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closely resembles that of in vivo biology.
Porous membranes are widely used as a
cell culture substrate in multicompartment in vitro models such as Transwell
and Organ-on-chip (OOC).[1,2] Such models
can provide an insight into biological signaling pathways, cell–cell interactions, and
enable drug screening for diverse pathologies with the possibility to predict individual patient responses to drugs.
In most cases, the barrier function is
mimicked using commercially available
polycarbonate (PC), or polyethylene terephthalate (PET) 0.4–8 µm pore-sized membranes coated with extracellular matrix
(ECM) proteins on which different cell
types are cultured in two compartments.[3–9]
For example, when modeling in vitro
blood–brain barrier (BBB), the endothelial
cells are co-cultured with astrocytes or glial
cells attached to another side of the membrane.[10–13] It was found that direct contact
between these adjacent cells plays a key role
in barrier function with an increased tight
junction, gene expression, and barrier tightness.[10,14–16] However, the PC or PET membranes form a physiologically irrelevant thick barrier (≈10 µm)
inhibiting physical cell–cell interaction across the membrane
and limit their potential to closely resemble the in vivo basement membrane which is suggested to be in the sub-micrometer
range with a spatial and temporal variation.[17–19]Additionally, the
random distribution of the pores created by track etching leads to
undefined and underestimated pore sizes due to the interconnection of pores and limits the possibility of live-cell imaging using
bright-field or phase-contrast microscopy.
This has led to the development of new generation membranes that allow closer resemblance of several in vivo membrane features. For example, the membranes from materials
such as poly(ε-caprolactone) and poly(lactide-co-caprolactone)
were successfully fabricated using electrospinning or solution casting with the thickness of 4 µm and 960 nm, respectively.[20,21] Despite the closer resemblance of the basement
membrane physiology there is no control over pore distribution
or size using these technologies. By using microelectromechanical systems (MEMS) fabrication technologies, it was possible to
fabricate ultrathin membranes with thickness in the nanometer

Traditional Transwell inserts with track-etched 10 μm thick polymer membranes have been intensively used for studying cellular barriers. However,
their thickness hampers direct cell-cell interaction between the adjacent cells
which has been shown to critically influence the barrier formation. Therefore,
here the effect of reduced distance between the cells by using fivefold thinner
(2 μm) optically transparent polydimethylsiloxane (PDMS) membranes is
studied and compared with polycarbonate (PC) membranes. The authors validate their applicability as an alternative substrate for the study of the blood–
brain barrier by performing a monoculture of brain endothelial cells (hCMEC/
D3) and co-culture with astrocytes in Transwells. The PDMS membranes supported the cellular protrusions through the well-defined pores and allowed
control over cellular transmigration by varying the pore size. Cellular localization of tight and adherens junction proteins ZO-1, Claudin-5, and VE-cadherin
is similar to PC membranes while their expression levels are affected as a
function of membrane material and co-culture with astrocytes. Additionally, a
permeability assay indicated tighter barrier formation on the PDMS membrane. These results suggest the potential use of 2 μm PDMS membranes for
in vitro modeling of biological barriers with improved co-culture models and
enhanced visibility of the cell culture.

1. Introduction
The study of biological barriers involves the use of one or more
co-cultured cell types under conditions that provide a means to
self-organize into a well-defined barrier with functionality that
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Figure 1. Schematic image of the fabrication process of the patterned porous PDMS membrane. A) A layer of positive photoresist (PR) is spin-coated
onto an HMDS coated 4″ silicon wafer. B) The PR layer is patterned using photolithography resulting in a PR column array. C) A mixture of PDMS and
hexane (2:5 weight ratio) is spin-coated over the PR column array. D) The residual PDMS layer is etched using reactive ion etching. E,F) The PDMS membrane is released by dissolving the PR layer and G) attached to the rim of a Transwell insert to fully replace the original PC membrane that was removed.

range and different pore sizes.[22–26] As the pore distribution and
pore size are well controlled by the photolithography process,
the cells experience a regular cell culture surface. Additionally,
thinner membranes facilitate mechanotransduction between
cells situated on adjacent sides of the substrate.[23,27] However,
such inorganic membranes become extremely brittle with
reducing thickness, and therefore the free-standing substrate
area is limited and requires extra support.[28–30]
While membrane thickness critically determines factors such as
cell–cell interaction, stiffness of the substrate was shown to affect
cell proliferation, motility, and surface marker expression.[21,31–33]
Cells sense the substrate on which they grow through focal adhesion points and generate signals based on the forces required to
deform the matrix which is dependent on the elastic modulus
of the substrate.[34,35] For comparison, silicon-based membranes
have the elastic modulus in the hundred gigapascals range while
the elastic modulus of the soft tissues (e.g., brain, heart, lung)
is varying between 0.5–1 KPa.[36,37] Although this parameter is
decreased for thinner substrates (e.g., Young’s modulus of 2 nmthick silicon nanomembrane is 3 GPa), it still significantly exceeds
that found in vivo.[38] At the same time, PDMS membranes have a
lower elastic modulus (≈1.3 MPa), compared to traditionally used
PC (≈2–2.4 GPa) and PE (≈2–3 GPa) membranes thus resembling
the biological membranes of soft tissues more closely.[39]
Recently, we reported the fabrication of porous 2 µm PDMS
membranes with tunable thickness and pore size that can be
used in cell culture and OOC research.[41,42] These membranes
are optically transparent, enabling live-cell imaging by bright
field and phase-contrast microscopy without the need for fluorescent markers. In this work, we focus on the characterization of
our PDMS membranes by recreating a BBB using adapted Transwell inserts and studying how the reduced thickness influences
the cell culture. For this, a co-culture of human cerebral microvascular endothelial cells (hCMEC/D3) and human astrocytes
was used. The cell viability, immunofluorescent staining, protein expression, and permeability were compared to traditionally
used Transwells with PC membrane. Improvement of Transwell
systems to model the BBB would be instrumental to further their
application in disease modeling and therapeutic studies.
Adv. Mater. Technol. 2021, 2100138

2100138 (2 of 11)

2. Results and Discussion
2.1. Fabrication of a 2 µm Thick, 3 µm and 5 µm Pore-Sized
PDMS Membrane
The BBB is comprised of a monolayer of tightly connected
endothelial cells that line the blood microvessels in the brain.[43]
This endothelial monolayer connects with other cell types
including astrocytes and pericytes to collectively regulate BBB
maintenance although their individual contributions remain
under debate.[44–46] In vitro, BBB models are created on different pore seized membranes, ranging from nano- to few
micron pore sizes.[47,48] Micropore organization and dimensions
were shown to critically regulate processes such as cellular
transmigration, permeability, and intercellular interaction.[10,49]
In this work, we used 3 and 5 µm spatially organized pore
sizes with 30 µm pitch to facilitate contact between the two cell
types cultured on different sides of the membrane. The porosity
of the fabricated membranes is 2% in comparison to 8% in
PC Transwell membranes. The pore sizes and porosities can
be tuned by using the reported fabrication method (Figure 1),
however, it is important to take into account the aspect ratio of
3:1 for the used positive photoresist.[41,42]
The success rate of transferring fabricated membranes to
Transwells was more than 90%. After transfer, the membranes
were evaluated for the absence of leakage from the edges of the
Transwell, and, when needed, an additional layer of glue was
applied to ensure a tight bond with the polystyrene rim of the
Transwell insert. The complete fabrication of the membranes
can be done in 1.5 days and around 60 Transwell membranes
can be retrieved from one processed wafer.
Variation of the PDMS:hexane ratio, as well as the speed of
spin-coating and the etching time, determine the final membrane thickness.[41] The thickness of the PDMS should be
chosen such that the residual layer of PDMS on top of the pillars is relatively thin (nanometer range), resulting in a minimal
time of dry etching. Analysis of the PDMS surface after etching
using SEM-EDS showed some traces of sulfur (≈1.5 wt%),
which should be kept minimal by reducing the etching time.
© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. Bright-field and HR-SEM images of the PDMS membrane. A) A PDMS membrane with 3 µm pore diameter, and B) 5 µm pore diameter.
C) An array of 5 µm PR pillars on a wafer. D) The membrane itself has a thickness of 2 µm after etching.

In this research, membranes with a thickness of ≈2 µm were
fabricated (Figure 2). When a mask with 3 (Figure 2A) and
5 µm (Figure 2B) pore sizes is used, the actual pillar diameter
turns out to be 2.69 ± 0.11 µm and 4.91 ± 0.17 µm, respectively.
The final size of the pores is dependent on the thickness of the
membrane as the used pillars are slightly tapered (Figure 2D).
In this case, a thinner membrane results in larger pores.

Results from the live/dead viability assay showed that ≈98%
of cells remained viable on both the PDMS and PC membranes
independently from the pore size used. These results indicate that the etching process of the PDMS membrane was not
harmful to the cells which were able to maintain high viability,
similar to the cells cultured on the PC membrane.
The scattering of light due to randomly distributed pores on
the PC membrane caused a varying degree of blurring which is
seen in Figure 4B.

2.2. The Culture of Cells on PDMS Membranes Allows
Visualization by Phase-Contrast Imaging
2.4. Endothelial Cells Protrude through the Membrane Pores
Non-invasive monitoring of the cell culture is important to be
able to continuously follow the cells’ proliferation and monolayer formation. Unlike PC membranes, the fabricated PDMS
membranes allow phase-contrast visualization of cultured
cells without additional labeling (Figure 3). Due to the thickness of PC membranes and random distribution of the pores,
the light is significantly scattered, thus, the state of the cells is
often unknown before the end of the experiment when fluorescent staining is performed.[39] The light scattering is reduced
in PDMS membranes due to well-defined pores with controlled
pore spacing, therefore, allowing live mono- and co-culture
(Figure 3C,D) imaging during the experimental time.
2.3. The Etching Process of PDMS Does not Affect Cell Viability
upon Culturing on PDMS Membranes
To validate whether etching PDMS using sulfur hexafluoride
(SF6) and oxygen results in traces that are toxic to cells cultured on
these membranes, the viability of hCMEC/D3 cells was evaluated
using a live/dead assay (Figure 4). Endothelial cells formed a
visual monolayer on both membranes over 5 days culture period.
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Generally, porous biological membranes, such as the BBB
basement membrane, allow either direct contact between cells
residing on the two sides of the substrate or signal transduction.[50,51] The proximity of the cell–cell interaction across the
basement membrane is greatly facilitated by pore size and
limited thickness of the membrane. While previous studies
using conditioned medium (CM) from astrocytes showed that
soluble factors play an important modulating role in endothelial response in co-culture, direct physical interaction was
considered to be instrumental in inducing polarity of apical and
basal compartments.[52–54]
Cell–cell contact of hCMEC/D3 cells and astrocytes and the
ability of the cells to migrate through the different pore sizes
were compared on PDMS and PC membranes (Figure 5 for
5 µm pores and Figure S1, Supporting Information, for 3 µm
pores). For this, the cell culture was performed for 5 days. A
shorter culture period is insufficient to form a tight barrier
while prolonged culture, exceeding 6 days, in static Transwell
models may lead to overgrowth as reported previously.[55–57]
Apart from forming cellular protrusions (Figure 5B), cells
were able to fully migrate through 5 µm pores and accumulate
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Figure 3. Phase-contrast images of astrocytes and hCMEC/D3 cells cultured on 5 µm pore-sized membranes. A) Astrocytes cultured for 10 h on a PDMS
membrane, while B) on a PC membrane the astrocytes are not distinguishable because of a lack of membrane’s transparency. C) hCMEC/D3 cells
cultured overnight on PDMS membrane, and D) a co-culture of hCMEC/D3 cells and astrocytes on day 2 after hCMEC/D3 seeding. Cell morphological
features can be distinguished on PDMS membranes: astrocytes are elongated compared to hCMEC/D3 cells which have cobble-stone-like morphology.

Figure 4. Live/dead viability assay after 5 days of hCMEC/D3 culture. A) PDMS membranes compared to B) PC membranes. Viable cells are stained
with Calcein AM (green), whereas necrotic cells are stained using ethidium homodimer (red), and cell nuclei are stained with NucBlue. C) For both
membrane types, the viability of endothelial cells was high (for PDMS 98.4 ± 0.6% and for PC 98.7 ± 0.2%, n = 3). The number of live and dead cells
is counted using the “find maxima” method in ImageJ.
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Figure 5. SEM images of hCMEC/D3 cells and human astrocytes cultured on 5 µm pore-sized PDMS and PC membranes. A) A layer of astrocytes
characterized by elongated morphology. B) A zoom-in of the endothelial cell layer shows that protrusions of the cells extending into the pores.
C) Astrocytes grown on the on PC membrane, however, the cells had different morphology compared to those grown on PDMS suggesting endothelial
transmigration from another side of the membrane. D) A zoom-in on hCMEC/D3 cells covering the pores.

on the other side of PDMS membrane (Figure S2, Supporting
Information). This is in accordance with other studies, where
hCMEC/D3 cells were shown to be able to migrate through
pores exceeding 3 µm in dimension.[11] Although cellular migration is of interest to study cancer cell extravasation or brain
leukocyte infiltration, it is important to avoid the second nonphysiological endothelial layer formation, therefore, we focused
on 3 µm pore size membranes.
It was found that despite using a smaller pore size, hCMEC/
D3 cells were able to migrate through the 3 µm pores on PC
membranes while the use of PDMS membranes inhibited cellular transmigration (Figure S3, Supporting Information). The
random pore distribution, and thus potential overlap of pores in
PC membranes leads to a bigger size of the pores thus allowing
transmigration of cells.
2.5. Astrocytes and hCMEC/D3 Cells Co-Cultured on a PDMS
and PC Membranes
HCMEC/D3 and human astrocytes were co-cultured on PDMS
or PC membranes to study the interaction between these two
cell types. It is suggested that for the development of a functional barrier, interplay of the endothelial layer with astrocytes
may be of key importance.[43,52,53] Cellular interplay across the
basement membrane can consist of direct contact between the
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cell types or be facilitated by a reduced distance between the
cell types allowing for more efficient paracrine signaling as
the strength of the paracrine signal is related to distance.[58]
To study the influence of the reduced distance between astrocytes and endothelial cells in co-culture Transwell conditions,
the expression of tight junction proteins (ZO-1, Claudin-5) and
an adherens junction protein (VE-Cadherin) were assessed
on the 5th day of culture on 3 µm pore-sized PDMS and PC
membranes using immunostaining (Figure 6 and Figure S4,
Supporting Information). Upon culturing on PC and PDMS
membranes, hCMEC/D3 cells showed similar primarily cytoplasmic ZO-1 (TJP1) cellular distribution on both PDMS and
PC membranes.
These observations contradict previous studies of ZO-1 to primarily reside at the peripheral membrane as a result of its function in tight junction assembly.[59,60] However, ZO-1, apart from
an interaction site for transmembrane proteins, also contains a
C-terminal actin-binding site and forms phase-separated cytosolic clusters.[61–63] Moreover, ZO-1 localization in endothelial
cells depends on several factors and one of them is the stiffness
of the substrate, suggesting that extracellular matrix impacts
the mechanotransduction of tight-junction structures.[57,64–66]
To test whether the stiffer substrate will lead to localized tight
junctions, we also seeded hCMEC/D3 on a glass chamber slide
(Thermo Scientific Nunc Lab-Tek II Chamber Slide). The immunofluorescent staining of ZO-1 after 5 days of culture showed
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Figure 6. Comparison of immunostaining of adherens junction VE-Cadherin (Alexa Fluor 488, green), tight junction protein ZO-1 (Alexa Fluor 647,
red), and cell nuclei (NucBlue, blue) on PDMS and PC membranes after 5 days of monoculture. HCMEC/D3 cells seeded in the upper compartment
show a cobblestone morphology and express ZO-1 and VE-Cadherin on both membranes, although the localization of ZO-1 is slightly more specific on
PC membranes. Besides, a second layer of the cells was observed on the other side of the 3 µm PC membrane, while on PDMS a continuous cellular
monolayer was seen only on one side of the membrane. Scale bars represent 20 µm.

more peripheral localization of protein compared to PDMS and
PC membranes (Figure S5, Supporting Information).
Interestingly, co-culture of hCMEC/D3 cells with astrocytes
substantially modified cellular localization of ZO-1 to primarily
plasma membrane-associated when cultured both on PC and
PDMS membranes (Figure 7). Such changes in ZO-1 localization have been reported as a function of astrocyte co-culture or
astrocyte-derived CM.[6,12,67,68]
In co-culture models, astrocytes were first seeded on the
opposite side of the membrane. As astrocytes sediment on
the surface of the membrane, it was expected that hCMEC/
D3 seeded at a later stage will not be able to migrate to the

astrocytic compartment. However in Figure 7, for cells grown
on a PC membrane, ZO-1 staining was also visible in the astrocyte compartment, evidencing that hCMEC/D3 cells were able
to protrude through the pores.
2.6. Endothelial Tight Junction Protein Expression Levels are
Differentially Affected by Membrane Type and Co-Culture
with Astrocytes
Numerous studies showed that astrocytes critically regulate
BBB function.[54,69,70] In vitro, co-culture with astrocytes and

Figure 7. Immunofluorescent staining of ZO-1 (Alexa Fluor 647, red) and GFAP (Alexa Fluor 488, green) of an hCMEC/D3 and astrocyte co-culture on
PDMS and PC membranes. Astrocytes cultured on both types of membranes are GFAP-positive but characteristic astrocyte elongated morphology
were primarily observed when cultured on PDMS membranes. While the astrocytic compartment of cells grown on PDMS membranes is ZO-1 negative, the astrocytic compartment of PC membranes shows some degree of ZO-1 positive staining suggesting transendothelial migration through PC
membranes. Cell nuclei (NucBlue, blue). Scale bars represent 20 µm.
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Figure 8. Immunoblot analysis presenting expression levels of relevant tight and adherens junction proteins in hCMEC/D3 grown under 3 different
culture conditions (monoculture, culture with astrocyte-conditioned medium (CM), and co-culture with astrocytes). A) Immunoblot of ZO-1 expression.
B) Immunoblot of expression of VE-Cadherin and Claudin-5. Dividers in (A) and (B) indicate where blot was stitched. C–E) Relative quantification of
normalized expression levels of ZO-1 (C), VE-Cadherin (D), and Claudin-5 (E). Data are expressed as means ± SEM. n = 3. *p < 0.05 and ***p < 0.001
(ANOVA).

substrate characteristics were previously shown to affect
endothelial expression levels of tight junction proteins.[16,64,71]
Based on these observations we measured endothelial
expression levels of ZO-1, Claudin-5, and VE-cadherin cultured on PC and PDMS membranes in co-culture with
astrocytes (Figure 8).
Results showed that ZO-1 expression levels were lower for
hCMEC/D3 cells cultured on PC membranes compared to
PDMS membranes. On the contrary, Claudin-5 expression was
significantly lower for monocultures on PDMS compared to PC
membranes (n = 3, p = 2.8 × 10−5) and in cultures with the addition of CM (n = 3; p = 0.024). The VE-cadherin expression levels
did not significantly differ for hCMEC/D3 cells cultured on both
membranes although it was previously shown that VE-Cadherin depends on the substrate stiffness, leading to increased
cell contractility and gap formation.[72] These differential expression patterns of the three tight junction proteins tested are possibly the result of the known different transcriptional pathway
regulation of these three tight junction proteins.[73]
Regulation of tight junction protein expression levels by
endothelial cells may require direct physical interaction with
astrocytes in the BBB. To address this question, we compared tight and adherens junction protein expression levels by
hCMEC/D3 cells in the absence of astrocytes but upon exposure with astrocytic CM as well as in the presence of co-cultured

Adv. Mater. Technol. 2021, 2100138

2100138 (7 of 11)

astrocytes. Astrocytic soluble factors and soluble heat-labile
protein aqueous factors have been suggested in the past to
regulate endothelial tight junction formation and barrier integrity.[74] Examples of such reported factors are sonic hedgehog,
WNT/β-catenin, transforming growth factor β, bone morphogenetic proteins, angiopoietins, or semaphorins that all affect
BBB integrity.[75] However, there was no significant effect of CM
detected for ZO-1, VE-Cadherin, and Claudin-5 expression for
PDMS monoculture while on PC membranes, ZO-1 expression was downregulated upon CM (n = 3, p = 0.028). Similar
results were shown previously, where the addition of CM did
not enhance barrier properties of endothelial cells.[76]
Although cellular localization was affected by the presence
of astrocytes (Figure 7), western blot analysis showed that coculture with astrocytes non-significantly induced hCMEC/
D3 expression of ZO-1 and downregulated VE-cadherin on
both PDMS and PC membranes. The significant effect of
co-culture compared to monoculture was seen for Claudin-5
expression on PDMS membranes (n = 3, for mono: p =
0.027 and CM: p = 0.041) while no such trend was detected
for PC cultures. The observed non-significant increase in
Claudin-5 expression levels on PC membranes are consistent
with previous studies, where it was shown that the addition
of astrocytes in contact/non-contact way does not lead to an
increased Claudin-5 expression in b.End3 cells.[77] Overall,
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these results may suggest that direct interaction between
endothelial cells and astrocytes critically regulates tight junction formation.
2.7. Biological Barrier Permeability
Cell layer integrity can be measured by establishing the permeability of certain substances. We performed permeability experiments on day 5 of hCMEC/D3 culture on 3 µm pore size (PDMS
and PC) membranes in mono- and co-culture conditions. Here
we used fluorescently labeled dextran (20 kDa) which was
added to the top compartment of the Transwell inserts and the
fluorescent intensity in the bottom compartment was measured
over time. Because the used PC and PDMS membranes have
different porosities, the measurements were normalized to the
permeability of empty substrates.
The permeability results for 20 kDa indicated that the
hCMEC/D3 cell layer grown on PC membranes was more permeable compared to the barrier formed on the PDMS membrane. Despite the endothelial cell migration to another side of
the PC membrane and formation of the second layer observed
with immunostaining (Figures 6 and 7), the permeability
rate was higher for both mono and co-cultures on PC membrane (Figure 9, for PC Pe mono- 3.08·10−7 ± 4.61·10−8 cm s−1,
Pe co-culture 2.27·10−7 ± 4.86·10−8 cm s−1 while for PDMS,
Pe for mono 1.67·10−7 ± 4.10·10−8 cm s−1, and for co-culture
3.83·10−7 ± 2.07·10−8 cm s−1). The effect of co-culture with astrocytes was significant for hCMEC/D3 cells seeded on PDMS
membrane demonstrating a decreased permeability rate and is
not significant but still detectable for cells seeded on PC membrane. The permeability values presented here are lower than
that normally observed for hCMEC/D3 culture however there
are in line with other BBB models.[78,79]

3. Conclusion
We presented 2 µm thick optically transparent PDMS membranes that can be incorporated into Transwell systems for
blood brain barrier modeling with improved cell–cell contact.
The fabrication method of these membranes allows for precise
control of pore size and membrane thickness which is not possible using a track-etched PC membrane. HCMEC/D3 cells
cultured on the PDMS membrane showed comparable viability
levels and protein (ZO-1, vascular endothelial cadherin [VECadherin], and Claudin-5) expression compared to cultures on
the PC membrane. The uniformity and controlled size of the
pores allowed regulation of the cellular transmigration which
was not possible using PC membranes. Moreover, the PDMS
membrane enabled the formation of cellular protrusions suggesting possible cellular contact between hCMEC/D3 and
astrocytes. Interestingly, the effect of adding astrocytes to the
hCMEC/D3 culture was detectable for both membranes, but
only permeability studies on the PDMS membrane showed a
significant difference between mono and co-culture models.
Finally, we detected elevated ZO-1 expression of hCMEC/D3
cells cultured on PDMS membrane, while Claudin-5 expression was downregulated. These results suggest that reduced
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Figure 9. The endothelial permeability results indicated tighter barrier
formation on PDMS membrane (blue bar) compared to PC (red bar).
The astrocytes affected the permeability on both membranes, however,
the change was significant for PDMS membranes. The bars represent
mean with ±SD, n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001 (ANOVA).

membrane thickness is beneficial for cell–cell communication
and the formation of a tight barrier even though the substrate’s
mechanical properties may also influence the cell behavior.
Therefore additional functional studies have to be performed in
the future. Ultimately, these PDMS membranes are meant to be
used as substrates in OOC systems for modelling different barriers. They can be incorporated inside PDMS-based chips using
only plasma activation without additional glues and without
potentially harmful chemical surface modifications. Additionally, the PDMS membranes can be stretched for mechanical
actuation of the barrier models such as lung and gut on a chip.
Therefore, these membranes have great potential in facilitating
improved biological barrier models and their studies.

4. Experimental Section
Membrane Fabrication: The PDMS membranes were fabricated as
previously described.[42] Briefly, a thin hexamethyldisilazane (HMDS)
was spin-coated onto a silicon wafer (Si) (525 µm thick, Okmetic,
Finland) to increase the adhesion of the photoresist (PR) with the wafer
surface. A 10 µm thin layer of positive PR (AZ 10XT, MicroChemicals,
Germany) was spin-coated onto the HMDS coated Si wafer at 2000 rpm
for 60 s. The Si wafer was baked at 110 °C for 3 min on a hotplate.
The PR was exposed for 17 s with an intensity of 12 mW cm−2 using a
mask alignment system (EVG620, EV Group, Austria), with a quartz
photomask containing chromium circles of 3 and 5 µm in diameter.
The Si wafer was then developed in an OPD4246 developer for 6 min
and rinsed with de-ionized (DI) water, leaving free-standing PR column
arrays on the wafer (Figure 1).
A degassed solution of PDMS prepolymer with curing agent (weight
ratio 10:1) (Sylgard 184 Silicone elastomer kit, Dow Corning, MI, USA)
was mixed with hexane at a 2:5 (PDMS:hexane) weight ratio to make
the solution suitable for spin coating. The PDMS and hexane solution
was spin-coated over the PR column array at 4000 rpm for 1 min. After
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spinning, the PDMS membrane was cured at 60 °C for at least 12 h to
remove all the hexane. Due to the spin-coating process, a thin residual
layer of PDMS remains on the top of the columns thus resulting in a
non-porous PDMS membrane.[41] To open the pores, a plasma etching
process using a parallel plate reactive ion etching system (in-house
built TEtske system, Nanolab University of Twente, the Netherlands) at
47 sccm SF6, 17 sccm O2, 50 mTorr, and 100 W was performed. Scanning
electron microscopy energy-dispersive X-ray spectrometry (SEM-EDX)
was used to obtain elemental quantitative data of the PDMS membrane
surface after the plasma etching process.
It is worth mentioning that the membrane thickness down to
900 nm can be tuned by changing the etching time, however, such a
thin membrane is difficult to handle. The membrane thickness was
determined from images captured by using a high-resolution scanning
electron microscope (HR-SEM, FEI Sirion microscope). SEM images
were taken at a 5 kV acceleration voltage and a spot size of 3.
To use the fabricated PDMS membrane for cell culture, the original
membrane of the Transwell insert (6.5 mm Transwell, with 3.0 (2 ×
106 pores cm−2) and 5.0 µm (4 × 105 pores cm−2) pore sizes, Corning,
NY, USA) was removed and replaced with this PDMS membrane. For
this, uncured PDMS (pre-polymer: curing agent, 10:1 weight ratio) was
used as a glue between the rim of the insert and the Si wafer with the
membrane. After attaching the Transwell insert to the membrane, the
PDMS glue was cured at 60 °C for 3 h. The membrane was released
from the silicon substrate by dissolving both the PR columns as well as
the PR sacrificial layer underneath the columns in a mixture of acetone
and ethanol (100%) at a 70:30 v/v ratio. The released PDMS membranes
were sterilized by immersing in ethanol (70% v/v) for 1 h. This step also
reduces the amount of potentially toxic traces of other organic solvents
to harmless levels. Prior to cell culture, the membranes were washed
(3×) with 1× phosphate-buffered saline (PBS, Merck, Germany) to
remove traces of ethanol.
Cell Culture and Analysis: In this work, both monocultures of only
endothelial hCMEC/D3 cells (passage 30–35, Merck Millipore, the
Netherlands) and co-cultures of hCMEC/D3 cells and astrocytes
(passage 2–5, 3H Biomedical AB, Uppsala, Sweden) were used.
Membranes were prepared for cell seeding by coating them for 1 h at
37 °C with 100 µg mL−1 collagen type I (rat tail, Corning Inc., USA) in
PBS. For the monoculture, hCMEC/D3 cells were seeded on top of
the Transwell-mounted PDMS membranes and commercially available
Transwell systems with PC membranes. For this, hCMEC/D3 cells were
resuspended at a 15 × 104 cells mL−1 concentration in endothelial cell
growth medium (EGM, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany). A volume of 100 µL hCMEC/D3 cell suspension was pipetted
on top of the collagen-coated PDMS and PC membranes and 600 µL
was pipetted in the lower compartment of the 24-wells Transwell system
which was subsequently placed in the incubator at 37 °C, 5% CO2. The
cell morphology cultured on PDMS membranes was observed daily
using phase-contrast microscopy (EVOS, PA, USA). Cell viability was
assessed on day 5 after seeding using a live/dead viability assay (LIVE/
DEAD Viability/Cytotoxicity Kit for mammalian cells, Thermo Fisher
Scientific, MA, USA) according to the manufacturer’s protocol diluted
together with NucBlue (two drops per milliliter, Thermo Fisher Scientific,
MA, USA). The obtained fluorescence microscopy images were first
processed by equalizing the window/levels as well as the brightness/
contrast. After standardization of the images, the results were analyzed
using the “find maxima” method on separate RFP (dead cells) and DAPI
(all cells) channels in ImageJ to count the segmented cells per channel
in each image.
For co-cultures, astrocytes and hCMEC/D3 cells were seeded on
adjacent sides of the Transwell membrane. Again, the membranes were
coated with collagen solution for 1 h at 37 °C and subsequently washed
with PBS. Next, 50 µL of cell suspension (1 × 105 cells mL−1) of human
astrocytes in astrocyte medium (AM) with supplements (2% v/v fetal
bovine serum (FBS), 1% astrocyte growth supplement (AGS, 100×), and
1% penicillin/streptomycin solution (P/S, 10 000 units mL−1 of penicillin
and 10 000 µg mL−1 of streptomycin, ScienCell Research Laboratories,
CA, USA) was pipetted onto the bottom side of the inverted Transwell.
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Astrocytes were incubated for 3 h at 37 °C, 5% CO2 to allow them to
attach to the membrane. Next, the inserts were flipped over and inserted
in a Transwell plate with 600 µL of AM. The cells were incubated for
another 24 h at 37 °C, 5% CO2. A volume of 100 µL hCMEC/D3 cell
suspension was added on top of the collagen-coated membranes to
seed a final concentration of 15 × 104 cells mL−1 in endothelial cell growth
medium (EGM). The medium was refreshed daily.
Immunofluorescence: Tight junctions and cell morphology were
analyzed using immunofluorescence imaging. Prior to immunostaining,
astrocytes and hCMEC/D3 were fixed with 4% paraformaldehyde for
20 min at room temperature (RT). After fixation, membranes were
washed 3× with 1× PBS. Cells were permeated using Triton-X (0.1%
in 5% bovine serum albumin (BSA) solution) for 30 min at RT. Fixed
samples were incubated overnight at 4 °C with primary antibodies (ABs)
in 0.5% BSA. The monoculture was probed for VE-Cadherin adherens
junction (mouse monoclonal, 1:200, sc-9989, Santa Cruz Biotechnology,
TX, US) and either tight-junction marker zonula occludens-1 (ZO-1,
rabbit polyclonal, 1:100 dilution, 61–7300, Thermo Fisher Scientific, MA,
USA) or Claudin-5 (rabbit polyclonal, 1:100, ab15106, Abcam MA, USA).
The medium in the bottom compartment was replaced by 0.5% BSA
in PBS. After primary AB incubation, samples were washed 3× with 1%
BSA in PBS. Washed samples were incubated for 1 h at RT with Alexa
Fluor 647 donkey anti-rabbit (1:500 dilution, A31573, Thermo Fisher
Scientific, MA, USA) diluted together with Alexa Fluor 488 goat antimouse (1:200 dilution, A32723, Thermo Fisher Scientific, MA, USA) and
NucBlue (two drops per milliliter, R37605, Thermo Fisher Scientific, MA,
USA) in PBS. After incubation, samples were washed 3× with 1× PBS.
For co-culture staining, the same procedure was performed. After
fixing the samples, primary anti-ZO-1 was pipetted in the upper
compartment with endothelial cells and anti-glial fibrillary acidic protein
(GFAP, 1:100 dilution, MA5-12023, mouse monoclonal, Thermo Fisher
Scientific, MA, USA), was pipetted in the astrocytic compartment. The
samples were incubated overnight at 4 °C and after washing, the cells
were incubated with the secondary ABs (Alexa Fluor 488 anti-mouse and
Alexa 647 anti-rabbit, for GFAP and ZO-1, respectively, 1:500 dilution,
Thermo fisher scientific, MA, USA).
Cells were imaged using fluorescence (EVOS, PA, USA) and confocal
microscopy (Nikon A1).
Scanning Electron Microscopy of Cell Samples: Cell distribution on the
membranes was visualized through SEM analysis. Samples were fixed
by incubation in 100% ice-cold methanol for 15 min followed by washing
2× using 1× PBS. After fixation, the samples were dehydrated using an
ethanol gradient (60%, 70%, 80%, 90%, 96%, and 100% [2×] v/v ethanol
in milliQ). Samples were dehydrated further using critical point drying
(Blazers CPD 030) by liquid carbon dioxide exchange. Prior to the SEM
analysis, the samples were gold-coated using a Cressington sputter
coater. SEM images were captured using a JEOL JSM-IT 100 SEM at a
5 kV acceleration voltage.
Permeability Measurement: The integrity of the endothelial cell layer
was assessed by studying the transport of fluorescently labeled dextran
from the top compartment of the Transwell to the well plate. Cells
were seeded as mono- and co-culture in Transwell inserts with PDMS
and PC membranes as described before. Cells were cultured for 5 days
to obtain a visual monolayer. Before the experiment, 600 µL of fresh
medium was added to the bottom compartment of the wells plate.
The medium was removed from the cell coated Transwell inserts and
100 µL of fluorescently labeled dextran (FITC-Dextran 20 kDa, Sigma
Aldrich, Germany) at a concentration of 50 µg mL−1 was added on top
of the endothelial cell layer. After 5, 15, 30, 45, and 60 min, 50 µL of the
medium was sampled from the bottom compartment and transferred to
a black bottom 96-well plate (Corning Inc., NY, USA). Fresh 50 µL of the
medium was pipetted back to the wells to prevent pressure development
over the membranes. A calibration curve was used to normalize the
intensity values to the actual concentration (g mL−1). Fluorescent
intensity was measured using a Victor3 plate reader (PerkinElmer,
Ma, USA) upon excitation at a wavelength of 485 nm and detection of
emission at a wavelength of 528 nm. Results were normalized to the
Transwells without cells. The empty Transwells were prepared and kept in
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the same conditions as the Transwells with cells (37 °C, 5% CO2, 5 days,
refreshing the medium every day). The permeability was determined
using the equations described previously with small modifications:[80]
P=

dC 1 Va
dt C max S m

(1)
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1
1
1
=
−
Pe Ptot Pm

(2)

Where P is the permeability in cm s−1, dC/dt is the change in
the concentration (µg mL s−1), Cmax is the maximum FITC Dextran
concentration added at the beginning of the experiment, Va is the volume
of the apical compartment (0.1 mL), and Sm the area of the culture
membrane (0.33 cm2).[81] To calculate the endothelial permeability Pe,
the permeability of the empty Transwell Pm was subtracted from the
permeability of the Transwells with cells Ptot.
Western Blot: The quantification of expressed proteins in hCMEC/
D3 and astrocytes cultures was done by immunoblot analysis. HCMEC/
D3 cells were grown in a monoculture, either with conditioned medium
(CM) from an astrocyte culture or in co-culture with astrocytes for
5 days as described above. Cells were washed with ice-cold PBS and
harvested from Transwells with PC and PDMS membranes by excision.
Excised membranes were placed into a lysis buffer containing a protease
inhibitor cocktail. Samples were then agitated at 800 rpm for 30 min at
4 °C and subsequently centrifuged for 20 min at 12 000 rpm. The total
protein concentration of the resulting supernatant was quantified using
a DC protein assay (Bio-Rad, CA, USA).
Equal amounts of protein were loaded onto an 8% or 10% SDS
polyacrylamide gel and resolved by electrophoresis. Proteins were
transferred onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad,
CA, USA) and blocked with either 5% non-fat dry milk (Campina,
Netherlands) or 5% BSA (Sigma-Aldrich Chemie GmbH, Germany)
in tris-buffered saline containing 0.05% tween-20 (TBST) for 1 h and
subsequently incubated overnight at 4 °C with primary ABs dissolved
in blocking buffer. The immunoblots were probed for ZO-1 (rabbit
polyclonal, 1:500, Thermo Fisher Scientific, MA, USA), VE-Cadherin
(mouse monoclonal, 1:1000, Santa Cruz Biotechnology, TX, US),
Claudin-5 (rabbit polyclonal, 1:1000, Abcam MA, USA), and GAPDH
(mouse monoclonal, 1:20 000, Merck, Germany). Blots were incubated
with horseradish peroxidase-conjugated secondary ABs (1:10 000,
Promega, WI, USA) for 40 min at RT.
After washing, bands were detected using a SuperSignal West Femto
Chemiluminescent substrate kit (Thermo Fisher Scientific, MA, USA)
and visualized using a FluorChem M imaging system (ProteinSimple,
CA, USA). Band intensities were analyzed using ImageJ.
Statistical Analysis: Significance was determined by one-way ANOVA
test with a post-hoc Tukey test applied when comparing more than two
groups using SPSS (IBM SPSS Statistics, Version 26 for Windows), n = 3 per
condition at each time-point in three independent experiments, a p-value
of <0.05 was considered significant. For Western blot analysis, different
groups were compared: PDMS mono vs CM vs co; PC mono vs CM vs
co; PDMS mono vs PC mono; PDMS CM vs PC CM and PDMS co vs PC
co. The graphs were plotted using Prism Graph Pad.
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