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2 INTRODUCTION
Over 90% of the clinical trials fail due to inefficiency and unexpected side-effects and this has been linked
partially to the currently available animal models and their capacity to mimic human conditions.
Additionally due to ethical concerns, the 3R principle as in to reduce, replace and refine animal testing to
provide a more humane research environment has been introduced in the last few decades [1]. One of
the main bottlenecks of current drug development is the lack of available and relevant in vitro models.
Most of the traditional in vitro research has been performed in 2D planar cell culture. There has been an
increasing evidence that 2D cell culturing conditions do not recapitulate the complexity of the
physiological 3D environment [2]. 2D cell culture experiments often present increased drug response
compared the 3D cell culture which could lead to an overestimation of the efficiency of the drug [3]. There
are multiple different ways to produce 3D cell culture to home cells. One of the methods often referred
to as bottom up tissue engineering, employs the cells without any mechanical support using the capability
of cells to self-assemble to form cell aggregates (spheroids). The production of these spheroids can be
performed either by using non-adhesive (agarose or coated) plates or hanging drop cultures, etc. [4]. Top
down production of 3D cell cultures involves the use of cell supporting scaffolds. These scaffolds provide
mechanical strength, architecture and support to the cells. The scaffolds can be derived from
decellularized extracellular matrix element or synthetic materials.
Organ-on-chip (OoC) models aim at the fabrication of physiologically relevant models of certain tissues,
organs or diseases. OoCs incorporate microfluidic technology and (3D) cell culture to gain more
understanding in the physiological and pathological processes. It is clear that there is an increasing need
for such devices as these systems have possibility to use human cells instead of animals to recapitulate
human conditions better and also the patient’s own cells could be utilized, which could be a step towards
more personalized medicine [5]. The microfluidics technology enables the control over many different
parameters such as concentration gradients, offers continuous supply of fresh nutrients and removal of
metabolites while providing mechanical stimulus for the cells. However, creating such complex designs
presents a series of challenges including engineering tasks to create the cost-effective and highthroughput production of chips, scaling issues to maintain the architecture and the function of the organ
model, and due to the small volume size, the optimization of analytical measurement which need to be
carried out needs to be determined [6].
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Glioblastoma multiforme (GBM), originated from glial cells in the brain, is the most frequent brain tumor
(representing 80 % of primary malignant central nervous system (CNS) tumors) with high mortality and
recurrence rate, with a median overall survival rate of 12-18 months after diagnosis [7]. The most
commonly used therapy to treat GBM includes a surgical resection of the tumor with subsequent
treatment with radiotherapy and chemotherapy using temozolomide (TMZ). However, this treatment
scarcely increases the median survival rate as the removal of the primary tumor without damaging the
brain is often not easy due to infiltrating cells in the healthy tissue [8]. Some of the other possible
treatments or approaches under development include targeted therapy of the tumor, immunotherapy,
antiangiogenic drugs, nanotherapy, gene therapy and electromagnetic radiation [9]. There are several
challenges to face when developing more efficient treatments for GBM. There are only a very few
available in vitro models of GBM to study the disease progression and develop new therapies [10]. Most
of the preclinical studies are carried out by using rodent models, which as discussed earlier, often does
not represent the human conditions efficiently. Additionally, the drug delivery strategies need to be
improved as the blood-brain barrier (BBB) often poses a barrier, which prevents the intravenously or orally
administered drugs to reach their target. BBB is a selectively permeable interface which separates the
blood from the brain parenchyma. BBB is composed of brain endothelial cells in the cerebral
microvasculature. The BBB is characterized by tight junction which leads to the formation of a capillaries
which are up to 100 times tighter than peripheral microvessels. On the other side of the capillary different
glial cells such as astrocytic glia cell and pericytes are present [11]. Their influence on the BBB has been
demonstrated by implanting astrocytes to other sites with leaky vessels and they induced the tightening
of the endothelium [12]. Between the endothelial cells and the astrocytes, a basement membrane which
consists of extracellular matrix elements such as collagen, elastin, laminin, fibronectin and proteoglycans,
embedded pericytes can be found [13]. This barrier has an important role to protect the brain from
possibly toxic substances while maintaining the exchange of nutrients, gases, and metabolites between
the blood and brain. Small molecules can diffuse through the barrier without restrictions while larger
molecules need to be transported across the membrane [14]. Modeling the BBB is highly important for
screening potential drug candidates for the treatment of diseases of the CNS including GBM and to study
the in vitro drug transport across the BBB [15]. The disruption of the BBB can be found in multiple diseases
including stroke, multiple sclerosis, encephalitis, brain tumors, and Alzheimer’s Disease [16].
In vitro BBB models can provide valuable tools to study the physiological function and disease progression.
These microfluidic based designs can implement physiologically relevant blood pressure and shear stress.
Most of the chip designs used for BBB models in literature are based on polydimethylsiloxane PDMS

3

Agnes Dobos

devices incorporated with a porous transwell membranes. Booth et al. used a co-culture of mouse
endothelial cell line b.End3 together with D1A astrocytes on a 10 µm thick polycarbonate membrane with
0.4 µm pore size, and they found that the trans-endothelial electrical resistance (TEER) exceeded the
monoculture of endothelial cells when co-culture was used and the and the tight junction formation was
clearly visible [17]. Griep et al. used a similar PDMS device with transwell membrane with smaller pore
size (8µm) coated with collagen and seeded with human brain endothelial cells (hCMEC/D3) [18]. Kim et
al. presented a collagen-based microvasculature model using microneedles and 3D printed frames. The
created hollow tubes were seeded with bEnd.3 cell line to create the BBB. They were able to cultivate the
cells for 14 days [19]. A modular approach where the endothelial and the neuronal chambers can be
cultivated separately and assemble at a later time point was demonstrated by Achyuta et al. [20]. Ma et
al. and co-workers fabricated BBB chips employing low-stress silicon nitrid membranes with 400 µm pores
produced by either a lithographic stepper or an electron beam lithography system and was further
modified by spinning collagen type I onto the membrane to improve cell attachment. This membrane was
later seeded with primary rat astrocytes on one side and immortalized brain capillary endothelial cell line
SV-HCEC on the other side to study the contribution of the different cells on the resistance on the
fabricated membrane [21]. Brown et al. has designed a NeuroVascular Unit (NVU) to recpitulate the
function of the BBB. The NVU produced by three PDMS layers separated with polycarbonate membrane
with 0.2 µm pore size. The membranes were coated with laminin prior cell culture use. Primary human
brain-derived microvascular endothelial cells (hBMVEC), primary astrocytes and pericytes and human
induced pluripotent stem cells (hiPSCs) differentiated into human cortical glutamatergic neurons were
used throughout the experiments. They were able to maintain cell viability on the chip for over 3 weeks
of culture. They compared the effect of different cell culture media and flow to improve to tight junction
formation of the endothelial cell layer and examined the tranport of different sized molecules across the
membrane [22]. Deosarkar et al. has employed a PDMS device and replaced the standard polycarbonate
membranes by producing a series of 3 μm pores along the vascular channels to create a dynamic neonatal
BBB on a chip. Neonatal rat brain capillary endothelial cells (RBEC) and primary cultures of neonatal rat
astrocytes were seeded on the fibronectin coated device and were cultured for 5 days. Their results
showed that the permeability of their chip was significantly lower compared to conventional transwell
BBB models [23]. Wang et al. differentiated hiPSCs into microvascular endothelial cells and co-cultured
them together with rat primary astrocytes. They have evaluated the transport of several different sized
molecules and drugs such as caffeine, cimetidine, and doxorubicin [24].
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Although there are multiple relevant BBB models are available in literature to study drug transport
through the BBB, only a very few GBM-on-chip devices were reported which could be used to evaluate
the efficiency of the possible treatments. M. Akay and co-workers have produced brain cancer chips using
two U-87 and primary, tumor-derived human GBM cells to create high throughput drug-screening
platforms [25], [26]. Ayoso et al. used U-251 GBM cells encapsulated into a collagen hydrogel inside a SU-

8 device produced via photolithography, however, these first approached did not provide an
endothelial layer to mimic the complexity of the BBB [27]. A recently published GBM-on-chip from Yi
et al. employed bioprinting to create a more biomimetic in vitro model. Patient-derived GBM cells were
used to form spheroids and were embedded in brain decellularized ECM (BdECM). After the GBM cells
were printed, a vascular bioink containing human umbilical vein endothelial cells (HUVECs) embedded in
BdECM were printed around the GBM to establish a vessel barrier. They have found that the patient
specific cells produced different responses to the different drugs and drug combinations [28].
There are several different ways microfluidic chips can be produced [29]. One of the most commonly used
methods include injection molding, laser ablation and hot embossing. During injection molding the
material is formed inside a mold containing the negative and once it solidified it can be removed [30].
Many different materials can be processed using this technique including thermoplastics and thermosets
as long as the viscosity of them a relatively low allowing the injection. Laser ablation is based on a breaking
chemical bonds within a polymer material employing laser therefor removing material and creating
channels based on a computer assisted design (CAD) [31]. During hot embossing first a master is produced
then by using presses or other devices, a polymeric sheet is pressed together by a heating plate. Once the
instrument cooled down, the sample can be easily removed from the mold [32]. Bioprinting and additive
manufacturing technologies (AMTs) are novel methods that could enhance the development of complex
OoCs in a controllable manner. Traditional extrusion based bioprinting relies on the layer by layer
deposition of materials into a substrate, thereby creating a 3D structure. Cells, together with a
biocompatible bioink formulation can be deposited via extrusion, inkjet or laser-assisted strategies.
Although, this straightforward approach provides high control over spatial distribution of cells, one of the
main limiting factors of this method that high temperature and shear stress could impair cell viability and
the resolution of these printers are restricted [33]. During stereolithography a 3D construct is cured layer
by layer by moving a motorized stage subsequently polymerizing a photosensitive resin via (UV) light
irradiation in a bath [34]. Two-photon polymerization (2PP) is an emerging state-of the-art, high resolution
bioprinting technique, where nonlinear absorption of a tightly focused, femtosecond near infrared laser
pulses leads to localized cross-linking of photosensitive materials within the focal volume. Structures can
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be directly produced within the bulk of the material, eliminating the need of a layer-by-layer deposition,
which is required in other additive manufacturing technologies. 3D constructs with feature sizes from less
than 100 nm can be fabricated [35].
Several different materials can be employed as bioinks for 2PP and other AMTs including natural and
synthetic polymers. In general, synthetic polymers have a wide medical applications range, such as
implants and intraocular lenses among many others [36], [37]. Some of the main advantages of such
materials that they high reproducibility between batches and the chemical composition of them can be
easily modified to introduce new functionalities and material properties. However the disadvantages of
synthetic materials include the lack of cell-responsive moieties and biodegradation, and they are often
cytotoxic [38]. Natural polymers often perform better in terms of biocompatibility and biodegradability,
but they often lack control over mechanical properties and they could trigger immune responses in some
cases [39]. The non-cellular component of all tissues is the ECM, which provides not only the necessary
biological cues needed for cell signaling, tissue development, differentiation, proliferation, and migration
but also the desired mechanical support including elasticity, tensile and compressive strength. The most
commonly used natural polymers include collagen, gelatin and hyaluronic acid.
Hydrogels are polymer networks which are capable of the uptake of large quantities of water. The
crosslinking of hydrogels can occur through a variety of mechanisms to form either a physical or chemical
crosslinked hydrogel. During physical (reversible) crosslinking the polymer is formed by secondary forces
such as hydrogen-, or ionic bonds, hydrophilic or hydrophobic forces, π-π stacking, or entanglements. One
of the main advantages of these hydrogels are that they can be formed without any crosslinking additives
which are often cytotoxic. On the other hand chemically crosslinked hydrogels are stabilized by covalent
bonds. The chemical crosslinking of the polymer could be driven by free radicals, enzymes, Diels-Alder
click reaction, Michael type addition and Schiff base formation among others.
Photopolymerization is driven by different reactive species (radicals, cations or anions). Once the reactive
species is initiated by a photoinitiator (PI). PIs are substances which generate reactive species upon
irradiation. Based on their mechanism of action can be either type I or type II. The type I initiators cleave
to produce two radicals upon irradiation, while type II initiators undergo a bimolecular process in which
the first step is abstract an electron or hydrogen atom from a second molecule (co-initiator) and in turn
this molecule then reacts to initiate polymerization. There are several biocompatible PIs such as Irgacure
2959 and Li-TPO. These PIs have a good absorption in the UV region (250-370 nm), however they often
have poor performance in two-photon setting. There are a few water soluble two-photon PIs (2PIs)
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reported in literature, however only a very few of them presented as biocompatible for biological
applications [40], [41]. Once the polymerization process is initiated by PI, the polymer network formation
can occur either via chain-growth or step growth mechanism. In chain growth polymerization, the process
is introduced by an initiation step followed by a propagation period where the monomer only reacts to
the at the end of the growing polymer chain, and the monomer concentration is decreasing throughout
the reaction, and finally a chain termination occurs. One of the most well-known chain growth polymers
used in tissue engineering approaches is gelatin-methacrylate (GelMA). Traditional photopolymerization
of hydrogels with (meth)acrylate functionalities have been largely employed in medical and biological
applications. GelMA hydrogels are an inexpensive, biocompatible platforms for 3D cell culture
applications, where the mechanical properties of the material can be fine-tuned by changing the polymer
concentration. However, they often exhibit a series of restrictions including heterogeneous network
formation and extensive swelling. In step-growth polymerization the monomers first form dimers, then
trimers, longer oligomers and ultimately long chain polymers. Thiol-ene step growth polymers form via
(photo)click reactions can overcome the limitations of the chain-growth GelMA hydrogels. Thiol-ene click
reaction is based on the orthogonal reaction of thiols with carbon-carbon double bonds. The network
formation proceeds by repeated addition of thiyl radials to double bonds and chain transfer reactions by
hydrogen abstraction [42].

3 AIM
The goal of the project is to establish a physiologically relevant blood-brain-barrier model. A microfluidic
chip using a medical grade mold material and the printing of a biodegradable and biocompatible
membrane via two-photon polymerization will be established. Different cells, both on the “blood” and
the “brain” compartments of the chip can be drop-seeded and perfused with their corresponding media
separately. The formation of an endothelial monolayer and the cell viability of the cells in the “blood”
compartment will be addressed using live/dead staining, and immunohistochemical staining using
vascular endothelial cadherin (VE-Cadherin) for the visualization of adherens junctions. Additionally, the
diffusion of different sized water-soluble molecules (2000 kDa, 150 kDa, 70 kDa, 4 kDa, fluorescein and
riboflavin) will be tested on the 3D printed membrane. The effect of endothelial cells on the diffusion rate
will be tested.
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4 MATERIAL AND METHODS
All materials and chemicals are from Sigma Aldrich (St. Louis, Missouri, USA) unless stated otherwise.
Graphs were plotted using GraphPad Prism 6.

4.1 GLASS FUNCTIONALIZATION
In order to ensure the adhesion of both the microfluidic mold materials and the 3D printed hydrogel
membrane structures to the top and bottom of the chip, the glass surfaces were functionalized with
methacrylate groups prior to the assembly of the chip. Two different glass slides, a 1.1 mm thick
microscope cover slide (Carl Roth, Karlsruhe, Germany) and a high precision 170 µm thick glass slide (Ibidi
GmbH, Martinsried, Germany) were used throughout the experiments. First, the glass surfaces were
cleaned with 70 v/v% isopropanol and then with acetone and it was followed by 10 min of plasma
treatment (Harrick plasma, Ithaca, USA). The methacrylation solution was prepared by mixing 50 v/v %
deionized water, 48 v/v % ethanol and 0.3 v/v % acetic acid using a magnetic stirrer and adding 2 v/v % of
3-(trimethoxysilylpropyl)-methacrylate dropwise to the mixture. The solution was stirred for 20 min
before submerging the plasma treated glass slides for 45 min. Afterwards the glass slides were washed
with deionized water and dried at 65 °C. The glasses were sterilized by rinsing with 70 % isopropanol
before the assembly of the chip and cell culture use.

4.2 MICROFLUIDIC CHIP PRODUCTION
The microfluidic chip was produced by adhering two glass slides, one with a thickness of 1 mm and one
high precision 170 µm thick together with a double sided the tape. The glass slides were functionalized
with methacrylate groups according to the previously mentioned protocol. The chip mold material used
to produce the microfluidic chambers was ArCare 90445 (Adhesive Research, Glen Rock, Pennsylvania,
USA). This material is based on medical grade double-sided pressure sensitive adhesive tape. The height
of the mold was approximately 81 µm. The adhesive tape was cut according to the computer assisted
design (CAD) to create the X shaped microfluidic chips using an XY plotter (Camm-1 GS-24, Roland DG
Care, Hamamacu, Japan). The connections for the ports were created by drilling the holes into the thick
glass cover slide prior to the chip assembly using a micro drill (TBM220 Typ 28128, Proxxon GmbH,
Radingdorf, Germany). The protecting foil was removed from the adhesive tape and the two glass slides

were bonded together. As connectors, 20-gauge bund needles were glues onto the glass using a two
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component epoxy glue (Klebfix, Dip-tools, Stuttgart, Germany). For additional strength and isolation two
component dental glue (Twinsil, Picodent, Wipperfürth, Germany) was applied.

4.3 MATERIAL SYNTHESIS
Norbornene functionalized gelatin (Gel-NB) with a degree of substitution (DS) of 90% was synthesized
according to a previously reported protocol.[43] Briefly, in order to produce 10 g of GelNB, first 1.6 g of 5norbornene-2-carboxylic acid was dissolved in dry DMSO (Chem-Lab, Zedelgem, Belgium) under inert
atmosphere argon (Ar). After it fully dissolved, 1.476 g (7.7 mmol) of 1.33 g (11.55 mmol) Nhydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (TCI Chemicals, Tokyo, Japan)
was added to the reaction mixture subsequently degassing the mixture three times. Afterwards, the
reaction proceeded at room temperature for 25 h to eliminate any unreacted EDC functionalities.
Following, 10 g of gelatin type B was dissolved in 150 mL dry DMSO at 50°C under inert atmosphere and
reflux conditions. After it fully dissolved, the previously prepared 5-norbornene-2-succimidylester mixture
was added to the dissolved gelatin and the mixture was subsequently degassed three times. The reaction
proceeded for 20 h followed by precipitating in acetone and the precipitate was filtrated (VWR, pore size
12 – 15 µm, Radnor, USA) on a Büchner filter. After washing the precipitate, it was dissolved in double
distilled water (ρ = 18.2 MΩ cm) and dialyzed (Spectra/por 4: MWCO 12 – 14 kDa) for 24 h at 40 °C against
distilled water. After dialysis, the pH of the solution was adjusted to physiological pH (7.4) using a 5 M
NaOH solution. Finally, from the obtained clear solution, Gel-NB was isolated using freezing and
lyophilization (Christ freeze-dryer Alpha 2-4 LSC, Martin Christ GmbH, Osterode am Harz, Germany) and
was stored in room temperature.

4.4 LASER SETUP
A tunable femtosecond NIR laser (MaiTai eHP DeepSee, Spectra-Physics) was used at 720 nm, with a
repetition rate of 80 MHz and a pulse duration of 70 fs after the microscope objective (10x/0.3, Zeiss,
Oberkochen, Germany). The hatch spacing was set to 0.5 µm and the layer spacing was 1 µm. An acoustooptic modulator (AA Opto Electronic, Orsay, France) is responsible for the fast switching of the laser, and
a telecentric tube lens assembly guarantees that the focus stays at the back aperture of the objective. The
sample was positioned by a motorized microscope stage. The laser positioning was attained by a
galvometric scanner (intelliSCAN10, Scanlabs, Puchheim, Germany). The minimal feature size (resolution
of the printing) can be contributed to the volumetric pixel (voxel). Full width half maximum (FWHM) of
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the voxel for the used objectives and wavelengths were calculated by the following equations and the
results can be found in (Table 1);[44]
0.32𝜆

𝐹𝑊𝐻𝑀𝑥,𝑦 = √2𝑁𝐴 2√ln 2

𝐹𝑊𝐻𝑀𝑧 =

0.532𝜆
1
[
] 2√ln2
𝑛−√𝑛2 −𝑁𝐴2
√2

Where, is the applied wavelength, NA the numerical aperture of the objective and n the refractive index
of the material.

Table 1. Full width half maximum (FWHM) and the resulting volume of the voxel for the objective used in this study.

Objective

Wavelength [nm]

FWHMx,y [µm]

FWHMz [µm]

Volume [µm3]

10x, 0.3 NA

720

0.9

13.2

18.9

4.5 3D PRINTING OF THE BARRIER-ON-CHIP
For the barrier printing, Gel-NB with a degree of substitution of 90% was dissolved in phosphate buffered
saline solution (PBS) in a 37 °C water bath to obtain a final concentration of 7.5 wt %. After it completely
dissolved, the hydrogel was supplemented with 0.5 mM of the cleavable diazosulfonate photoinitiator
DAS and the di-thiol crosslinker dithiothreitol (DTT) at an equimolar thiol-ene ratio were added at last.
Next, the obtained solution was pipetted into the assembled microfluidic chips, and the was left to form
a physical gel at room temperature for 15 min. Once the gel was formed, different thickness membrane
models were printed according to the CAD to create a barrier between the two chambers of the X chip
using a laser power of 70 mW and a writing speed of 1 m s-1. The samples were developed by placing the
microfluidic chips into a 37 °C incubator. After 30 min incubation, the unpolymerized material was
removed by a vacuum pump, and PBS were added to the two different chambers of the chip. The integrity
of the printed structures was tested by adding 2000 kDa FITC-dextran (TdB Consultancy, Uppsala, Sweden)
for 1 h to one side of the chip, which does not diffuse into the material.
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4.6 CELL CULTURE
Human umbilical vein endothelial cells (HUVECs) and red fluorescently labelled HUVECs (PeloBiotech
GmbH, Plantegg, Germany) were used at the “blood” compartment of the chip to create an endothelial
cell layer on the membrane. The cells were cultivated in endothelial cell medium (Lonza Group AP, Basel,
Switzerland) (Promocell, USA) supplemented with 5 % foetal bovine serum (FBS) and were used up to 10
passages. 50B11 nociceptive dorsal root ganglion sensory neuronal line (provided by University of
California) were used on the “brain” compartment of the chip for the preliminary experiments. The cells
were maintained in neurobasal cell culture media with 10 % FBS (XX). All cells were cultivated at 37 °C
and 5 % CO2 in the incubator. Upon 90 % confluency, the cells were detached using 0.5 % trypsin-EDTA
solution and centrifuged at 170 g for 5 min before plating them onto T75 flasks.

4.7 CELL SEEDING AND PERFUSION SETUP
After the membrane barrier was printed and developed, it was equilibrated in cell culture media for 24 h
prior to the seeding of cell. First, the cells for the brain compartment of the chip (50B11 cells) were
detached by 0.5 % Trypsin-EDTA and the cells were centrifuged for 5 min at 170 g before resuspending it
in the concentration of 1 million per mL. The cells were seeded onto the membrane and were left to
adhere for 2h. For the “blood” compartment endothelial cells were drop-seeded onto the membrane and
were left to adhere for 24h. The diffusion of different molecules was tested 2 days after seeding.

4.8 FITC-DEXTRAN DIFFUSION
The integrity of the printed membrane was tested with 2000 kDa dextran-FITC dissolved in PBS at a
concentration 0.5 mg mL-1. The diffusion of different molecular sized FITC-dextran (4 kDa, 70 kDa and 150
kDa) (TdB Consultancy, Uppsala, Sweden) riboflavin (0.38 kDa), fluorescein (0.4 kDa), FITC-albumin
molecules using the same concentration were recorded using LSM 800 for 1 h at 37 °C both as membrane
alone and membrane with cells. ImageJ software was used analyze the fluorescence intensity in the
different compartments of the chip.

4.9 LIVE-DEAD STAINING AND IMMUNOSTAINING
In order to assess the cell viability after drop-seeding the cells were stained with Calcein AM/Propidium
iodide (PI) live-dead staining according to the manufacturers protocol for 30 min. In short 1: 2500 of PI
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and 1: 10 000 of Calcein AM dilution of the staining solution was prepared in cell culture media and were
added to the microfluidic chip. The cells were imaged using LSM 800. After imaging, the cell culture media
was changed and the cell staining was repeated if needed at a later time point. The number of dead and
alive cells were counted manually.
24 h after seeding the cells in the control static and the perfused samples, the samples were fixed with 4
% Histofix (Carl Roth GmbH, Karlsruhe, Germany) for 1 h. Next, the cells were washed with PBS twice. The
permeabilization was accomplished by incubating the samples with 0.5 % Triton-X in 1 wt % bovine serum
albumin dissolved in PBS (PBS-BSA) for 5 min. Next, anti-VE Cadherin antibody (Thermo-Fisher, Waltham,
MA, USA) in a dilution of 1:500 was added for 2 h at room temperature. Afterwards, the constructs were
washed for 15 min with PBS-BSA before the addition of the Goat anti-Rabbit IgG Superclonal Secondary
Antibody, Alexa Fluor 488 (Thermo-Fisher, Waltham, MA, USA) in a dilution of 1:1000 for 2h. Next, the
structures were washed again for 15 min with PBS-BSA before the addition of DAPI in a dilution of 1:200
in PBS-BSA for 1 h.

5 RESULTS AND DISCUSSION
5.1 CHIP PRODUCTION
Most of the currently available BBB models almost exclusively rely on the use of PDMS devices. PDMS is
a widely used polymer used in soft lithography to produce a model of the mould which can later be bound
to glass surfaces after plasma treatment. The main advantages of PDMS include that it is transparent at
the 240 nM – 1100 nM range and has a low autofluorescence allowing the optical imaging of the device,
it is biocompatible and gas permeable, and has a relatively low cost [45], [46]. However, it is known that
PDMS can absorb certain small molecules and incompletely crosslinked PDMS could leach into the created
channels which could alter the results of the experiments [47], [48]. Our aim was to employ a pressure
sensitive adhesive double-sided tape to cut out the desired geometry and adhere it in between glass slides
(Figure 1A). This medical grade film has a height of 81 µm and contains an inert, non-migratory acrylic
adhesive to ensure the attachment to the glass. An X geometry was cut out of the adhesive film in order
to have separated compartment after printing of the membrane. In the middle part of the X chip, the
distance between the walls of the mould was set to 1500 µm, which was chosen to ensure that the
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membrane can be produced directly on the chip by printing a single membrane, as distances larger than
1500 µm would be larger than the field of view of the used objective therefore it would require a stitching
step. However, this step could increase both the time needed for the membrane printing and also the
failure rate as well. The high precision 170 µm thick glass bottom of the chip allows both the highdefinition 3D printing of the barrier directly on the chip and also the optical imaging of the chip afterwards.
The holes for the ports were drilled into the top glass microscope slide. Once the chip is assembled, the
reservoirs and connectors can be glued onto the top glass using a dual component, water resistant epoxy
glue which cures at room temperature in 1 h (Figure 1B). Two different components were used, for the
blood compartment a bunt needle was glued to allow the perfusion of the system, while for the brain
compartment, which needs to be cultured under static environment, a closable reservoir was attached to
maintain sterile cell culturing condition and enable easy media exchange. By using the pressure sensitive
double-sided adhesive tape as a mould material, the production time of a single chip can be achieved in
minutes.

Figure 1. Microfluidic chamber design. A) Schematic design of the microfluidic chamber with the measurements of the adhesive
mould B) the assembled chip with the reservoirs and connectors.
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5.2 MEMBRANE PRINTING AND THE EFFECT OF THICKNESS ON THE PERMEABILITY
The production of PDMS based BBB usually require a multi-step chip assembly process in which usually
polycarbonate membranes with large pore sizes are introduced between the layers. One of engineering
challenges in such a process is the reproducible and high throughput production of the microfluidic
devices, and to ensure that the membrane is tight and not leaking which is especially crucial for creating
barrier models. Two-photon polymerization based high definition (HD) bioprinting of membranes directly
on the chip could reduce the time and effort needed to produce these microfluidic devices. Once the
mould is assembled the channels can be filled up with the photosensitive monomer solution together with
a 2PI and the barrier can be printed according to a CAD. The unpolymerized material can be removed by
a simple washing step. This technology also allows the processing of naturally derived hydrogels to avoid
the use of plastic membranes in the device. HD bioprinting of hydrogels using gelatin based thiol-ene
photo click hydrogel (Gel-NB) has been demonstrated previously using a diazosulfonate based 2PI [49].
These hydrogels have excellent biocompatibility both as a bioink as a scaffold material. Furthermore, it is
fully biodegradable, and it is possible to achieve different stiffnesses depending on the applied laser
power.
For the BBB model a looped structure was designed to increase the surface area of the barrier. The highthroughput production of the membrane was ensured by a high writing speed of 1 m s-1 resulting in that
a single membrane can be produced under 5 min. The tightness of the membrane was tested by adding
2000 kDa FITC-Dextran to one of the compartments and image the fluorescence signal in the two
separated channels as this molecule is unable to penetrate the hydrogel (Figure 2). The effect of the
thickness of the membrane on the permeability of different sized molecules were tested. Two different
thickness membranes, one with 30 µm (Figure 3A) and 60 µm (Figure 3B) were printed. First the transport
of a small molecule, riboflavin (Mw: 376 g mol-1) was tested. The results show that although riboflavin
passed through the 30 µm membrane faster, the difference was not significant compared to the 60 µm
membrane (Figure 3C). On the other hand, when 70 kDa FITC-Dextran was used, the diffusion was further
impaired at later timepoints while there was no significant difference after the first hour (Figure 3D).
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Figure 2. 30 µm thick membrane one week after printing after. The right side is filled with 2000 kDa FITC-Dextran. The fluorescent
substance did not diffuse to the adjacent compartment of the chip. The scale bar represents 500 µm.

Figure 3. Printing of different thickness membranes and their effect on the permeability. Bright field microscopy image of a A) 30
µm B) 60 µm thick looped membrane. C) The diffusion of riboflavin and D) diffusion of 70 kDa FITC-dextran through the barrier.
The thickness did not significantly alter the diffusion rates under 1 h for either substances. The diffusion of the larger molecules
over extended period of time showed dependency on the membrane thickness. All experiments were performed in triplicates.
The scale bar represents 100 µm.

5.3 CHARACTERIZATION OF MEMBRANE PERMEABILITY
The permeability of the membrane was characterized by tracking the diffusion of different sized molecules
across the barrier. For this use, fluorescent substances with molecular weights ranging from 0.38 to 150
kDa were applied and the fluorescence intensity in the two different compartments were imaged every 5
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min for 1 h. Our results showed that approximately 2 % of the large molecular weight dextran (150 kDa
and 70 kDa FITC-Dextran) were able to cross the barrier after 1 h. However, almost nearly 8 % of the FITCAlbumin were able to penetrate the membrane, although the molecular weight of FITC-Albumin (66 kDa)
is comparable to the 70 kDa dextran. This could be explained by the hydrodynamic radius of the
substances, which can be measured via several different methods, such as light scattering.
Polysaccharides such as dextran have larger hydrodynamic radii than the globular proteins for instance
albumin. Previous research showed that the hydrodynamic radius of FITC-albumin is 5.4 nm ± 0.1, while
70 kDa FITC-dextran is around 6 nm, therefore it could pass through the barrier faster [50], [51]. The bain
to blood ratio of 4 kDa FITC-dextran was nearly 0.4, while the small substances such as fluorescein and
riboflavin reached 0.9 and 0.8, respectively (Figure 4). The 2000 kDa FITC-dextran with a hydrodynamic
radius of 19.50 ± 1.29 nm were unable to enter the hydrogel, suggesting that the pore size of the hydrogel
was smaller than 20 nm [52].
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Figure 4. Permeability of the membrane to different sized molecules. Small molecules such as riboflavin and fluorescein diffused
through the membrane quickly. Larger molecules (4 kDa, FITC-albumin, 70 and 150 kDa FITC-dextran) diffused through the
membrane in a reduced rate. All experiments were performed in triplicates.

5.4 CELL VIABILITY
The BBB comprises of two main cell types, vascular endothelial cells on the blood side of the barrier and
glial cells adjacent to it. For the preliminary studies, human umbilical vein endothelial cells (HUVECs) were
used on the blood compartment and on the brain compartment nociceptive dorsal root ganglion sensory
neuronal line (50B11) was seeded. First, the 50B11 cells were drop seeded onto the membrane and were
left to sediment and adhere to the membrane for 2 h while incubating the chip vertically. Once the cells
adhered, the cells not attached were removed and the process was repeated with HUVECs on the other
side. After two days the cells were stained using Calcein-AM and propidium iodide (PI) live-dead staining
and the cells were imaged with confocal laser scanning microscope. The live cells stain green, while the
dead cells can be visualized in red. The results show that after two days the cells were forming a monolayer
on both sides of the membrane and they maintained their cell viability (Figure 5). There were no visible
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dead cells on the chip, possibly due to their removal during changing the media. These results indicate
that the bioprinted Gel-NB hydrogel barrier supports cell adhesion and proliferation without the need of
any additional coating and can be used directly after fabrication.

Figure 5. Live-Dead staining of cells cultured on the printed membrane. The green cells represent live cells. On the blood
compartment human umbilical vein endothelial cells (HUVECs) and on the brain compartment nociceptive dorsal root ganglion
sensory neuronal line (50B11) were seeded. The staining was performed 2 days after seeding.

5.5 CHARACTERIZATION OF MEMBRANE PERMEABILITY IN THE PRESENCE OF CELLS
The effect of the presence of endothelial cells on the diffusion of different sized molecules were evaluated
using the previously mentioned fluorescent substances. HUVECs were seeded onto the membrane and
were cultivated for 2 days prior to the experiments. Afterwards, the fluorescent substances were pipetted
into the blood compartment of the device and the fluorescent signal was recorded every 5 min at 37 °C
for 1 h. HUVECs significantly decreased the permeability of the membrane to all the tested substances
(Figure 6).
A previous in vitro study introduced 10 (w/v)% sodium fluorescein to the animal models and was left to
circulate for 10 min. Afterwards, the brain tissue was homogenized and the fluorescence levels were
normalized against the serum concentration [53]. Their results showed an uptake of fluorescein of
approximately 0.05 which is three folds lower than the concentration measured in our system with
HUVECs (blood to brain ratio of 0.15). We hypothesize that this could be due to insufficient and immature
intercellular junction formation after 2 days. Additionally, the fluorescence in the in vivo model was
analyzed in the brain tissue homogenate, while we only look at the accumulation of the fluorescent dye
next to the membrane. After 1 h the brain to blood ratio of fluorescein in the case of membrane alone
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reached nearly 0.9, while in the presence of cells it was 0.65 at the same time point. In another in vivo
study, 4 kDa FITC-dextran was injected into the tail vein of mice and was left to circulate for 5 min.
Afterwards, the animals were sacrificed and blood was collected as a control. The brain was extracted and
the fluorescence of FITC-dextran in the cerebrum was compared to the control. Their results showed a
ratio was between 0.001 and 0.0013 [54]. Our results with endothelial cells had ten-fold higher diffusion
with a mean ratio of 0.013 after 5 min, while the barrier alone had a ratio of 0.1. Albumin a highly watersoluble globular protein which can be commonly found in the blood plasma. Previous studies have shown
that albumin does not enter the brain parenchyma and stays inside the brain microvessels [55], [56]. Our
results have shown that the presence of the cells the diffusion of FITC-albumin was 10-fold decreased
compared to the membrane alone reaching 0.01 brain to blood ratio after 1 h. However, the signal
reached its maximum after 30 min and did not increase significantly at later time points. Earlier studies
show that the healthy BBB is largely impermeable to 70 kDa FITC-dextran in vivo. Our results after 1 h
presented a fluorescence brain to blood ratio of less than 0.006 in the presence of cells, over three-folds
less than the barrier alone. Studies using BBB-on-a-chip models exhibited similar finding to our results
using a monoculture of endothelial cells and incubating them with 4 kDa and 70 kDa FITC-dextran.
However, the increased barrier function was described when co-culture of the cells were used [17].
After the contribution of the endothelial cells alone were established, 50B11 cells were seeded onto the
brain compartment of the chip. The cells were incubated and the diffusion riboflavin was tested at
different time points. Riboflavin is a water-soluble vitamin (also known as B2). The uptake mechanism of
riboflavin into the brain has been unclear. A previous study which employed immortalized rat brain
endothelial cells (RBE4) to study the uptake of riboflavin hypothesized that riboflavin uptake is
transported via carrier mediated transport system and is dependent on several different factors including
sodium levels and temperature [57]. There was also evidence that the process is saturable in the
micromolar range which is in good correspondence with our result where a plateau stage is reached after
20 min in the day 3 sample. Our results have further shown that after one day the diffusion of riboflavin
is higher than after 3 days, possibly due to low cell numbers and immature intercellular junction
formation. After 5 days the permeability of the system increases again and additionally the standard
deviation between samples are increased, possibly due to decreased cell viability under static condition
over an extended period of time.
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Figure 6. Diffusion of different sized molecules (70 kDa and 4 kDa FITC-dextran, fluorescein and FITC-albumin) across the
membrane in the presence and absence of cells. The presence of cells decreased the permeability of the membrane in every case,
by 25 % for 4 kDa, 70 kDa dextran, and fluorescein, and approximately 80 % for FITC-albumin.
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Figure 7. The transport of riboflavin across the BBB in presence of HUVECs and 50B11 cells at different time points.

5.6 IMMUNOSTAINING
Endothelial cells within the BBB are characterized by the formation of intercellular junctions which are of
crucial importance for the adhesion and signaling between adjacent cells to maintain the function of the
microvessels. These junctions could be organized into three different groups; gap junctions allow the
diffusion of small molecular weight substances, adherens junctions, and tight junctions which are critical
in order to establish a barrier function. All of these dynamic junctions are formed by different proteins
expressed on the endothelial cells. Vascular endothelial cadherin (VE-Cadherin) is a specific protein within
the cadherin transmembrane adhesion protein family expressed by only endothelial cells and it is present
in all types of vessels [58].
RFP-HUVECs were seeded onto the membrane and were cultured under static conditions for 24 h.
Afterwards the cells were fixed and permeabilized prior to the addition of anti-VE-Cadherin primary
antibody followed by the incubation with Alexa-488 labelled secondary antibody. Finally, the samples
were stained additionally with 4′,6-diamidino-2-phenylindole (DAPI), a stain which binds to the denine–
thymine rich regions in DNA, therefore can used as a nuclear stain. Our results have shown a uniform
distribution and extended morphology of RFP-HUVECs on the membrane after 24 h depicted in the RFP
channel. VE-Cadherin accumulated in the intercellular region, suggesting the formation of adherens
junctions even after 1 day of culture (Figure 8). Although there are still gaps between the cells and the
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monolayer is not fully formed, it could possibly be improved by culturing the cells for a longer period of
time.

Figure 8. Immunostaining of HUVECs cells on the membrane 24 h after seeding.

6 CONCLUSION
In this project we have demonstrated the fabrication of a novel a BBB model on a chip. A medical grade
biocompatible pressure sensitive double-sided tape was used instead of PDMS to produce the mould
which can be mounted on high precision glass slide to enable the direct HD bioprinting of the membrane
and the optical imaging of the channels. The fast and high-throughput production of hydrogels while
maintaining the high resolution of the structures were achieved via 2PP. The BBB was printed directly on
the chip without the need of additional assembly step and the residual material could be removed via a
single washing step. The membranes can be seeded with different cells without the need of additional
coating steps. Both the endothelial cells and dorsal root ganglion cells showed good viability and
monolayer formation after 2 day of seeding. The membrane was characterized by the diffusion of different
sized molecules across the membrane using different thickness membranes showing no significant
differences after 1 h, however, there was a significant difference at later time points when larger
molecules were applied. The membrane showed a size dependent perfusion rate of the different
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fluorescent substances. When the membrane was seeded with endothelial cells the diffusion rates
decreased in all cases, there was a 25 % decrease in the case of fluorescein, 4 kDa FITC-dextran and 70
kDa FITC-dextran and 80 % decrease in the case of FITC-albumin. Immunostaining of the cells suggested
the formation of adherens junction formation even after 24 h of cells seeding. We hypothesize that our
model can be further enhanced by using brain microvascular endothelial cells together with primary
astrocytes and pericytes to improve the barrier function of the device. Literature suggests that glial cells
and the interactions between them and endothelial cells are necessary for the induction of BBB function
[12]. Additionally, literature suggest that endothelial cell survival and the intercellular junction formation
is enhanced upon perfusion [18]. The effect of different shear stresses introduced to the blood
compartment of the chip should be evaluated to further optimize the system. Additionally, different
immunostainings could be employed to further characterize the intercellular junction formation of the
endothelial cells. PECAM is a transmembrane immunoglobulin that can be found in intercellular junctions
and it plays an important role in angiogenesis, and the inactivation of the PECAM gene led to an increase
of vascular permeability in a mouse model. Tight junctions contain both transmembrane and intracellular
proteins and they are responsible for the tight barrier function of the BBB, therefore evaluation of the
tight junction formation is of crucial importance in the BBB models [59].
We envision using this technology to create a physiologically relevant glioblastoma-on-a-chip model
together with a BBB. The glioblastoma cell spheroids can be formed by aggregating the cells using a no
adhesion agarose mould and can be encapsulated into a 3D hydrogel in the brain compartment on the
chip (Figure 9). The migration and the proliferation of the tumor spheroids can be followed over time.
Furthermore, this construct could enable the screening of possible drugs and therapeutics and their
transport through the BBB in order to improve the currently available treatment option and delivery
strategies and gain more understanding in the disease progression.
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Figure 9. Schematic of a glioblastoma-on-a-chip construct employing the BBB model.
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