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Abstract
In this study, we developedmicrofabricated porousmembranes aimed at facilitating innervation in
3D cell culturemodels. The aimof the paper is to introduce a fabricationmethod for porous
membranes with adjustable size, shape and location of the poreswithout obstructing imaging or the
connectivity of the cells. Themethod is based onmaking a patterned SU-8 layer on a sacrificial
aluminium layer byUV lithography and releasing it with etching.With the proposedmethod, wewere
able to produce single-layer self-supportingmembranes that were used as interfaces in compartmen-
talizedmicrofluidic devices. The functionality of themembranes and their cytocompatibility were
tested by culturing humanpluripotent stem cell (hPSC)-derived neurons on their surfaces. In vitro
experiments demonstrated that a dense neural network develops on top of the proposedmembranes
within aweek.Neurites were able tomigrate through the pores to the bottom side of themembranes.
We achieved partial, but still significant, axonal isolation. The results of this studywill pave theway for
the development of optimized innervated tissuemodels by using the combination of porous SU-8
membrane substrates,microelectrode arrays and hPSC-derived neurons in compartmentalized cell
cultivation devices.

1. Introduction

Different types of engineered cell culture devices and chips are currently utilized as tools for building next-
generation cell and tissuemodels in vitro. The cultures ofmultiple cell types are often separated by interfaces or
barriers to achieve better control over the environment in each compartment. Compartmentalization has been
achievedwithmicrotunnels in horizontal 2Dmodels [1, 2] or by usingmicroporousmembranes in three-
dimensional (3D) verticalmodels [3]. One of themain benefits of compartmentalization isflow isolation, which
allows the use of different cellmedia and targeted drug delivery in separate compartments [4].

Microporousmembranes can be utilized as barriers in 3D cell and tissuemodels, including organ- and body-
on-chipmodels, and are a very appealing research area formultiple applications [5, 6]. Themembranes have
been used for studying cellmigration [7], humoral effects [8] andfiltration between compartments [3].
Membranes have been used formodelling interfaces in the body, such as the surface of the lungs [9], blood-brain
barrier [10] and gut [11]. The suitability of a certainmembrane for the indented application depends on its
characteristics such as pore size, pore density,material andmembrane thickness.

In neuronal in vitro applications, compartmentalization is utilized to establish guided axonal growth from a
neuronal soma compartment to an adjacent compartment to create either a neuronal network for connectivity
models [12, 13] ormodels for target tissue innervation [14, 15]. 2Dmicrotunnels have been increasingly utilized
in axonal isolation studies [16]. Fewer studies have been reported on innervation by usingmembranes [5].

Membranes separating compartments are also practical substrates for placing sensors, for example, for
monitoring the incubation conditions, tissue-specific functionality or the interaction of cells between the
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compartments. For example, electrical interactions can bemeasuredwith perforatedmicroelectrode arrays
(MEAs). The perforatedMEAs aremembrane structures incorporating electrodes and openings [17]. Similar
structures can be stacked into 3Dmicro-electrode arrays [18]. The electrodes can be also located inside the tissue
blocks by using flexible 2Dmesh, for example [19, 20]. The true electrical 3Dmeasurements inside tissue blocks
are possible with dense nanofabricated neural probes [21]. There is a trend to incorporating electrical
measurements in 3D cell culture experiments [22]. Another important aspect in the implementation of feasible
interface structures in cell applications is their effect onmicroscopy and other optical sensors. Thus, the
membranes should be transparent; the usedmaterial should not have significant autofluorescence, and an
excessive relief on the surface should be avoided.

Themicroporousmembranes have been fabricated by track-etching ready-made polyethylene (PET) or
polycarbonate (PC)films [23] or by patterning films on sacrificial layers using photolithography and releasing
themby etching the layers. An alternative option is to use electrospunmaterials [24]. Themicroporous
membranes in commercial cell culture inserts or transwellmigration assays are often fabricated by a track-
etchingmethod. The challenge of thismethod is that the pore distribution is irregular and that there is no easy
way to adjust the location, shape, or exact orientation of the pores. In addition, the thickness of thesemembranes
is typicallymuch larger than the pore diameter. Thus, the etched tracks form long narrow tunnels in the
membrane [5]. Thesemembranes with irregular pore distribution are not feasible substrates for building small
sensors, such asMEAs, on their surfaces tomonitor cellular interactions through themembrane.

In contrast, photolithography-basedmethods allowdirect patterning of the pores in themembranesmade
of photosensitivematerials such as SU-8 and 1002F photoresists [25, 26]. Alternatively, photolithography can be
used to pattern amask layer over commonmembranematerials such as parylene [26, 27] or
polydimethylsiloxane (PDMS) [7] to dry-etch the pores. Ultraviolet (UV) lithography enables direct positioning
of the pores,multiple stacked layers of photoresist in the samemembrane and implementingMEAs between the
layers [19, 20]. The limitation of thismethod in comparisonwith track-etching is the fabrication of sufficiently
small pores due to thematerial constrains and accuracy of themasking techniques.However, Kim et al tested a
method for fabricating 0.8 μmto 4 μmpores in 1 μmthick 1002 F photoresistmembranes withUV lithography
[26].Warkiani et alwere able to fabricate poreswith amean size of 1.5 μmin a 4 μmthick SU-8membrane [28].
The very thinmembranes are hard tomanipulate andmay not be fully self-supporting, as demonstrated in the
publication of Esch et al [25]. Thus, both of the aforementioned groups used additional reinforcements to
support theirmembranes. However, Quirós-Solano et alwere able to fabricate 2 μmpores to PDMSmembranes
by using a dry-etchingmethodwithout supporting layers [7].

The dispersion ofUV light limits the resolution of standardUV lithography to dimensions of approximately
1 μm.There are some testedmethods for improving the resolution of the features in themembranes. Kuiper et al
tested the use of interference lithography for the fabrication of 0.1 μmdiameter pores in silicon nitride [29].
Another possibility for fabricating precise pores in themembranes is to use e-beam lithography [30]. The
interference lithography requiresmuch complicatedmask arrangement, and the e-beam lithography is a
relatively time-consuming process and requires special equipment. Submicron features such as holes can also be
fabricated on SU-8 surfaces using nanoimprintmethods and deep reactive ion etching technologies [31]. The
hindrance of thismethod is the fabrication of the needed high-detail imprintmould.

A sacrificial layer is needed to release the patternedmembrane. Thematerial of this layer determines the
viable etchant/solvent and the possible residues, whichmay cause problems [7]. Themembranes build on soap-
based layers can be released inwater [26].Warkiani et al tested various polymer release layers, such as AZ 9260
photoresist and polystyrene and the corresponding solvents including acetone and toluene. In addition, the
compatibility of themembrane fabrication process with the other possible processes such as sensor/wiring
fabrication has to be taken account. Some release chemicals can swell themembrane substratematerial, or the
patterning process of thewiringmay compromise the release layer.Metallic release layers such as nickel [19, 20]
are common in the fabrication processes where the electrical wirings are fabricated on top of the released
structure.

We studied porous SU-8membranes as interface layers for human induced pluripotent stem cells (hiPSCs)
derived neuronal cells. The purpose of the layer is to support the cells whichwill innervate the tissue under the
membrane in 3Dmicrofluidic cell cultures. The hiPSCs-derived neurons are presently considered a highly
relevant cells for organ- and body-on-chip applications since they can be generated in a high numbers and they
resable the human brain neurons better than rodent- or tumour-derived neurons. In the current literature, the
most axonal isolation studies have been conductedwith rodent cells [16]. To our knowledge, the behaviour of
neurites of hiPSC-derived neurons has not been adequately studied on porous SU-8membranes. These cells and
their processes are sensitive to the environment and substratematerials, and thus, cytocompatibility has to be
proven for each case. The use of valid cell types possessing cell type-specific behaviour is absolutely crucial when
building relevant in vitromodels both for organ-on-chip applications and formore complex body-on-chip
approaches, including innervation. The differences in behaviour are, in addition to in vivo, also detectable
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in vitro as previously shown [32, 33]. In the case of neurons, demonstrating cell type-specific behaviour
necessitates themeasurement of the electrical activity in single cells and the neuronal network activity [34–36].

In this paper, we developed amicrofabricationmethod formaking porous self-supporting single-layer SU-8
membranes with regular and controlled pore size, shape, and distribution. The sacrificial layer in our fabrication
process was selected in such away that it will facilitate the fabrication of a sensor layer on top of themembrane to
measure electrical functionality of the neuronal cells in the future and is still feasible to remove. In addition to
themembrane fabrication process, we developed amethod for assembling thesemembranes into stacked
microfluidic cell culture devices. Instead of building thick rigid supporting layers on themembranes, we tested a
methodwhere the released thin SU-8 structures were straightened out using the surface tension of water and
handled by utilizing their adhesion to pervious strips. The basic functionality of themembranes was verified in
this paper by culturing hiPSC-derived neurons on them. The goal was to create amembrane that can be used as a
multifunctional and controllable interface structure thatmeets different claims ofmulticell cultivation.

2.Methods

2.1.Microfluidic device
In this study, we tested porous SU-8membranes in a compartmentalized cell culture device. Neuronswere
plated in a PDMSwell on top of themembrane, and their neurites were able tomigrate through the pores into a
microfluidic channel underneath thewell. The device consisted offive stacked parts (figure 1(a)): amedium
reservoir (Part 1), PDMSwells (Part 2), porous SU-8membrane (Part 3), microfluidic channel (Part 4) and glass
substrate (Part 5). Parts 1, 2 and 4weremade of polydimethylsiloxane (PDMS) (Sylgard 184, DowCorning), and
the dimensions of these parts are given in the supplementary figure 1 (available online at stacks.iop.org/JPCO/
5/115003/mmedia). Themedium reservoir ensured proper nutrient flow to the cells without active perfusion.
The PDMSwells (Part 2) had three punctured holes. Cells were injected in themiddle hole on top of the
membrane, and the side holes were used to inject themediumor hydrogel into themicrofluidic channel
underneath the porousmembrane. Themicroporous SU-8membrane (Part 3) formed the barrier between the
middlewell in Part 2 and the volume below it in themicrofluidic channel (Part 4). The SU-8membranewas
sandwiched between the PDMS structures when the devicewas assembled. Part 5 in the bottomof the device was
a glass cover slip (170 μmthick squarewith a side of 22 mm,Zeiss), which enabled confocal imaging.When the
cell culture devicewas used for preparing samples for scanning electronmicroscope (SEM) imaging, thicker
glass plates (1 mm thick squarewith a side of 49 mm)were used instead of the coverslips. The glass parts also
made the devicemore rigid. All parts were bonded together using oxygen plasma for 20 s at 30W in 0.3mbar
pressure (Pico,Diener electronic GmbHandCo., KG, Ebhausen, Germany).

2.2.Membrane fabrication and assembly on the device
The SU-8membranes were fabricated as a patch of 20 samples on top of a four-inch siliconwafer. SU-8material
was patterned usingUV lithography. Thismethod allows exact placement of the pores in themembrane. Four
types of pores were tested: a 10 μm×5 μmslit, an 8 μmx8 μmsquare, a 10 μmdiameter circle and an 8 μm
diameter circle (P1-P4 infigure 1(d)). The pores were placed in a grid formationwith a 100 μmseparation
distance in four sectors (S1-S4 infigure 1(c)) in themiddle of themembrane. This separation distancewas
chosen in order to leave room forwiringwhich is needed to connect to the electrodes thatwe have planned to

Figure 1. (a)Exploded view of themicrofluidic cell culture device with description of each part. (b)The SU-8membranewas divided
into four test sectors each containing one pore type. (c)The pores were placed in the sectors in grid formationswith 100 μm
separation. In addition, therewas a quality control test pattern in themiddle of themembrane. (d)The dimensions of the designed
pores.
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incorporate to this design in the future. The rest of themembranewas filledwith a grid of circular pores
(∅10 μm, 100 μmseparation) tomake the release etchingmore consistent. In addition, a circular hole
(∅1.6 mm)was included in the edge of themembrane to ease up the pickup from the etch solution using a
metallic hook tool when themembranewas released from the substrate. The design also has annotation
markings to identify eachmembrane and to help to distinguish the orientation of themembrane during the
assembly process (figure 1(b)). In addition, a quality control test patternwas added in themiddle of the
membrane. It contained both circular (T1-T2) and rectangular pores (T3-T4)whose dimensions were increased
by a 1 μm interval (figure 1(c)).

Themembranes weremade of SU-8 5material (Microchem,USA) on a siliconwafer (UniversityWafer,
Boston,MA,USA) usingUVphotolithography. First, thewafer was coatedwith an e-beam evaporated 30 nm
thick sacrificial aluminium layer (figure 2(a)) using anOrion BC-3000 series box coater (SystemControl
Technologies) equippedwith a Telemark 246 e-beam source. Next, thewafer was treatedwith oxygen plasma
(30W, 2 min) (Vision 320Mk II RIE, AdvancedVacuum,Malmö, Sweden) to improve the adhesion of the SU-8
layer that was spin-coated over the aluminium layer (4000 rpm, 40 s). This procedure was based on the
parameters used in [32] and resulted in 3.5 μmthickmembranes. Thewafer was subsequently soft baked on a
hot plate (1 min at 65 °Cand 3 min at 95 °C) andwas allowed to cool to room temperature. Thewafer and SU-8
layer were exposed (7.15–7.25 mW cm−2UV source, 12 s) through a chromemask. The parameter values used
were determined experimentally. After the post-exposure bake on a hot plate (1 min at 65 °C and 2min at
95 °C), the SU-8membranes were developed for 4 minwith anMR-DEV600 developer (Microchem) using
ultrasonic agitation. Finally, the SU-8membranes on thewafer were post baked in an oven (150 °C, 15 min).
After these fabrication steps, the patterning of themembranes was finished (figure 2(b)).

Themembranewas released by etching the aluminium layerwithNaOH solution (1 mol). Themembranes
were lifted from the solution using ametallic hook tool (figure 2(c)). Next, themembranes were rinsedwith
NaOH solution (0.1 mol) and deionizedwater (figure 2(d)). Thewetmembranes were transferred to a
microscope glass slide utilizing pervious fibre strips (figures 2(e)–(f)). Themembranes typically stretched out on
thewater surface, and the pervious fibre strips allowed easy handling and reduced thewrinkling of the
membranes. Next, the PDMSwells part was gently placed on themembrane (figure 2(g)) to pick it up from the
glass. Finally, the PDMSwells and themembranewere assembledwith the other parts of the device (figure 2(h)).

2.3. Cell culturemethods
The fabricated porousmembranes were tested by using humanneurons. The neuronswere differentiated from
the in-house-derived hiPSC line 10212.EURCCs (total passages 31, feeder free passages 6) [37]. The Faculty of
Medicine andHealth Technology (MET), TampereUniversity, Finland, has approval supportive statements
from the regional ethics committee of the PirkanmaaHospital District for the derivation, culture, and
differentiation of hiPSCs (R08070). TheHiPSCswere cultured according to a previously published protocol
[38]. According to the protocol, the hiPSCswere transferred to feeder-free culture using recombinant human
laminin-521 (LN521, Biolamina, Sweden) and E8medium (Thermo Fisher Scientific). Thereafter, the hiPSCs
were differentiated into cortical neurons according to a previously published protocol that produces highly pure
neuronal populations that show the formation of functional neuronal networks [34]. Briefly, the differentiation
consisted of three phases: neural induction (Days 0–12), neural proliferation (Days 13–25) and neural

Figure 2.The fabrication of themembranes and their assembly on the PDMS cell culture device.
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maturation (Day 26 onwards). OnDay 32 of differentiation, the cells were detached and plated onto SU8
membranes.

Before the cell experiments, the devices were disinfected by dipping them in 70% ethanol andwashing them
withDulbecco’s phosphate buffered saline (PBS). The top side of the SU-8membranes was coatedwith LN521
(30 μg ml−1) for twohours in a cell culture incubator at 37 °C in a humified environment. Neuronal cells were
plated at a density of 70900 cells cm−2 on the devices on top of themembranes. Cell handlingwas performed
according to a published protocol [34]. Neuralmaintenancemedium (NMM)was used as a basalmedium,
which consisted of 1:1DMEM/F12withGlutamax andNeurobasal, 0.5%N2, 1%B27with retinoic acid,
0.5 mMGlutaMAX, 0.5%non-essential amino acid (NEAA), 50 μM2-mercaptoethanol (all fromThermo
Fisher Scientific), 2.5 μgml−1 insulin (Sigma) and 0.1%penicillin/streptomycin (ThermoFisher Scientific).
NMMwas supplemented using 20 ngml−1 brain-derived neurotrophic factor (BDNF, R&DSystems), 10 ng/
ml glial-derived neurotrophic factor (GDNF, R&DSystems), 500 μMdibutyryl-cyclicAMP (db-cAMP, Sigma)
and 200 μMascorbic acid (AA, Sigma). In the plating step, in single cell suspension and during the first day of
culturing onmembranes, theNMMmediumwas supplementedwith 2 μl ml−1 ROCK inhibitor (Y-27632,
Sigma) tominimize the cell death caused by the detaching process. During culturing, themediumwas changed
every two to three days. Cell cultures were analysed 1, 3 and 7 days after plating cells on themembrane, and the
timepoints are referred to as days in vitro (DIV), DIV1,DIV3 andDIV7, respectively.

2.4. SEM imaging
The images of themembranes and the cells were acquired either by field emission SEM (FESEM;ULTRAplus
Carl Zeiss, Oberkochen, Germany) or tungsten-filament SEM (TescanVega, Bruker). First, the quality of the
pores was characterized using amembrane samplewithout cells. Subsequently, six neuronal cultures in the
designed devices were prepared for SEM imaging, with two parallel samples for each time point (DIV1,DIV3
andDIV7). The samples werefixed using 5%glutaraldehyde for 60 min, followed by dehydration using an
increasing ethanol series (10%, 20%, 40%, 60%, 80%, 99.5%, v/v of EtOH) for 10 min each and air-drying
overnight. The SU-8membranes with cells were detached from the devices for SEM imaging. To avoid charging,
the sampleswere attached to SEMaluminium stubswith carbon tape in the followingmanner. A piece of
double-sided conductive adhesive was attached to the side of themembranewhere the cells were plated. Then, a
circular part under the tapewas cut from the sample and fixed to ametallic holder. In this way, the bottom side
where neuritesmigrated through themembranewas ready for SEM imaging. This sample preparation is a
delicate process, and somemembranes were torn. Before SEM scanning, themembrane sample without cells
was sputter-coatedwith a carbon layer, while the cell samples were sputter-coatedwith a gold layer.

For the analysis, the lowmagnification SEM images were divided into 0.12 mm2 sample areas (4 by 5 pore
grid/sample) for further analysis. The quality of the images was adequate for calculating (1) the number of pores
viawhich the neurites transferred through themembrane and (2) the number of neurons on the bottom side of
themembrane. The pores containing interpenetrating neurites were named neurite-occupied pores, and their
percentagewas calculated (each analysed sample area contained 20 pores, 4–8 sample areas per designwas
analysed). In addition, the number of traversed neuronswas calculated from the same sample areas. The number
of analysed sample areas per sector type is given in the supplementary table 1. Statistical analysis was performed
usingGraphPad Prism 5, version 5.02 (GraphPad Software Inc., California, USA). Analysis was performed using
a non-parametric Kruskal-Wallis statistical test followed byDunn’s post hoc test. A p value>0.05was
considered significant.

2.5. Immunocytochemistry and confocal imaging
To verify the neuronal phenotype, the cultures were stained against neuronalmarkers using an
immunocytochemical protocol published earlier [39]. Cells were fixedwith 4%paraformaldehyde for 30 min
andwashed twicewith PBS and blockedwith 10%normal donkey serum, 0.1%TritonX-100, and 1%bovine
serumalbumin in phosphate saline puffer (PBS) for 60 min. After blocking, the samples were washed oncewith
1%normal donkey serum (Sigma), 0.1%TritonX-100, and 1%bovine serumalbumin (BSA) in PBS, whichwas
also used in primary antibody incubation. Primary antibodies againstβ-tubulin III (mouse IgG, 1:1000, Sigma)
andMAP2 (rabbit, 1:600,Millipore, Burlington,MA,USA)were incubatedwith samples overnight at+4 °Con
a shaker. Samples were washedwith 1%BSA in PBS two times. Secondary antibodies Alexa Fluor 488 (anti-
rabbit IgG, 1:400 Life Technologies) andAlexa Fluor 568 (anti-mouse IgG, 1:400, Life Technologies)were
diluted in 1%BSA in PBS and incubatedwith samples for two hours. Thereafter, samples werewashed four
timeswith PBS andmountedwithVectashieldmountingmedium containing 4′,6‐diamidino‐2‐phenylindole
(DAPI, Vector Laboratories, Burlingame, CA,USA). Samples were imagedwith a Zeiss Cell Observer.Z1
invertedmicroscope equippedwith a Zeiss LSM780 confocal unit (Carl Zeiss AG) using a Zeiss PlanApo 10x/
0.45,WD2mm (Air) objective lens. The images were deconvolvedwithHuygens Essentials deconvolution
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software (ScientificVolume Imaging,Hilversum,Netherlands), and the colour channels were combined using
ImageJ (NIH, Bethesda,MA,USA). Representative lowmagnification images were taken from all sections, and
two parallel samples were imaged from each timepoint (DIV1, 3 and 7).

3. Results and discussion

3.1.Microfabricated porousmembranes
The quality of the fabricated SU-8membrane patchwas evaluated by examining a samplemembranewith SEM
before the cell culture experiments (figure 3(a)). All the pore shapes P1 to P4were uniformwithin each sector in
the tested sample. SEM images of the tested pore types (P1-P4) taken normal to the top are shown infigure 3(b),
and those taken at a tilted angle are shown in in figure 3(c). Pores P2 to P4 formed nearly as designed.However,
the fabrication process resulted in a lip that reduced the actual dimensions of the pore. The smallest inner
dimensions of the pores infigure 3(b) are 2.9 μmby 4.4 μm (P1), 6.1 μm (P2), 7.4 μm (P3) and 5.4 μm (P4). The
effect that caused the lip disfigured the shape of Pore P1.However, the residual opening of this pore was the
smallest gained in this study. One possible cause of this lipmight be themetallic sacrificial layer which has good
thermal conductivity.

Theminimumpossible pore size was evaluated by examining the quality control test pattern (T1-T4,
figure 3(d)). Here, the pores passed through themembrane onlywhen the diameter of the designed circular pore
was 7 μmor larger (T1 andT2). Circular pores with a diameter of 6 μmor smaller only formed a depression in
themembrane. This situationwas similar to that of the square-shaped pores (T3 andT4). However, the square in
T4 appeared to be partially open evenwhen its side lengthwas only 6 μm.

Quirós-Solano et al stated that patterning reliably features smaller than 5 μm in polymericmaterialsmay still
be cumbersome [7]. This reliability problem is emphasizedwhenmultiplemembranes are processed
simultaneously on large diameter wafers. The fabrication parameters can be adjustedwith themethods
suggested byKeller et al [40]. However, the thickness of themembranewill always limit theminimumpore size,
and in practice, very precise process parameters are difficult to reproduce. Bymakingmembranes thinner, we
could fabricate even smaller pores, as demonstrated byKim et al [26]. However, the edges of the smallest pores
tested by the authors of that study (actual diameter was approximately 1 μm)were severely deformed. The
method tested in ourwork did not result in as small pore sizes asWarkiani et al achievedwith themethodwhich
utilized different polymers as a sacrificial layer [28]. The thickness and the processing parameters of SU-8were
similar in these two studies.We fabricated self-supporting patterned SU-8membranes on top of ametallic
sacrificial layer in a similar way as shown in themethods used byViveros et al to fabricateflexible electronics [20]
or by Feiner et al to fabricate cardiac patches withmultifunctional electronics [19]. Here, we chose to use
aluminiumas a sacrificial layer instead of nickel to avoid using acids and cleaning the residues after release
etching.Moreover, our approach enabled to avoid the use of polymer or soap-based release layers [26]which
limit processing options such as patterning conductors on themembranewith photolithography as this is our
aim in the future.

The fabricationmethod proposed here only required regular single-layerUV lithography. Kim et al and as
Warkiani et alused additional supporting structures on theirmembranes. These additional layers have some

Figure 3. (a)ASEM image of a quality control test pattern in themiddle of a fabricatedmembrane and the corners of the opening
grids. (b) SEM images of the openings from the top. (c)The openings seen from an angle. (d)Magnified images of the test sites (T1-T4)
of the quality control pattern. The pores pass through themembranewhen the size of the pore design is at least 7 μm.

6

J. Phys. Commun. 5 (2021) 115003 T Salpavaara et al



disadvantages due to increased relief. For example, theymay hinder large area imaging and the connectivity of
the neuronal networks on the surfaces of themembrane.

3.2. Feasibility ofmembranes for hiPSC-derived neuronalmodels
The target cell type and end-user applicationmust be taken into account when determining the suitable pore size
or selecting the fabricationmethods andmaterials. The largest diameter of pores (10 μm)was selected as the
upper limit in this study because preliminary experiments showed an extensive traverse of single cells through
15 μmpores to the bottompart of the cell culture device during cell plating (data not shown). In contrast,
membranes with pore diameters of 10 μmand smaller were able to keep the cells on the top side during cell
plating andwould thus suite for innervating the tissue under themembrane. Thesemembranes can be utilized as
supportive or selective barriers inmulti-tissue blocks in addition to innervation. Theminimumpore size was set
by the limitations of the available fabricationmethod.

Functionality and cell compatibility analyses were performed at time pointsDIV1, 3 and 7.Overall, the SU-8
material used in this study showed good cytocompatibility with human neurons. The neuronal phenotype and
neuronal networkmorphologywere studied using immunocytochemical staining against neuronalmarkers
MAP-2 andβ-tubulin III. Cells growing on top of the SU-8membrane expressed neuronalmarkers at all studied
time points, indicating that the SU-8material did not have negative effects on neuronalmaturation (figure 4(a)).
This issue had to be confirmed before further development since the literature presents some concerns about the
cytotoxicity of SU-8materials [41, 42]. The fabrication parameters, such as baking temperature and time or the
thickness of themembrane can potentially cause cytotoxicity. AtDIV1, the neurons showed good attachment to
themembrane and started to spread on the surface, while neurites grew randomly oriented along themembrane.
During culturing, the neuronal network becamemore complex and interconnected over time (figure 4(a)). At
DIV7, the neurons formed a strong interconnected network on top of themembrane. Slight clustering of
neuronal cells was observed atDIV7, which is a typical phenomenon in neuronal cultures in general [43]. The
embedded pores did not affect neuronal network formation on top of themembrane and all sectors showed
equal network development (figure 4(a)).

Figure 4.The overall cell and the neurite growth on the SU-8membranes. (a) Fluorescence based images of the culture on the top side
of the SU-8membrane. (b) SEM images of each sector on the bottomof themembrane. Blue: DAPI, green:MAP-2 and red:β-
tubulinIII
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3.3. Analysis of neurites and neurons on the bottom side of themembranewith SEM
Neuronswere plated on the top side of themembrane, and neurite or neuronmigration through the pores to the
bottom sidewas studied onDIV1, 3 and 7. The aimwas test the effects of the different size pores on the neuron
and theirs processesmigration through the pores. In the ideal case, the pores restrict themigration of neuronal
cells from the top sidewhile allowing neurites to grow through the pores. Figure 4(b) gives an overview of the cell
growth on the bottom side of themembrane. The pores did not restrict the neurites and theywere observed in
each sector at DIV 1. Figures 5(a)–(d) presents highermagnification images of neurites crossing the pores at
DIV1.Moreover, figure 5(e) illustrates a single neurite growing from the top to the bottom side through a pore.
Most of the observed neurites had a straight elongated shape andwere connected to the pores, but they did not
havemany connections to the other neurites at DIV1.

Unfortunately, the pores could not fully restrict themigration of the neurons. However, compared to the
massive number of neurons on top of themembrane in phase contrast images (supplementary figure 2), only a
fewneuronswere observed at DIV1 on the bottom side of themembrane in SEM images (figure 4(b)).Migration
of a single neuron through a pore is represented infigure 5(f). In addition, some totally disconnected neurons
were observed (figure 5(g)). AtDIV3, SEM images show that the neurites possessedmore complexmorphologies
and started to form sparse networks on the bottom side of themembrane (figure 4(b)). Evenmore complex and
dense networks were formed byDIV7 (figures 4(b) and 5(h)).

Amore comprehensive numerical assessment of the neurites and neurons on the bottom side of the
membrane and the effect of the different pores was performed using SEM images from each sector. The
percentage of occupied pores and the number of observed neurons per area are given infigure 6. Example cases
are shown infigure 5(h).

The number of occupied pores was the lowest at DIV 1. Themedian percentage values for Sectors S1 to S4
were 45.0, 55.0, 40.0 and 20.0, respectively. Themajority of pores were already occupied byDIV3 (median
percentages: 70.0, 87.5, 92.5, and 75.0 for S1 to S4, respectively), with significantlymore pores occupied in S3
than in S1 (p value: 0.0429). Therewas a slight decrease in the percentage of neurite-occupied pores onDIV7
(medians 45.0, 70.0, 82.5, and 80.0 for S1 to S4, respectively), but the formed neurite networksweremore
pronounced than those onDIV3 (figure 4(b)).

AtDIV1, the number of neurons thatmigrated to the bottom sidewas low (figure 6(b)) and very similar
between all sectors (medians per 0.12mm2: 4.5, 7.0, 4.0, and 2.0 for S1 to S4, respectively). BetweenDIV1 and
DIV3, the number of neurons (figure 6(b)) increased on the bottom side of themembrane. At the later
timepoints ofDIV3 (medians per 0.12mm2: 12.0, 25.0, 23.5, and 12.5 for S1 to S4, respectively) andDIV7
(medians 11.0, 19.0, 30.5, and 27.0 for S1 to S4, respectively), S1 had the lowest number of neurons, and S3 had
the highest number of neurons, with the difference being statistically significant atDIV7 between S1 and S3 (p
value: 0.0026). Even though S3 had the highest number of neurons on the bottom side,meaning it had the
weakest design as a restrictor, it was the design that facilitated themost abundant neurite growth through the
pores. It can be concluded that the number of neurons thatmigrated to the bottom side of themembrane

Figure 5.Detailed SEM images of neurites on the bottom side of themembrane. (a)–(d)Examples of the neurites in each tested pore
types (P1-P4) atDIV1. (e)Aneurite protruding through themembrane from the seeding side to the opposite side of themembrane
(DIV1).(f)An example of a neuronmigrating through the opening atDIV1. (g)Unconnected neuron on the bottom side of the
membrane (DIV1). (h)Neurite network on bottomof themebrane atDIV7.
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(figure 6(b)) and the density of the neuronal network on the bottom side (figure 4(b)) followed similar trends:
both increased over time, whereas the percentage of neurite-occupied pores slightly decreased atDIV7.

Wewere able to achieve partial neuronal axonal isolationwith the investigated pore sizes and shapes. Their
number in the bottom sidewas substantially smaller than the number of cells plated on top of themembrane (85
neurons per 0.12mm2 area, 709 cells/mm2), especially in the case of Pore 1 (atDIV7median of 11 per 0.12mm2,
92 cells/mm2).

In comparison to our study, neuronal soma separation has been studied before in an article byGeorge et al
using neuroplastoma cells, e.g., SY-SY5Y, and highly porous track-etchedmembranes with randompore
localization [5]. The thickness of themembranes of George et alwas between 20 and 25 μm,which is almost six
times thicker than themembranes prepared in our study. The thickness of the restricting structures affects the
migration andmust be taken into account. In addition, it should be noted that the density of the pores in the
membranes prepared byGeorge et alwasmuch higher in comparisonwith that in ourwork. The cell type and
cell plating density influence axonal penetration and soma restriction aswell. George et al reported cell
penetration of 72±20 cells/mm2 for 3 μmdiameter pores. In addition, their study showed that 1.2 μmpores
were axonal permissive and soma restrictive with SY-SY5Y cells. Thus, our results are in linewith the previous
results. Both of thesemethods are similar to the transwell assays that are a common tool for studying cell
migration.Overall, we see that our current work can offer additional information on themigration of hiPSC-
derived neurons since humanneuronal cells are under-represented in the traswell studies and the usage of other
than thick track-etchedmembranes are rarity.

In summary, we showed that neurons can be successfully cultured on top of the SU-8membranes for at least
seven days. Neurites were able tofind the pores and penetrate through to the underlying compartment. This
suggests that themembranesmay be used in the innervation applications. In ourmodel, the pore size had an
effect on the neuronal network forming on the bottom side of themembrane, and thus, the selection of the pore
size can be used tomodify themodel such that it supports study-specific research questions. The pore size
influences both neurite and neuronal cell growth through the pores. Increasing the pore diameter increases the
neurite growth through the pores but also allows themigration of neurons to the bottom side, resulting in low
selectivity. Strong neuronal networks on both sides of themembranewith lower soma separation properties can
be used, e.g., to study electrical activity or innervation in cases where a small degree of cellmigration has
negligible effects on the results. A smaller pore size produces a sparser neurite network but offers better soma
separation properties. The smaller pore size is beneficial in such research questions where neuronal somas
interfere with the analysis. The full axonal isolation requires smaller pores. It is unclear if normalUV lithography
is suited for reliablymaking small enough pores. Alternatively, the other isolationmethods such as tunnels can
be used in combinationwithmembranes to achieve better axonal isolation.

Figure 6.Numerical analysis of the number of neurite ocupied pores and number of neurons thatmigrated through openings to the
bottom side of themembrane. (a)Boxplot showing the percentage of occupied openings that had visible neurite growth in different
designs (S1–4) at the analysed timepoints (DIV1, 3 and 7). (b)Boxplot showing the number of neurons in the bottom side of the
membrane. DIV: days in vitro. Number of analysed areas (0.12mm2) per section type is between 5–8 per group counted from two
parallel samples. *=p< 0.05 and **= p< 0.01
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4. Conclusions

We fabricated cell culture devices with porous self-supporting single-layer SU-8membranes for hiPSCneurons.
The fabricationmethod allowed us to customize of the pore size and location. Themethod proposed in this
paper provides additional benefits. The tested aluminum release layer can be easily removed and it does not leave
messy residues. The release layer is also compatible withmanymicrofabrication processes and thus allows the
future development of themembrane by adding sensors such asMEAs in themembrane.We also developed a
method for handling the thinmembranes without using supporting structures on themembranes. Thick
additional layers orwallsmay disturb optical imaging and the cell connectivity on the surfaces. Importantly, this
studywas conductedwith humanneurons derived fromhuman pluripotent stem cells. As themost of the
studies conducted earlier have utilized rodent and cancer derived neurons, they do not directly translate in the
high need of developing human cell-basedmodels. There are crucial cellular and behavioral differences in
neurons depending of their origin, which states for the need to test novel technologies with the desired cell type,
that is, humanneurons. The thin porous SU-8material was found to provide very good cytocompatibility with
hiPSCneurons andwewere able to achieve partial, but still significant, axonal isolation. The results suggest that
innervation of tissue blocks placed underneath themembrane is achievable due to neurite growth through the
pores. Next stepwill be to increase the functionality of the interface by integrating sensing elements into the
membrane.
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