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of living cells.[1] A prominent example in 
this regard is mimicking stem cell niches 
in vitro, which enable cultivation, self-
renewal, and directed differentiation of 
these cells.[2] There is currently a strong 
focus on the development of bioreactor 
systems for neuronal cells, with the aim 
of gaining a deeper understanding of the 
origin and progression of cellular dys-
function associated with neurodegenera-
tive diseases such as Alzheimer’s disease 
(AD).[3]

Although the essential role of intra- and 
extracellular deposition of misfolded pro-
teins such as Tau and amyloid-β in these 
diseases has been identified, which lead 
to an interruption or restriction of axonal 
transport, the underlying molecular 
mechanisms of the plaques formed are 
still largely unclear.[4] As life expectancy 

continues to rise, more than 16 million people in Europe are 
expected to have Alzheimer’s in 2050,[5] there is a high demand 
for reliable and stable in vitro methods and bioreactor plat-
forms to perform basic research and applied drug testing.

Existing bioreactor systems are often based on polydimethyl-
siloxane (PDMS), which allows the easy fabrication of 2D and 
2.5D structures by soft lithography.[6] However, simple molding 
processes offer few possibilities for the integration of intercon-
nected but yet specifically addressable compartments in which 
individual cells and cell populations can be cultured. The inves-
tigation of intercellular processes, such as axonal transport, for 
example, would require a compartmentalized bioreactor con-
sisting of individual, interconnected compartments in which 
cells are cultured spatially separated from each other, but can 
still communicate with each other through narrow channels. 
Furthermore, the compartments should be addressable from 
the outside, so that they can, for example, be loaded with dif-
ferent bioactive substances. Ideally, the compartments should 
also be individually modifiable with regard to their surface 
chemistry, for example, to immobilize different bioactive com-
ponents on the surface.

In order to establish a microstructure system that allows 
both spatially separated cocultivation and the specific treatment 
of cells within a well with immobilized or dissolved bioac-
tive factors, we report here on a two-scale microstructure that 
contains wells in the surface of a polymer body with different 
depths and can be bonded to functionalized glass surfaces. The 
fabrication method developed for this purpose leads to first 
recesses with a depth of 150 µm (200 × 200 µm width/length) 

A multiscale polydimethylsiloxane (PDMS) chip is presented, which provides 
an array of mesoscale open wells for cell culturing and, as unique feature, 
an array of microscale 1 µm deep channels to fluidically connect neighboring 
wells. As demonstrated with SH-SY5Y cells, the small dimensions of the 
channels prevent migration of the cell soma but allow physical contacts 
established by the outgrowth of protoplasmic protrusions between cells in 
adjacent wells. Another important feature is the chip’s mountability on solid 
substrates, such as glass. This enables the use of substrates previously pat-
terned with biomolecules, as demonstrated by DNA-directed immobilization 
of proteins inside the reactor wells. Given the versatile addressability of cells, 
whether through surface-bound or inkjet-based administration of bioactive 
substances, it is believed that the reactor could be used for research in cell–
cell communication networks, for example, in neurodegenerative diseases 
such as Alzheimer’s disease.

1. Introduction

Bioreactors are essential tools for advanced cell biology and 
biotechnology applications and have proven to be an indis-
pensable tool for maintaining well-controlled microenviron-
ments for cultivation, differentiation, stimulation, and analysis 
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and a second type of recesses with a depth of only 1–2  µm  
(7 × 200 µm width/length). After bonding the polymer body to 
the glass substrate, the first recesses are opened to create wells 
for holding sample fluids or biological cells, and the second 
recesses are used to create channels that fluidically connect the 
wells.

While the surface immobilization of bioactive components 
for specific cell stimulation is usually limited to the complete 
bioreactor and is done either by simple physisorption[7] or 
chemical methods,[8] the unique design of our microreactor 
allows for using the site selective DNA-directed immobiliza-
tion (DDI) of proteins[9] to assemble patterned protein sur-
faces inside individual wells. We demonstrate this patterning 
approach using glass surfaces equipped with DNA oligonucleo-
tides as solid support for the PDMS chip, thereby allowing the 
site-specific immobilization of protein–DNA conjugates inside 
the reactor’s wells. We illustrate the usefulness of our reactor 
for cultivation of neuronal progenitor cells, the widely used 
SH-SY5Y neuroblastoma cell line,[10] and their differentiation 
in individual wells. The formation of cell–cell contacts through 
interconnecting channels of adjoining wells was observed by 
live cell imaging during the differentiation procedure. To dem-
onstrate the possibility of specific cell stimulation, living cells 
were also selectively stained and monitored by fluorescence 
microscopy over several hours. Altogether, the results indicate 
that our reactor design enables the specific cell treatment in 
particular wells both with solved and immobilized molecular 
factors.

2. Results and Discussion

2.1. Fabrication of the Microreactor

The microreactor was designed and fabricated to offer 100 wells 
(dimensions: L/H/W 200 × 150 × 200 µm), interconnected by 
small channel structures (dimensions: L/H/W 200 × 1 × 7 µm). 
The array of interconnected wells is surrounded by a 2.5 mm 
wide frame serving as a medium reservoir (Figure S1, Sup-
porting Information). The reservoir itself is also connected to 
the outer wells by the small channels and can hold a volume 
of 20  µL cell culture media, which is sufficient to supply the 
wells with media through the channel structures (Figure 1B,C). 
To limit evaporation in individual wells, we additionally estab-
lished an incubation chamber, which can be put on top of the 
microreactor. This incubation chamber has been designed for 
a volume of 200  µL water and limits the volume above the 
microreactor when a sealing slide is placed on top (Figure 1A). 
The chamber itself is made of PDMS and thus seals automati-
cally when mounted onto the microreactor. The fact that no 
bonding is required has the advantage that the reactor can be 
easily removed from the incubation chamber later. This revers-
ible assembly allows access to biological samples at a later time, 
e.g., to harvest cells for single cell studies.

In order to develop the desired microstructure, we initially 
established a suitable multistep fabrication process. The chal-
lenge was to produce a PDMS chip with structures of different 
heights. The wells should be as deep as possible to provide 

Figure 1. Dimensional drawing of the two-scale microstructure. A-1) Schematic illustration of the complete setup including 2) the microreactor, the 
incubation chamber, and a sealing slide as well as a photographic image thereof (scale bar: 25 mm). B-1) Microchip structure and 2) dimensions of 
wells, and 3) interconnecting channels. C) Microscopy image of the microreactor (top view, scale bar: 2 mm) and magnified area containing six wells 
(scale bar: 500 µm). The arrows indicate interconnecting channels.
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sufficient amounts of medium for the cell culture, while the 
connecting channel structures should have the lowest possible 
height to prevent the cell bodies from migrating. A possible cell 
migration depends mainly on physical material properties and 
the deformability of the cells. The size and stiffness of the cell 
nucleus are the main factors that determine whether migration 
can occur.[11] For SH-SY5Y cells, it was found that a pore dia-
meter around 1.2 µm effectively prevents cell migration.[12] Fur-
thermore, it is established that 7 µm2 is a safe cross-sectional 
area to prevent cell body migration.[13] Since the width of the 
channels was limited to about 7  µm by the lithography step 
described in the following, channel structures of about 1 um 
depth were created with this method to prevent the migration 
of cell bodies between the wells but still allow cell–cell physical 
contacts. To meet this challenge, we combined and optimized 
soft and UV lithography steps, resulting in a novel manufac-
turing strategy that enabled the production of the designed 
microstructure. An overview of the established workflow is 
shown in Figure  2. It starts with the fabrication of a PDMS 
chip, in which the deep recesses of the microreactor, i.e., the 
wells and the surrounding frame structure, were introduced by 
means of soft lithography.

The resulting PDMS chip was then further processed via UV 
lithography[14] to integrate the interconnecting channel struc-
tures. For this purpose, a gold coated quartz glass patterned 
with an UV permeable grid of 5 µm wide lines, in the following 
referred to as gold mask, was used. Irradiation of the PDMS 
chip with 185 nm UV light through the gold mask and subse-
quent development by treatment with aqueous NaOH resulted 
in the formation of the desired channel structures (about 
1.2 × 7 µm in depth and width, respectively). Further treatment 

with oxygen plasma led to enhanced surface hydrophilicity of 
the PDMS to aid the bonding of the chip with its structured 
face directly onto the glass surface. The final production step 
included the slice-by-slice cutting of the PDMS from top by 
using a vibratome to open the wells and to make them acces-
sible from top. A detailed description of the experimental devel-
opment of the microreactor fabrication process, which included 
optimization of casting molds, trials of replica production by 
thermoforming and double casting as well as post-fabrication 
treatments to optimize hydrophilicity and biocompatibility, 
is given in chapter 1 and Figures S2–S10 of the Supporting 
Information.

2.2. Functional Characterization of the Microreactor

Prior to cell culture experiments, the basic functionality of the 
microreactor, manufactured as described above, was investi-
gated to show that the established structure allows cell stimula-
tion by both immobilized and dissolved reagents.

First, a proof of concept for the selective immobilization of 
different reagents within the reactor’s wells by means of DNA 
directed immobilization was demonstrated (Figure 3). Since a 
glass surface forms the bottom of the wells, the DNA capture 
oligonucleotides required for this can be easily immobilized 
using well-established protocols based on silane chemistry.[9b] 
We used the initial functionalization of a microscopy glass slide 
surface with aminopropyl-triethoxysilane (APTES) to which a 
layer of bis-epoxy-poly(ethylene glycol) (EPEG) was then cova-
lently bound. All experimental protocols are detailed in chapter 
2 of the Supporting Information. Subsequently, a pattern of 

Figure 2. Overview of the microreactor fabrication process. 1a) The first step includes soft lithographic molding of a negative master featured with 
the basic array of wells and the surrounding frame structure. 1b) The resulting PDMS cast is micro patterned by UV lithography to generate the  
2) interconnecting channel structures. 3a) The patterned PDMS is then activated by oxygen plasma and bonded with the structured face directly onto 
a glass slide. 3b) To open the top of the wells, the PDMS is cut slice-by-slice from the top using a vibratome (cross section of the microchip is shown). 
4) The final structure contains a PDMS layer with 100 wells interconnected by small channel structures, which are located directly on the glass surface.
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alternating spots of two aminoalkyl-derivatized 21-mer DNA 
oligomers (aF1, aF9, for sequences, see Table S1 in the Sup-
porting Information) was installed by ink-jet microdeposition. 
The so-functionalized glass slide was then aligned and bonded 
to the microstructured PDMS chip, such that the DNA spot 
micropatterns were located inside the wells. The correct align-
ment of the PDMS chip was monitored with a light micro-
scope. As depicted in the workflow of Figure  3A, the wells 
were then opened by vibratome cutting and used as reaction 
vessels for DNA-directed immobilization of DNA-protein  
conjugates.

To this end, covalent conjugates were prepared from strepta-
vidin (STV) and two different single-stranded oligonucleo-
tides (cF1, cF9) complementary to the surface-bound capture 
sequences. In separate reactions, the two conjugates were 
labeled with distinguishable biotinylated fluorophores (bio-
atto550 or bio-atto647, green and red spots, respectively, in 
Figure  3B). Subsequently, an equimolar mixture of the two 
conjugates (cF1-STV-bio-atto550, cF9-STV-bio-atto647) was 
prepared and the reactor was overlaid with this solution such 
that all wells were filled. Following to incubation for 60  min, 
the reactor was washed to remove unbound material and ana-
lyzed by fluorescence imaging (Figure 3B). The results clearly 
revealed the expected alternating pattern of green and red spots 
inside the wells that was formed by specific DNA-directed 
immobilization. Of note, no fluorescent signal was observed in 
the areas surrounding the DNA spots. This clearly shows that 
the immobilization was exclusively due to the specific Watson–
Crick base pairing. Due to this high specificity of DDI,[9b] it 
should therefore be possible to immobilize many different pro-
tein reagents in the different wells of the reactor. In addition, 
this approach also enables nanostructured protein assemblies 
to be presented specifically on the surface for growing cells.[15]

Next, we investigated the distribution of fluids through 
the channel structures of the PDMS microreactor. When the 
PDMS surface was previously hydrophilized by extraction and 
subsequent treatment with PEG silane, addition of medium 
into the outer frame structure was sufficient to fill all wells 
within ≈12 h by capillary forces. In the case of untreated sur-
faces, however, no filling takes place (Figure S11, Supporting 
Information). To avoid the 12 h incubation time and to enable 
fast working, the entire reactor was covered with an excess 
volume of medium for the following experiments, which was 
then removed so that only the wells of the reactor were filled 
with medium.

To mimic cell-based screening assays and to investigate 
whether a distribution of small molecules can occur by diffu-
sion through the channels of adjacent wells, we added a small 
volume (5 droplets of each 300 pL) of the bio-atto550 fluores-
cent dye to an individual well of the reactor previously filled 
with media and tracked the resulting distribution of the fluores-
cence signal over time (Figure 4 and Figure S13B, Supporting 
Information). While no substantial increase in fluorescence 
was observed in the adjacent wells after 5 h, we found a strong 
accumulation of the fluorescent molecule at the interface of the 
well and two outgoing channels. The uneven distribution of 
the fluorescence signals in the channels in Figure 4B is prob-
ably due to the fact that the two weakly fluorescing channels 
have a smaller diameter and are therefore discontinuous and/
or poorly wettable. In order to investigate the basic quality and 
reproducibility of chip manufacturing, a statistical analysis 
of the channel depths was performed (Figure S6, Supporting 
Information). The obtained results showed a uniform distri-
bution of channel depths, however, chip-to-chip variances and 
outliers were also observed. In addition, the fluorescence inten-
sity in well A changed over time from a uniformly distributed 

Figure 3. DNA-directed immobilization (DDI) of two different atto dye-labeled protein–DNA conjugates inside the wells of the microreactor. A) Sche-
matic illustration of the workflow. Capture oligonucleotides (aF1 in green, aF9 in red) are spotted in an alternating pattern on a 1) chemical activated 
glass surface, 2) the PDMS chip is bonded on the glass slide, and 3) the wells are opened by vibratome cutting. 4) The now accessible wells are filled 
with a mixture of 5) two DNA-streptavidin (STV) conjugates, cF1-bio-atto550 (green), and cF9-bio-atto647 (red), 6) to allow for site-selective binding 
by hybridization with the corresponding capture oligomers on the surface. B) Fluorescence microscopy image of the resulting well array. Immobilized 
atto550 and atto647 labels are indicated by green and red spots, respectively. Scale bar: 400 µm.
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signal to a strong decrease in the center and a strong accumu-
lation at the edges of the well (Figure 4B). These results show 
that strongly hydrophobic molecules, such as the bio-atto550 
used here, absorb to a high degree to the hydrophobic PDMS 
surface, as has been frequently reported in other studies.[16]

Similar results were obtained with another low-molecular 
hydrophobic dye, MitoTracker Green (Figure  5). While the 

addition of this dye led to the desired specific staining of the 
cells, no significant diffusion into neighboring wells of the 
dye took place, so that after 5 h a maximum signal of <5% was 
observed in the adjacent wells (Figure S13D, Supporting Infor-
mation). These results demonstrate that the targeted addi-
tion of substances into specific wells can be used to stimulate 
cells with lipophilic molecules over several hours. This is not 

Figure 4. Addition and distribution of a small molecule in the assembled microreactor. Bio-atto550 (green) was used as a hydrophobic model drug 
and spotted into a single well of the reactor previously filled with media. The distribution of the fluorescence was analyzed over 5 h at 37 °C. Note that 
the uneven distribution of fluorescence signals in the four channels is probably due to the fact that the two weakly fluorescent channels have a smaller 
diameter and are therefore discontinuous and/or poorly wettable. For a statistical analysis of the channel depths, see Figure S6 in the Supporting 
Information. A) Microscopy image merged of bright field and fluorescence at t = 0 h. Scale bar: 500 µm. B) Upper pictures: fluorescence images of the 
central well at different time points. Scale bar: 200 µm. Lower chart: Distribution of the fluorescence signal (emission at 575 nm) in the central well at 
t = 0 h (black line) and t = 5 h (dotted line). Note that the hydrophobic Bio-atto550 dye shows a rapid decrease of the fluorescence signal in the center 
of the well due to adsorption to the PDMS surface, leading to an increase in fluorescence at the walls of the well.

Figure 5. Spotting of cells and substances into particular wells of the microreactor. A) SH-SY5Y cells, previously stained with DiI (red) or CellTracker 
green (green), respectively, were spotted into wells of the reactor. Fluorescence images show cell distribution directly after the spotting procedure. 
Scale bar: 500 µm. B) SH-SY5Y cells were differentiated in the microchip and then stained with DiI (red). Subsequently, MitoTracker green (green) was 
spotted into the central well. Fluorescence images at time points 0 and 5 h incubation at 37 °C are shown. Scale bar: 500 µm.
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only applicable for the staining of living cells with membrane-
active compounds but should also be possible with hydrophilic 
substances.

2.3. Cell Culture Experiments

To move forward to culture and differentiation of the neuro-
blastoma cell line SH-SY5Y in the microreactor, we initially 
tested a variety of differentiation protocols described in litera-
ture in order to identify the best conditions for triggering the 
formation of long protrusions and high expression levels of 
differentiation markers. For details, see the experimental pro-
cedures, Table S2 and Figures S16 and S17 in the Supporting 
Information.

To investigate the applicability of the novel reactor for the 
culture of neuronal cells, differently stained SH-SY5Y cells 
were cultured in adjacent wells of the microreactor. For this 
purpose, the cells were stained either with CellTracker (green) 
or DiI (red) and then distributed with a microdispenser in an 
alternating pattern into the wells of the reactor (Figure 5A). The 
results showed only a few wells that contain cells of the wrong 
color. This is presumably an artifact caused by cross-contamina-
tion during the manual transport of the chip to the microscope. 
Importantly, ink-jet spotted cells were viable and showed a well-
spread morphology, as indicated by microscopy analysis on the 
next day (Figure S12, Supporting Information). Therefore, this 
experiment clearly demonstrates the possibility of depositing 
and cultivating different cells in adjacent wells, thus suggesting 
that the microchip is suitable for more complex cell culture 
experiments.

Next, the possibility of administrating reagents to differen-
tiated cell populations in a specific well was investigated. For 
this purpose SH-SY5Y cells were first differentiated inside the 
microreactor and then stained with the membrane dye DiI. 
Subsequently, MitoTracker green was added to a single well and 
the distribution of the dye over time was analyzed (Figure 5B). 
To this end, 1.5 nL of the dye were added to the 12 nL cell cul-
ture media content of the respective well, which corresponds 
to a dilution of the stock solution of ≈1:10. The relative quan-
tification of the fluorescence signal showed that hardly any 
dye diffused into the adjacent wells (see also Figure S13D in 
the Supporting Information). As an additional example to 
illustrate the potential of the microstructure with respect to 
cell stimulation in individual wells, we carried out a calcium 
imaging experiment. To this end, differentiated SH-SY5Y cells 
in a specific well were treated with the antibiotic ionomycin by 
inkjet administration. Since ionomycin induces the increase of 
intracellular calcium levels, the cellular response is detectable 
by the intracellular fluorogenic sensor dye Fluo-4.[17] As shown 
in Figure S14 (Supporting Information), the presence of green 
stained cells in the treated cavity clearly indicates that specific 
cell stimulation can be performed and the corresponding cel-
lular response can be read out within the microstructure.

We also investigated the prolonged growth and differen-
tiation of SH-SY5Y cells in the microreactor by applying cul-
turing parameters previously optimized in standard culture 
dishes. The results indicated successful differentiation of cells 
as well as neuritic protrusions growing through the channel 

structures, thereby providing cell–cell contacts across adjacent 
wells (Figure 6A). After fixation, staining of the differentiation 
marker neurofilamentH (NFH) showed both individual 
and whole bundles of neuritic protrusions that had grown out 
of the cells into the channel structures (Figure 6B). Even if no 
specific staining for neurites was performed, we assume that 
the observed protrusions are neurites since the images of the 
differentiated cells (Figures S16.3 and S17, Supporting Infor-
mation) do not show short tree-like branched projections, but 
rather long unbranched extensions, typically for neurites.[10]

It is well described in the literature that physical cell–cell 
contacts influence the differentiation of neuronal cell. Forma-
tion of cell–cell contacts leads to upregulation of the expression 
of gap junction factors and neurotrophic factors, resulting in a 
higher rate of differentiated cells.[18] Since the cells were ran-
domly distributed in the wells of the microchip, the number 
of cells in individual wells varied slightly with an average of 
≈50 cells per well (Figure S15, Supporting Information). The 
resulting different cell densities in individual wells can thus 
influence cell–cell interaction and differentiation. However, 
to compensate for these differences in later studies, a defined 
number of cells and even single cells could be deposited by 
inkjet deposition (see Figure 5).

There is also evidence that neuronal growth is higher within 
narrow structures than on flat surfaces. Froeter et  al. describe 
a 20-fold increase in the growth rate of cortical neurons within 
silicon microtubes with a diameter of about 3–4  µm.[19] We 
assume that this effect also plays a role in our system, since 
the neuritic protrusions observed during the differentiation 
studies on flat surfaces only reached lengths of 100–150  µm 
(see Figure S16 in the Supporting Information), while the pro-
trusions in the microchip had lengths of 200 µm to be able to 
contact neighboring cells. Furthermore, we rarely observed cells 
migrating through the channels (less than 1% of all cell soma 
visible in the microscopy images). Hence, this finding confirms 
that the design correctly reflects the dimensions typically found 
in nature for axons and cell protrusions, so that the neurons 
are prevented from migrating but still allow the formation of 
cell–cell contacts.

3. Conclusions

In summary, we have established a PDMS microreactor that 
provides 100 wells for the cultivation, differentiation, stimula-
tion, and analysis of cells. The unique feature of our reactor 
is the presence of interconnected small channel structures 
between the wells, allowing the formation of physical cell–cell 
contacts between cells in adjacent wells, as shown here by 
the outgrowth of neuronal protrusions. To this end, we have 
refined the common manufacturing methods for micro stencil 
masks,[20] so that a simple three-step process can be used to 
produce thin, two-scale microstructured PDMS layer mem-
branes that can be mounted on glass and loaded with cells.

The mountability of the PDMS microstructure on solid car-
riers previously patterned with biomolecules is a particular 
advantage of the reactor design, as it allows the use of complex 
functionalized surfaces to adjust certain cellular states. The 
usefulness of such an approach has already been documented 
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many times with open protein arrays,[21] but the transfer to 
compartmentalized culture systems, which are needed, e.g., 
for drug screening, is still difficult. Furthermore, the DNA 
patterning documented here offers very broad possibilities to 
integrate nanoscale ligand arrangements into such culture ves-
sels.[15,22] In addition, the mountability of the chip would make 
it possible to integrate other types of patterns created on the 
solid support prior to assembly, such as micro- and nanotopog-
raphies and even more complex scaffolds that can be produced 
by laser lithography. Microelectrode arrays/thin film electrodes 
could also be integrated into such a device to electrically stimu-
late the cells or to monitor the spontaneous activity of the cells.

As an initial proof-of-concept for the utility of the small con-
necting channels between the wells, the formation of neuritic 
protrusions between the cell bodies of spatially separated neu-
ronal cells was demonstrated here. This example shows that it 

should be possible to stimulate physically separated cells and 
then study the effect on communication via such cell–cell con-
nections. The cross-sectional area resulting from the width and 
height of the channels could influence the number of protru-
sions, but the dimensions should also be suitable for the inves-
tigation of other cell lines, as suggested by preliminary experi-
ments with the murine Neuro2a neuroblastoma cell line (data 
not shown). The chip could also be considered for studying the 
formation of filopodia, which typically have a length of 5–35 µm 
and a diameter of 0.2–0.4 µm. By reducing the channel length 
to 20–30 µm, the chip could therefore become a useful tool to 
facilitate the microscopic analysis of filopodia, since the move-
ment of these protrusions within closed channel structures is 
restricted.

Since the reactor enables cell stimulation with soluble 
reagents as well as the integration of complex cocultures, 

Figure 6. Differentiation of SH-SY5Y cells in the microreactor leads to formation of cell–cell contacts. A) Bright field images of differentiated SH-SY5Y 
cells in the wells of the microchip. Overview of 9 wells (scale bar: 1) 500 µm, magnification of a well where the connecting channel contains a neuritic 
protrusion. Scale bars: 2) 200 µm or 3) 100 µm. The arrows depict neuritic protrusion structures. B) Differentiated SH-SY5Y cells, fixed and stained 
for Neurofilament-H (red) and nuclei (Syto16, green) inside the microreactor. The arrows depict cell protrusions inside the channel structures. Scale 
bar: 100 µm.
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comprising, e.g., neurons, glial cells and astrocytes, it could as 
well be used for the investigation of cellular dysfunction associ-
ated with neurodegenerative diseases such as AD. Hence, the 
here developed microchip could be used as a versatile tool for 
the systematic investigation of cell–cell communication net-
works in order to elucidate basic principles relevant for many 
topics, ranging from biomedical research to synthetic biology.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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