bars are 25 µm for both. 
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cone.[7,8] Topological cues such as stiff-
ness,[4] hydrophobicity,[9] and modulation 
of the surrounding surface, for example, 
through variations in roughness[10,11] or 
through guiding barriers[12–14] and chan-
nels,[15–20] have also been found to be 
effective methods to direct the neurite out-
growth on artificial substrates.

A significant drawback of classical 2D 
neuronal in vitro cultures is their ina-
bility to sufficiently mimic the distinct 
3D connections in a nervous system.[21]

Most of the standard lithography tech-
niques are only available in 2D or 2.5D.[22]

However, recent advances in micro- and 
nanoscale fabrication, especially direct 
laser writing by two-photon polymeriza-
tion (2PP-DLW), now enable the construc-
tion of complex resist-based 3D substrates 
with feature sizes down to ≈150 nm.[23]

Using 2PP-DLW, nearly any mechani-
cally stable structure can be realized as 
real 3D culturing substrate consisting 
of a biocompatible polymer within only 

a few hours. 2PP-DLW has already been utilized for neuronal 
growth studies.[24–29] Note, while most of these applications try 
to mimic the natural brain environment to a certain structural 
degree, the adhesions spots of the cell somata and/or the direc-
tion of neurite outgrowth on 3D substrates have been statistical 
so far. As a first step toward 2PP-DLW application for neurite 
guidance, Turunen et al. used DLW in 2014 to print walls on 
planar glass substrates to form cavities and channels, and 
applied laminin with a microinjection system inside the neu-
rocages.[27] The design lacked efficient cell confinement prop-
erties, but potential function of printed channels as neurite 
guides was shown.

Other approaches, which enable in vitro neuronal network 
growth in a 3D environment in different ways, such as synthetic 
hydrogel platforms,[30–32] network growth on micro beads,[21,33]

polymer scaffolds fabricated by gaseous salt leaching,[34,35] or 
microfibrous scaffolds[36] feature only statistically oriented net-
work growth.

Here, we present an approach for guided neuronal network 
growth that features single neurites specifically grown through 
rectangular tubes in a 3D scaffold. The design we show herein 
combines the tunability and the precision of a 3D design uti-
lizing 2PP-DLW manufacturing with topologically and chemi-
cally predefined adhesion areas as well as guidance paths for 

While modern day integrated electronic circuits are essentially designed in 
a 2D fashion, the brain can be regarded as a 3D circuit. The thus enhanced 
connectivity enables much more complex signal processing as compared to 
conventional 2D circuits. Recent technological advances in the development 
of nano/microscale 3D structuring have led to the development of artificial 
neuron culturing platforms, which surpass the possibilities of classical 2D 
cultures. In this work, in vitro culturing of neuronal networks is demonstrated 
by determining predefined pathways through topological and chemical 
neurite guiding. Tailor-made culturing substrates of microtowers and free-
standing microtubes are fabricated using direct laser writing by two-photon 
polymerization. The first scaffold design that allows for site-specific cell 
attachment and directed outgrowth of single neurites along defined paths 
that can be arranged freely in all dimensions, to build neuronal networks with 
low cell density, is presented. The neurons cultured in the scaffolds show 
characteristic electrophysiological properties of vital cells after 10 d in vitro. 
The introduced scaffold design offers a promising concept for future com-
plex neuronal network studies on defined neuronal circuits with tailor-made 
design specific neurite connections beyond 2D.
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Cell Culture Platforms

1. Introduction

On 2D substrates, the mechanics of neurite formation and 
path finding (neuron polarization) has been widely analyzed in 
the past.[1–4] Various chemical cues such as fibronectin and 
laminin[5,6] have been applied to either attract or repel axons 
by affecting the cytoskeleton development of the axon growth 
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controlled axon and dendrite outgrowth. The scaffolds consist 
of pillars with varying height, connected to each other through 
freestanding tubes. Murine cerebellar granule cells were cul-
tured in cavities on top of the pillars. Site-specific cell attach-
ment and guided neurite growth inside of the structure are 
shown as proof of concept for 2.5D single cell neuronal circuits 
and future studies on the formation of complex tailor-made in 
vitro neuronal networks.

2. Results and Discussion

2.1. Direct Laser Writing

The principle scaffold design is schematically sketched in 
Figure 1 and consists of towers, spaced by 25 µm but connected 
to each other by suspended tubes. The tops of the towers, which 
serve as posts for the neuronal somata, have a cross section of 
about 20 µm, enclosed by 2.5 µm thick walls with 10 µm in 
height. Neighboring towers have a height difference of 10 µm 
and are connected to each other through freestanding tubes 
with a wall thickness of 1.5 µm. The design is built to resemble 
the configuration of myelin sheets with alternating strong con-
finement inside the tubes and less confinement in the cavities. 
Froeter et al.[19] have shown a strong guidance effect of micro-
tubes <4.4 µm diameter with axon extension speed strongly 
accelerated inside the tubes for primary cortical neurons. The 
distance between the towers was chosen accordingly, resulting 
in a tube length of ≈30 µm. The cavity cross section of 20 µm 
was chosen so that the space is big enough for neurons to 
adhere at the bottom and have access to fresh culture medium 
by diffusion, while also being sufficiently narrow so no big cell 
clusters but only a few neurons fit into one cavity. The height 
of the cavity walls of 10 µm is chosen so that neurites on the 
bottom most likely stay inside the cavity, while the cell somata 
at the bottom are accessible for patch-clamp measurements. A 
minimum final tube size after development of 2 µm is chosen 
because the entrances need to have a certain width for the 
growth cone to enter the tube. At the same time, this diameter 
offers strong coaxial confinement for a neurite inside a tube.

Prior to printing the scaffold structure, intensity and optimi-
zation tests were performed, which lead to optimal writing con-
ditions (Figure 2). Tubes with round and quadratic cross sections 

were investigated. For the final design, rectangular tubes were 
chosen. On the one hand, they have an advantage in compar-
ison to circular tubes regarding the refraction effects in optical 
microscopy analysis. This fact is important for the potential of 
confocal analysis of neurites in the tubes. On the other hand, the 
rectangular form was chosen because corners and trenches have 
been shown to act as topological cue to neurite outgrowth.[14,15]

After development, a shrinkage of 7%, ≈50 µm in horizontal 
direction compared to the original CAD design, was observed. 
Written directly onto the solid surface of the base carrier, this 
effect resulted in strong tension within the polymer and partial 
detachment of the structure from the carrier glass. To compen-
sate the tension and to enhance the stability of the pillar struc-
ture, a base box of 600 × 600 µm was written beforehand with 
IP-Dip so that the pillars are attached to a ground that shrinks 
exactly at the same rate and the same amount during develop-
ment (Figure 3a). To prevent detachment of the box itself from 
the glass carrier, flexible spiral springs were written onto the 
glass surface beforehand (Figure 3a (inset)). The final structure 
(also IP-Dip) was coated with aluminum oxide (Al2O3) by atomic 
layer deposition (ALD) as biocompatible passivation layer.[37]

Detailed features of the scaffold structure are given in 
Figure 3b–f. Cross-sectional scanning electron microscopy 
(SEM) analysis reveals a tube diameter of 2 µm. The tubes 
have a well-defined shape along the entire length and show 
a structure of rounded steps outside and inside of the tubes. 
This slight modulation of the surface structure, also inside 
the cavities, was implemented in the 2PP-DLW process, since 
nanoscale roughness has previously been shown to affect cell 
adhesion and morphology in a positive way,[10,11] while at the 
same time enabling fast manufacturing of scaffolds. The close-
up on the milled ceiling of a tube shows two layers of different 
material on top of the structure and only one layer inside 
the tube. The top layer is gold, deposited before imaging for 
improved resolution. The layer below the gold and inside of 
the tube is Al2O3, proving successful and conformal coating by 
ALD after lithographic scaffold preparation.

2.2. Cell Adhesion and Neurite Guiding

Cell adhesion onto the scaffold is only desired inside of 
the cavities on top of the pillars to allow for purely guided 

Adv. Biosys. 2019, 3, 1800329

Figure 1. CAD graphics of the structure design. a) The structure consists of 10 × 10 pillars that are connected by freestanding tubes. b) Close-up on a 
section of the structure. The pillars are connected to direct neighbors by freestanding tubes with an internal diameter of 2 µm.
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growth within the scaffold. As a first step, we tested coating 
over the entire sample with poly-D-lysine (PDL) and laminin, 
a cell adhesion promoting polymer and a protein supporting 
neurite outgrowth and survival, respectively.[38,39] With this 

configuration, some neurons settled inside of cavities by 
chance (Figure 4a). A higher number of cells attached to the 
outer walls of the pillars in a randomly distributed fashion. 
It might be preferred by the neurons to settle on top of the 

Adv. Biosys. 2019, 3, 1800329

Figure 2. Schematic and light microscopy images of intensity test results on horizontal tubes in a cuboid. The test design has tubes with round (left) 
and quadratic (right) cross section. The arrows point to tubes of 10 µm (blue), 5 µm (green), 3 µm (yellow), and 1 µm (red) diameter. The microscopy 
images show a top view onto the cuboids. a) CAD graphic of the tube test. b) Already a slight variation from the optimal intensity leads to partial clog-
ging of the 5 and 3 µm tubes (black arrows). The 1 µm tubes are completely clogged. c) At optimal laser intensity, even the 1 µm tubes have a clean 
shape and are unclogged. d) At too high intensity, the polymer is partially destroyed, and some tubes are clogged (black arrows).

Figure 3. Scanning electron microscopy images of the structure for cell growth studies. Cross sections of tubes were obtained by milling with a 
gallium focused ion beam. a) The structure written inside a box. Inset: Springs, connecting the box with the carrier glass. b) Magnified image of the 
pillar structure. c) A pillar of medium height. The tubes on the left and back lead to higher pillars, while the tubes on the right and front go downward. 
d) Cross section of a milled tube. e) Side view of a milled tube. f) Side view on the ceiling of a tube. Two layers of coating material (Au and Al2O3) are 
visible on top of the polymer, while only one layer of Al2O3 can be resolved inside the tube.
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structure due to larger surface area than inside of the scaffolds 
as well as more freedom to move and agglomerate. Therefore, 
neurite outgrowth occurred partially inside but also on top of 
the structure. Note, the share of neurites at the bottom of cavi-
ties extended exclusively through the tubes, indicating already 
at this stage the topological neuron guiding properties of the 
scaffold design.

To target the problem of random neurite outgrowth and to 
promote selective cell adhesion, PDL was coated directly into 
the cavities utilizing an upright patch clamp setup. A pipette 
filled with PDL solution and controlled by a micromanipulator 
was carefully brought near the pillar structure (Figure 4b, and 
Video S1, Supporting Information). Upon contact between the 
pipette and a corner of a cavity wall, the surface tension inside 
the pipette was broken, and the solution filled the cavity auto-
matically without applying any pressure. All connected tubes 
and cavities were filled with solution by capillary forces whilst 
the outer part of the structure remained untreated. Because of 
the specific sample design, PDL solution only reached the spots 
where cell adhesion is desired.

Confocal images of cells cultures on scaffolds prepared as 
described above after 10 d in vitro (DIV) clearly reveal the effect 
of the coating method (Figure 4c). When PDL was systemati-
cally printed, nearly all neurons settled inside the cavities. For 
neuronal somata attached to the bottom of cavities, all observed 
neurites extended through the tubes. No neurites were 
observed leaving a cavity after crossing a tube. Only if clusters 
of neurons were attached, in rare cases single neurites from 
cells near the top extended over the cavity walls. The overall rate 
of neurons attached to the structure greatly increased, leading 
to the formation of cellular networks according to the paths 
predefined by the scaffold design (Figure 5). Please note, the 
strong effect of the side-specific PDL coating was observed even 

though all samples were still completely coated with laminin 
before culturing, pointing to the major influence of PDL for cell 
adhesion.

As indicated in the close-ups in Figure 4, neurites inside of 
the tubes seem to stick mostly to the side walls. High-resolution 
SEM images of cross sections made by focused ion beam (FIB) 
milling reveal that the neurites actually stick to the corners, 
which confirms the corner’s function[15,18] as topological guide 
for neurite outgrowth. An exemplary axon from one neuron 
extending through two tubes after 3 DIV is shown in Figure 6. 
Originating from the cell soma, most axons go directly in the 
direction of a tube. Two different settings can be observed 
inside the tubes: First, the axon changing the corner while 
crossing (Figure 6c); second, the axon sticking to one corner 
over the entire distance before leaving the tube (Figure 6e). Our 
observations strongly support the previous studies in literature 
which found a strong topological guidance mechanism for neu-
rite outgrowth.[3]

2.3. Cell Viability

Note, the artificial confinement does not have any visible nega-
tive effect on the cells for the observed time of up to 14 DIV. On 
flat reference substrates cell clustering of most cells to groups 
of three or more could be observed within a few days. Despite 
the prevention of similar cell migration inside the tested design, 
neurons were vital even when seeded individually in a cavity 
with no soma contact to other cells. In order to further examine 
proper cell function, the capability of the neurons to fire action 
potentials was measured via patch clamp measurements in an 
upright setup (Figure 7a). The measurements were performed 
on single cells inside the scaffold after 10 DIV (Figure 7b). 

Adv. Biosys. 2019, 3, 1800329

Figure 4. a) Confocal microscopy images of cultured scaffolds with PDL coated onto the entire scaffold. Purple arrows point to neurites inside of tubes. 
Turquoise arrows point to neurites grown outside of the tubes. b) Optical images of the substrate during the PDL coating process (top view). The pipette 
is slightly colored in the images for higher visibility. Upper picture: A glass pipette filled with PDL solution carefully positioned inside one of the cavities. 
Lower picture: Pipette touching a corner of the cavity wall. Cavities and tubes filled with PDL solution. A clip is available in Video S1 (Supporting 
Information). c) Cultured scaffold with PDL coated directly into the cavities and tubes before culturing using glass pipettes (10 DIV). The ratio of 
neurites inside the tubes improved significantly compared to (a). Intensity differences are caused by slightly different imaging settings and use of dif-
ferent detectors. While (a) was detected by two HyD detectors, in (c) the range of 494–540 nm was detected with a PMT detector with gain set to ≈900.
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An exemplary recording is shown in comparison to a control 
measurement on a planar substrate in Figure 7c. Here, the 
contained cells show similar characteristic action potentials of 
vital neurons, independent of the substrate they grow on. Our 
results are an important indicator for proper neuronal function 
of nerve cells in such tailor-made scaffold designs.

3. Conclusion

In this study, we showed that 2PP-DLW can be used for the 
synthesis of 3D neurocages functioning as neurite guides to 
build neuronal networks. Therefore, a novel structure with free-
standing tubes for neurite guidance to different heights between 

cavities was designed and successfully fabricated. Utilizing a 
patch-clamp setup for directed PDL coating, site-specific cell 
adhesion inside of cavities could be observed in culturing experi-
ments with murine cerebellar granule cells. Furthermore, the 
ability of the design for neurite guidance with neurite outgrowth 
through the tubes was shown. The neurons inside the structure 
were firing action potentials at 10 DIV, with similar electrophysi-
ological properties to neurons on control substrates.

So far, defined in vitro neuronal networks were only real-
ized in 2D and were therefore lacking complexity. Our results 
present a novel scaffold structure with the ability to guide neu-
ronal outgrowth through confinement on distinct pathways. 
These tubes can be designed to lead not only in plane but also 
truly 3D into any direction, which was not possible with any 

Adv. Biosys. 2019, 3, 1800329

Figure 5. Confocal microscopy images of neurons inside of the scaffold (10 DIV). The neurites, exclusively spread through the tubes, build networks 
within the boundaries given by the scaffold design. In order to visualize single neurites despite strong intrinsic autofluorescence of the IP-Dip polymer, 
only one wavelength (552 nm) was used for excitation.

Figure 6. False-colored SEM images of an axon inside of the structure passing through two tubes after 3 DIV. Cross sections were obtained by FIB 
milling. a) Image of the cavities and tubes with the neuron shown in (b)–(e) inside. b) Cell soma and axon in a cavity with the axon entering a tube. 
c) The axon changes to the opposite side of the tube and sticks to the corner on that side before leaving the tube. d) Axon crossing one cavity and 
entering a tube on the opposite side. e) Axon crossing the second tube. It sticks to one corner through the whole length. f) Axon leaving the second 
tube, ending with its growth cone.
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other approach so far. Site-specific adhesion through chemical 
guiding combined with topological limitation of potential neu-
rite growth paths in scaffolds opens completely new possibili-
ties for in vitro neuronal circuit design. Thus, based on these 
results and by expanding the design, small tailor-made 2.5D 
networks could be realized for in-depth studies on neuronal 
network function and might pave the way to tailor-made neu-
ronal networks with true 3D configuration. Cellular behavior 
and information transfer inside the structures could also be 
investigated under the influence of various pharmacological 
agents or different stimuli on parts of the network. Incor-
porating electrode arrays in the structure, similar to arrays 
realized on 2D neurocages in the past,[40] could enable extended 
long-term studies monitoring the entire network activity.

4. Experimental Section

Direct Laser Writing: 3D scaffolds were manufactured by 2PP-DLW with 
a Nanoscribe Photonic Professional GT. All CAD files for structures were 
designed with Autodesk AutoCAD. Simple 60 × 50 × 15 µm3 box designs 
with circular and rectangular tubes embedded were used for exposure 
tests. The tests were performed with IP-Dip resist from Nanoscribe. All 
structures were written on glass slides. IP-Dip was successfully tested 
as potential material for culturing platforms by cultivating slides with 
IP-Dip boxes with wild type murine cerebellar granule cells (Figure S1, 
Supporting Information).

Based on the results of the exposure tests, the scaffolds for cell 
culturing were written with 10 mm s−1 and 17 mW laser power. The 

slicing distance was 0.3. Hatching and contour distance for tube 
structure were 0.2 with a contour count of 6. The write field was set to 
141.4 µm2 with 2 µm overlap. To compensate resolution differences, 
arising from the voxel of the polymerization threshold being ≈100 nm 
in x- and y-direction and 500 nm in z-direction, the inner tube diameter 
in the CAD design was set to 3 µm in horizontal and 4 µm in vertical 
direction. The samples were developed in MR-Dev 600 for 30 min, 
immersed twice in isopropyl alcohol (99.9%) for 60 s and examined 
with an optical microscope. Written and developed, the structure has an 
overall size of 480 × 480 × 60 µm3.

Sample Preparation: Deposition of Al2O3 was carried out in a custom-
built ALD system utilizing trimethylaluminum and water as precursors. 
A layer thickness of 15 nm was confirmed in spectral ellipsometry on 
planar reference substrates. Note, Al2O3-coated scaffolds were stable 
against the exposure to culture medium for several weeks without 
noticeable disintegration. Before further preparation all samples were 
treated with ozone plasma at 5 W for 3 s (Femto, Diener Electronic). 
PDL (0.01 g L−1, mol. wt. 30k–70k, Sigma Aldrich) was selectively 
pipetted on the scaffold utilizing an upright patch clamp setup. Pipettes 
were fabricated with a pipette puller (P-2000, Shutter Instruments) out of 
borosilicate glass capillary blanks (GB150T-8P, Science Products). After 
preparation with PDL, the samples were washed with sterile deionized 
(DI) water three times to remove surplus PDL, carefully sterilized 
with 70% ethanol and exposed to UV light for 30 min. Directly before 
culturing, an additional coating was applied by covering the substrate 
for 20 min in laminin solution (1 mg mL−1) at 37 °C.

Animals: C57BL/6 mice were bred at the animal facility of the 
University Medical Center Hamburg-Eppendorf and maintained at 22 °C 
on a 12 h light/12 h dark cycle and provided with food and water ad 
libitum. All experiments were conducted with mice of either sex and 
in accordance with the German and European Community laws on 
protection of experimental animals. Procedures used were approved 

Figure 7. a) Graphic of a patched neuron in the structure. The patch pipette is in an angle of 45° to the substrate. One electrode is inside the patch 
pipette, the return electrode is outside of the structure in the petri dish. An objective with a distance of 4 mm is dipped into the solution from the top. 
b) Optical image of neurons (10 DIV) inside the structure during a patch clamp measurement. The arrows point to single cells inside the cavities. 
The pipette is slightly colored in the image for higher visibility. c,d) Results of electrophysiological measurements after 10 DIV. Stimulation current 
was injected after 100 ms for 150 ms. In (c), a single cell recording of a neuron in a planar Petri dish is drawn, while (d) shows a single cell recording 
inside a cavity of the structure.
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by the responsible committee of The State of Hamburg (Permission 
No. Org_679). Experiments were carried out and the manuscript was 
prepared following the ARRIVE guidelines for animal research.

Cell Cultivation: The substrates were cultivated with wild type murine 
cerebellar granule cells. At the time of extraction, mice were 6–7 d 
old. The isolation followed the description given by Loers et al.[41] The 
culture medium consisted of Neurobasal A (Thermo Fisher Scientific) 
supplemented with penicillin/streptomycin (1%), bovine serum albumin 
(1%), insulin (10 µg mL−1), L-thyroxine (4 × 10−9 M), transferrin holo 
(100 µg mL−1), sodium selenite (30 × 10−9 M) (all Sigma Aldrich), fetal 
bovine serum (6%, Capricorn Scientific – FBS Advanced), and Gibco 
B-27 (50×, ThermoFisher Scientific). Cell concentration was adjusted to 
2 × 105 cells mL−1. Droplets of 20 µm were incubated on each structure 
for 1 h at 37 °C and 5% CO2 before adding 3 mL cell medium. Cell 
medium was changed three times a week.

Cell Imaging: For SEM imaging, neurons were fixed on the substrate 
beforehand. After treatment with 4% paraformaldehyde solution for 
20 min at 37 °C, the substrate was rinsed three times with DI water and 
immersed in 10, 25, 50, 75, and 99.5% v/v ethanol solution for 10 min 
each. Following, the samples were air dried and stored under vacuum. 
Before SEM imaging, the samples were coated with ≈30 nm Au through 
sputter coating for improved resolution. Selected tubes of the samples 
were cut open by FIB milling (ZEISS Crossbeam 550).

For confocal imaging, neurons were stained beforehand with cell 
membrane stain (ThermoFisher, 555 nm/565 nm ex/em) and cell 
viability indicator (ThermoFisher, 496 nm/515 nm ex/em). Growth 
medium was removed, and the substrates were treated with 1× dye 
mixture in Dulbecco’s phosphate-buffered saline (DPBS) for 15 min 
at 37 °C and 5% CO2 was performed with a Leica TCS SP8 confocal 
microscope. Two lasers of 488 and 552 nm wavelength were used. 
Signals were detected with Leica HyD and photomultiplier tube (PMT) 
detectors adjusted to a range of 494–540 and 558–620 nm. IP-Dip has 
a strong intrinsic fluorescence. In order to best visualize the neurites, 
stained by membrane stain, the detected signal of shorter wavelength 
was reduced in Figure 4.

Electrophysiology: Patch clamp measurements were performed on 
a custom-built upright patch-clamp setup. The patch solutions were 
prepared according to Gall et al.[42] The bath solution consists of artificial 
cerebrospinal fluid supplemented with NaCl (120 × 10−3 M), NaHCO3

(26 × 10−3 M), glucose (11 × 10−3 M), KCl (2 × 10−3 M), CaCl2 (2 × 10−3 M), 
MgSO4 (1.19 × 10−3 M), and KH2PO4 (1.18 × 10−3 M). The pipette 
solution contains potassium gluconate (126 × 10−3 M), glucose 
(15 × 10−3 M), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
(HEPES) (5 × 10−3 M), NaCl (4 × 10−3 M), MgATP (3 × 10−3 M), MgSO4

(1 × 10−3 M), 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 
(BAPTA) (150 × 10−6 M), guanosine triphosphate (GTP) (100 × 10−6 M), 
and CaCl2 (50 × 10−6 M). The pH is set to 7.2 with the addition of KOH. 
The bath solution was equilibrated to pH 7.4 prior to the measurements 
by perfusion with carbogen gas (95% O2, 5% CO2).

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Test of IP-DIP for neuron culturing 

The feasibility to use the commercial photoresist IP-DIP for neuron culturing platforms 

created by 2PP-DLW was tested with cubic structures written on glass carriers. PDL was 

coated by incubating a droplet of 50 µl PDL solution (0.01 g l
-1

, mol wt 30k - 70k, Sigma 

Aldrich) for 30 min at room temperature. Cell cultivation was performed according to the 

description given in the Experimental Section of the main script. Confocal images of stained 

cells are shown in Figure S1. Neurons were attached to the sides of the cubes at the interface 

of glass and polymer and were vital after 8 DIV. Also, the polymer was stable in culture 

medium. No disintegration was observed during the time of culturing. 
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Figure S1. Confocal images of neurons cultured for 8 DIV on glass substrates with cubes 

written by 2PP-DLW with IP-Dip.  (a)  
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(2) Harberts, J.; Zierold, R.; Fendler, C.; Koitmäe, A., et al., ’Culturing and patch clamping of Jurkat T cells and neurons on Al2O3
coated nanowire arrays of altered morphology’, RSC Adv. 2019, 9(20), 11194–11201, cited on page(s): v.

(3) Harberts, J.; Bours, K.; Siegmund, M.; Hedrich, C., et al., ’Culturing human iPSC-derived neural progenitor cells on nanowire

arrays: mapping the impact of nanowire length and array pitch on proliferation, viability, and membrane deformation’, Nanoscale

2021, 13(47), 20052–20066, cited on page(s): v.

(4) Harberts, J.; Haferkamp, U.; Haugg, S.; Fendler, C., et al., ’Interfacing human induced pluripotent stem cell-derived neurons with

designed nanowire arrays as a future platform for medical applications’, Biomater. Sci. 2020, 8(9), 2434–2446, cited on page(s): v.

(5) Harberts, J.; Siegmund, M.; Schnelle, M.; Zhang, T., et al., ’Robust neuronal differentiation of human iPSC-derived neural progenitor

cells cultured on densely-spaced spiky silicon nanowire arrays’, Sci. Rep. 2021, 11(1), 18819, cited on page(s): v.

(6) Harberts, J.; Siegmund, M.; Hedrich, C.; Kim, W., et al., ’Generation of Human iPSC-Derived Neurons on Nanowire Arrays Featuring

Varying Lengths, Pitches, and Diameters’, Adv. Mater. Interfaces 2022, 9(24), 2200806, cited on page(s): v.

(7) Harberts, J.; Fendler, C.; Teuber, J.; Siegmund, M., et al., ’Toward Brain-on-a-Chip: Human Induced Pluripotent Stem Cell-Derived

Guided Neuronal Networks in Tailor-Made 3D Nanoprinted Microscaffolds’, ACS Nano 2020, 14(10), 13091–13102, cited on page(s): v.

(8) Fendler, C.; Harberts, J.; Rafeldt, L.; Loers, G.; Zierold, R.; Blick, R. H., ’Neurite guidance and neuro-caging on steps and grooves

in 2.5 dimensions’, Nanoscale Adv. 2020, 2(11), 5192–5200, cited on page(s): v.
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