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We present an engineered three-dimensional (3D) in vitro brain microvasculature
system embedded within the bulk of a collagen matrix. To create a hydrogel
template for the functional brain microvascular structure, we fabricated an array
of microchannels made of collagen I using microneedles and a 3D printed
frame. By culturing mouse brain endothelial cells (bEnd.3) on the luminal surface
of cylindrical collagen microchannels, we reconstructed an array of brain
microvasculature in vitro with circular cross-sections. We characterized the barrier
function of our brain microvasculature by measuring transendothelial permeability
of 40 kDa fluorescein isothiocyanate-dextran (Stoke’s radius of ~4.5nm), based
on an analytical model. The transendothelial permeability decreased significantly
over 3 weeks of culture. We also present the disruption of the barrier function with
a hyperosmotic mannitol as well as a subsequent recovery over 4 days. Our brain
microvasculature model in vitro, consisting of system-in-hydrogel combined with
the widely emerging 3D printing technique, can serve as a useful tool not only
for fundamental studies associated with blood-brain barrier in physiological
and pathological settings but also for pharmaceutical applications. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917508]

1. INTRODUCTION

As a part of the neurovascular unit, the blood-brain barrier (BBB) is a dynamic interface
controlling selective mass transfer between brain tissue and the circulatory system in the central
nervous system (CNS), and such barrier properties distinguish BBB from other endothelia
observed in peripheral tissues.' To protect the CNS from potential disease, BBB acts as a phys-
ical and chemical barrier via the formation of complex tight junctions between adjacent brain
endothelial cells. This tight junction forces most of molecular traffic to take a transcellular route
across BBB rather than a paracellular manner, and thus, the endothelium permits transport of
only indispensable nutrients and oxygen while restricting the delivery of harmful and toxic
compounds.” Therefore, BBB plays an important role in regulating overall transport phenom-
ena of various small- and macro-molecules, and ultimately maintains homeostasis of the brain
microenvironment. It has been also known that various cells such as pericytes, neurons, and
glial cells persistently interact each other for regulating cerebral blood flow in BBB.®™® Because
the damage or dysfunction on BBB is associated with a large number of neurological disorders
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such as neurodegenerative disease, brain tumor, and ischemia, interests in the BBB have been
increasingly spanning from fundamental studies on the degradation of barrier functions to the
discovery of therapeutic targets.*””

For these reasons, various in vitro BBB models have been suggested for last few tens of
years.> %7 As a representative and early-developed in vitro model, the transwell system has
been widely used to investigate the transport of a number of molecules including drug candi-
dates across an endothelial cell layer.”'® Endothelial cells can be mono-cultured on porous
polymeric membranes or co-cultured with other cell types such as astrocytes and pericytes by
attaching them on either the other side of the membranes or the bottom of well plates. Due to
pore sizes in sub- or micrometer scales and typical thickness (~10 um) of commercially avail-
able membranes, brain endothelial cells have limited chances to interact with heterogeneous
cell types directly by physical contacts and thus mostly rely on indirect interactions such as
paracrine signaling. Although these transwell-based in vitro BBB models have shown great
potentials attributed to their ease of use, relatively low cost, repeatability, and feasibility in
high-throughput screening, they are still lack of physiologically more relevant conditions such
as exposure of shear flows to endothelia, biomaterial consideration allowing for cell-cell
interactions, and 3D environment of non-endothelial cells.'®

To address such issues of the conventional BBB system in vitro, microfluidics-based BBB
models in vitro have been recently developed.'”'” These miniaturized systems have strong
potential in recapitulating physiological conditions including maintenance of consistent
biochemical gradients,'® controlled fluidic shear stress, and mechanical properties of processed
materials.'? By adapting these advantages of the microfluidics-based systems, recent vascular
models in vitro allow for culture of endothelial cells in microfluidic chip-embedded porous
membrane'>?° or a hydrogel block incorporated in miniaturized chips.'®'? In spite of techno-
logically substantial advances (i.e., on-chip systems), most of the studies have presented porous
membranes sandwiched within polydimethylsiloxane (PDMS)-based square channels. To
construct a physiologically more relevant system, Moya, et al. have recently developed a
microchamber-based tissue culture platform. They reported that self-assembled endothelial cells
and tissue spheroid embedded in a fibrin matrix were cultured for up to 40 days in a perfused
condition.”"** Their hydrogel-based culture platform presents a great example for a co-culture
platform of vasculature as well as tissue cells.

Here, we present an array of engineered 3D brain microvascular structure fabricated in the
middle of a collagen I matrix. We utilized the widely emerging 3D printing technique to create
a frame encasing the collagen matrix with well-defined spacing between vascular microchan-
nels. Then, we demonstrate the formation of multiple microvessels by culturing mouse brain
endothelial cells on the luminal surface of collagen microchannels. Owing to our brain micro-
vascular structure well-defined in a system-in-hydrogel, we were able to characterize the barrier
function of brain endothelia in a quantitative manner by optically monitoring interfacial trans-
port of a fluorescently labeled molecule across our engineered brain microvasculature to the
bulk of collagen hydrogel. In addition, the well-defined structure allowed for predicting
transient mass transport with an analytical model that was coupled to estimate transendothelial
permeability of the fluorescent molecule. To demonstrate the validity of our brain microvascula-
ture, we disrupted the barrier function with mannitol and monitored its recovery. Finally, we
discuss implications of our brain microvasculature model in vitro for applications and further
studies.

Il. MATERIALS AND METHODS
A. Fabrication of 3D printed frame

A polymeric frame was fabricated by three-dimensionally co-printing Vero White Plus-
FullCure 835 resin as a main framework and poly-vinyl alcohol (PVA) as a dissolvable support
material not only to encase collagen hydrogel but also to define positions of microchannels as
templates for brain endothelia. The resins were co-printed using EDEN 260V 3D printing
system (Stratasys Inc.) with fiber diameter of 30 um. The 3D printed block was submerged in
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deionized (DI) water, and gently stirred for several hours to dissolve the PVA resin.
Dimensions of the 3D printed frame were 50 x 50 x 3 mm with a square opening (8 x 8 mm) at
the center and those of 4 cylindrical microholes were either 235 or 360 um in diameter (Fig. 1).
It was also designed to include 2 protruding adapters into which PDMS reservoirs for culture
media were connected.

B. Preparation of collagen gels

Collagen I was extracted from rat tails as described previously.'®** Lyophilized collagen
was dissolved in 0.1% [v/v] acetic acid to adjust stock concentration of 15 mg/ml. The stock col-
lagen was further diluted to final concentration of 5mg/ml by adding 10 x Dulbecco’s modified
Eagle’s medium (DMEM, Corning), 1x DMEM (Corning) and 0.5N NaOH (Sigma-Aldrich).
Every procedure should be done in ice to prevent undesired gelation before applying into the
3D printed frame. To visualize the fidelity of collagen microchannels, the stock collagen was
conjugated with tetramethylrhodamine isothiocyanate (TRITC; Sigma-Aldrich) as previously
described.”® Briefly, the stock solution of collagen was mixed and incubated overnight with
3% higher molar ratio of TRITC in 0.1 M sodium bicarbonate buffer, and then the reaction
mixture was dialyzed to remove free TRITC for 3 days in dark. TRITC-collagen was re-dissolved
in 0.1% [v/v] acetic acid to make another stock concentration of 15 mg/ml. The TRITC-collagen
was processed in the same way as describe above.

C. Cell culture

Mouse brain endothelial cell line, bEnd.3, was purchased from American Type Culture
Collection (ATCC) and cultured in high glucose DMEM supplemented with 10% [v/v] fetal
bovine serum (FBS). Cells were maintained in a humidified CO, incubator at 37 °C.

D. Fabrication of engineered brain microvascular structure

An engineered brain microvascular structure was fabricated by using a 3D printed frame as
a template for encasing collagen, a transparent poly (methyl methacrylate) (PMMA) plate as a
top jig, and a duralumin plate with a hole as a bottom jig (Fig. 2(a)). Top and bottom jigs
(I=5cm, w=5cm, t=3mm) supporting a middle layer were fabricated by micromachining
PMMA and duralumin blocks, respectively. The bottom jig contained a shallow well
(25 x 25 x 0.2mm) in which a thin cover glass was placed for optical imaging of engineered
brain microvasculature. All pieces for device fabrication were sterilized with 70% [v/v] ethanol
and oxygen plasma. First, in order to allow for the adhesion between collagen and surfaces in
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FIG. 1. (a) and (b) Conceptual illustration of our brain microvasculature system (a) and its enlarged view (b). (c¢)—(f)
Fabrication of 3D printed frame for the construction of brain microvascular template. (¢) Schematic illustration for fabrica-
tion of 3D printed frame. (i) Non-dissolvable and dissolvable resins are co-printed, and (ii) the dissolvable resin is selec-
tively removed by submerging in DI water. (iii) Hollow channels are used for positioning microneedles. (d) A photograph
of the assembled 3D printed frame and microneedles. Four microneedles with diameter of 360 um are inserted through the
hollow channels. (e) Enlarged view of collagen-encasing region (8 mm x 8 mm) of 3D printed frame. (f) Side view of 3D
printed frame showing an adapter port to which a PDMS reservoir is connected.
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FIG. 2. (a) Exploded view of assembly components in in vitro brain microvasculature model. (b) Photograph showing an
extended PDMS reservoir connected to collagen microchannels. (c) Fabrication steps for brain microvascular structure
embedded in collagen matrix. After the insertion of microneedles into the 3D printed frame (ii), and collagen mixture is
applied in the square opening of 3D printed frame (iii). After geleation, the microneedles are slowly removed from the bulk
collagen (iv), leaving behind four microchannels within the collagen matrix. (v) By seeding brain endothelial cells in the
collagen microchannels, array of brain microvessels embedded within collagen is formed (vi).
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contact with it, inner surfaces of the square opening in the 3D printed frame and one side of a
square cover glass (25 x 25 x 0.2mm) were treated sequentially with 1% [v/v] polyethylenei-
mine (PEI) for 30 min and 0.1% [v/v] glutaraldehyde for 30 min. Then, the glutaraldehyde-
coated surfaces were washed twice with distilled water thoroughly. Second, microneedles (outer
diameter of 235 or 360 um; Hamilton) were inserted through the cylindrical microholes in the
3D printed frame (Fig. 2(cii)). After assembling the 3D printed frame with the bottom jig, a
pre-mixed collagen solution was applied slowly until just filling the square opening (8 x 8 mm)
where the microneedles and a glutaraldehyde-coated cover glass were already positioned
(Fig. 2(ciii)). Then, the top jig was covered slowly on collagen to press and confine the gel
uniformly. The three layers were assembled together with sterilized stainless steel screws at
corners of our device to prevent leakage. Third, collagen in the assembled device was allowed
for gelation in CO, incubator at 37°C for 30min. After the gelation, the microneedles were
slowly pulled out from the bulk collagen so that hollow tubular microvessels (diameter: 235 or
360 um, length: 8 mm, interchannel spacing: 1 mm) were created within the gelated collagen (Fig.
2(civ)). Then, inner surfaces of collagen microchannels were coated with 20 pg/ml of fibronectin
(Sigma-Aldrich) for 30min to promote the adhesion of bEnd.3 cells. Fourth, a suspension of
bEnd.3 cells (5 x 10° cells/ml) was loaded into the fibronectin-coated collagen microchannels,
and then the device was placed in the incubator for 10 min (Fig. 2(cv)). To increase areas of ini-
tial cell adhesion, the device was quickly flipped over and incubated for another 10 min. During
culture periods, a pair of extended reservoirs, fabricated separately with PDMS, was connected
into the two adapters in the 3D printed frame (Fig. 2(b)). About 1.5ml of media was applied to
each PDMS reservoir and replaced every day for culture periods of up to 21 days.

E. Inmunofluorescence staining

bEnd.3 cells cultured on collagen microvessels for 1, 4, 7, 14, and 21 days were fixed with
4% [v/v] paraformaldehyde for 15min and then permeabilized with 0.1% [v/v] Triton X-100
solution for 15 min. These chemical reagents were applied into the endothelialized microchan-
nels by hydrostatically induced laminar flow with a flow rate of ~0.1 mm/s. Mouse anti-ZO-1
antibody (Life Technologies) diluted (1:100) with a blocking solution (i.e., 1% [w/v] bovine
serum albumin (BSA) in phosphate buffered saline (PBS)) was applied through microfluidic
brain endothelia and incubated for 1h. After washing microchannels by flowing PBS, bEnd.3
cells were incubated with Alexa 488-labled anti-rabbit secondary antibody (Life Technologies)
for 1h. After washing the microchannels in the same way as described above, F-actin and
nuclei were stained with Phalloidin-TRITC (Sigma-Aldrich) for 1h and 4',6-diamidino-2-phe-
nylindole (DAPI; Sigma-Aldrich) for 30 min, respectively. Confocal images of immunostained
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bEnd.3 cells were acquired with Zeiss LSM700 laser scanning confocal microscope (Zeiss).
Orthogonal projection and 3D reconstructed images were generated from Zen software (Zeiss).

F. Transendothelial permeability assay

To measure transendothelial permeability across our microfluidic brain microvasculature,
10 uM of 40kDa fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich) in PBS was used.
Immediately after filling collagen microchannels with the FITC-dextran solution, the flow was
stopped to allow for transient interfacial diffusion with an instantaneous initial condition. The
temporal evolution of molecular transport was acquired by capturing sequential fluorescence
images for initial 5 min with Zeiss LSM700 laser scanning confocal microscope (Zeiss). The
acquired images were color-mapped and mean fluorescence intensity values across microchan-
nels were analyzed with custom-written MATLAB (MathWorks) codes. Then, temporal profiles
of the mean fluorescence intensity at 250 um from edges of each microchannel were fitted with
our analytical model to estimate the transendothelial permeability.

G. Disruption of barrier function with mannitol

0.3M D-mannitol (Sigma-Aldrich) solution was used to transiently disrupt the barrier
function of engineered brain endothelia. After the aspiration of media, 20 ul of the D-mannitol
solution was introduced in a reservoir, and subsequently, the flow was stopped by balancing the
height of the two reservoirs. The brain endothelia under the treatment of mannitol were incu-
bated in 37 °C for 30 or 60 min. The transendothelial permeability of disrupted brain endothelia
was measured in the same way as described above.

To observe a recovery of the permeation barrier, the transiently disrupted brain microvascu-
lature was carefully washed with PBS for 10min after the measurement of transendothelial
permeability. Then, it was cultured additionally for 4 days in a CO, incubator at 37 °C. The
transendothelial permeability of recovered brain endothelia (4 days after the mannitol treatment)
was measured in the same way as described above.

lll. RESULTS
A. Fabrication of 3D printed frame

Organs in vivo consist of hierarchical vascular networks not only for the efficient transport
of both oxygen and essential nutrients but also for effective removal of byproducts.® Inspired
from such vasculature in vivo, efforts to develop engineering tools related to tissue engineering
have been more increasingly focusing on vascularized tissues in vitro such as tissue-on-chips®'
or transplantable tissue constructs. For the realization of vascular structures in vitro, it is inevi-
table to consider spacing (or density) between them since mass transport from the vasculature
to its surroundings strongly depends on interdistance between vessel walls as well as metabolic
consumption in the surrounding tissue. Effective molecular transport through hydrogels is
usually valid within a few hundreds of micrometers.”’” For a systematic study on molecular
transport in association with the barrier function of brain microvasculature, we created a frame
to define positions of microneedles used as a removable template for the formation of cylindri-
cal microchannels within collagen hydrogel (Fig. 1(c)). We utilized a commercially available
3D printer that co-printed non-dissolvable and dissolvable resins. Subsequent removal of the
dissolvable portion by submerging in water allowed for cylindrical microholes in the middle of
the frame. We confirmed shape fidelity including intended diameter of hollow microcylinders
and interdistance between them. As shown in Figs. 1(d)-1(f), the four microneedles are posi-
tioned with equal spacing of I mm. Due to rigidity of microneedles available, combined with
current resolution limits with typical 3D printers, we found that relatively large microneedles
ranging from 235 to 360 um in diameter led to high reproducibility for the creation of defect-
free collagen microchannels. Including a potential possibility of utilizing our culture platform
for co-cultures with brain endothelial cells on inner surfaces of microchannels and other cell
types within collagen, we chose the interchannel distance of 1 mm primarily based on (1) the
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resolution of 3D printing associated with the placement of microneedles and (2) reproducible
removal of the microneedles without damages of the collagen structure. However, cell density
as well as metabolic rates of cells seeded in abluminal space, which determines diffusion-
reaction (i.e., consumption) of nutrients and oxygen,'*?*=° should be also carefully considered,
as multiple cell types will be incorporated. Note that we observed minimal swelling of the 3D
printed frame when exposed to humid and warm environment. However, the swelling did not
lead to the failure of operation for three weeks mostly because the rigid top and bottom jigs
maintain mechanical integration throughout the experiment.

B. Construction of collagen microchannels

We chose collagen I as a scaffold matrix mainly because it allowed for great structural
fidelity of microchannels as the template for brain endothelialization and served as a representa-
tive fibrous hydrogel readily allowing for cellular remodeling such as coverage towards full
endothelialization. In addition, we confirmed that elastic modulus of 5mg/ml collagen I and
that of mouse hippocampus were comparable (data not shown). Although collagen IV has been
reported to be an important component as basement membrane for tighter junctions between
brain endothelial cells,’'** collagen IV as a sole scaffold material for ‘brain vasculature in
hydrogel’ is lack of mechanical strength to retain microchannel structure as well as economic
feasibility. We observed frequent failure of fabricating cylindrical microchannels (i.e., collapse
of microchannels followed by the withdrawal of microneedles) embedded within composite
matrices such as collagen I with fibrin, fibronectin, or Matrigel.

As shown in Figs. 2(bi)-2(bvi), we fabricated an array of cylindrical microvessel structure
within 5mg/ml of type I collagen, encased between a transparent PMMA plate and a glass
cover slip assembled with a duralumin plate (Fig. 2(a)). We confirmed that the entire collagen
construct was adhered onto inner sidewalls in the 3D printed frame (Figs. 3(a) and 3(b)).
Figure 3(c) shows a representative bright field image after the gelation of collagen followed by
the removal of microneedles. As a result, four engineered microvessels with diameter of
360 um and inter-channel spacing of 1 mm were fabricated within the bulk collagen with
smooth surfaces. The fabricated structure of collagen microchannels showed great fidelity to
maintain the original geometry of circular channels with high reproducibility. When we tested
lower concentration (i.e., <2.5mg/ml) of type I collagen, the softer elastic modulus ultimately

A

Collagen | labeled with TRITC

FIG. 3. (a) Photograph of our brain microvasculature system after fabrication. (b) Enlarged view of collagen microchan-
nels. (c) Microscopic image showing multiple collagen microchannels. (d) Confocal fluorescence micrographs (z-stacked
and orthogonal views) presenting fidelity of collagen microchannels. Collagen I was labeled with TRITC in advance.
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induced undesirable collapse of channels when retracting microneedles from the solidified colla-
gen gel (data not shown). To visualize the geometry of collagen microchannels, we utilized
TRITC-labeled collagen. As shown in the top and cross-sectional views (Fig. 3(d)), four chan-
nels with defined spacing and smooth luminal surfaces were successfully fabricated.

C. Formation of engineered brain microvasculature

We used the bEnd.3 cell as a model cell type in our brain microvasculature system. For
promoting of adhesion and growth of bEnd.3 on the collagen vessel, fibronectin (20 pg/ml) was
coated prior to seeding cells. Compared to non-coated collagen channel, the efficiency of adhe-
sion and growth was improved on fibronectin-coated channel (see supplementary Figs. STA and
S1B in Ref. 47). When we introduced a high density of cell suspension (i.e., 5 x 10° cells/ml)
into collagen microchannels, most cells adhered onto the bottom side of the cylindrical lumen
due to gravity-induced sedimentation. Considering the circular cross-section of microchannels,
such seeding method in the presence of cell sedimentation might require a longer period of
culture until the cells would cover the entire lumen of microchannels. It could also lead to
undesirably non-uniform cell density and morphology on top and bottom sides while culture
continues. Therefore, we reasoned that it would be more desirable to plate cells more uniformly
at the stage of cellular attachment onto collagen microchannels.

For this purpose, we plated cells in a step-wise manner as follows. After 10 min of the
introduction of a cell suspension into the microchannels, we flipped the entire device upside
down. During this step, adhered cells earlier still remained attached while less adhered cells
detached and settled down on the opposite side of the collagen microchannels. After another
10 min, we returned the device back as it was, resulting fairly uniform attachment of bEnd.3
cells on both top and bottom sides. This two-step plating method presented reduced time for
complete formation of cell monolayer and uniform cell density and morphology, irrespective of
positions. Attached cells started to spread and demonstrated distinct spindle-shaped morphology
of endothelial cells. With our two-step plating method, bEnd.3 cells covered the luminal side of
collagen microchannels on days 3—4, but the cells were further cultured additionally for up to
three weeks towards maturation of tight junctions between the brain endothelial cells.

Our utilization of the 3D printed frame presents two advantages: (1) it served as a mechan-
ical support during the removal of microneedles after the gelation of collagen, leading to
successful fabrication of microchannels with a yield of ~90%, and (2) the adhesion between
collagen and the 3D printed frame prevented the endothelialized collagen construct from being
contracted over long periods of time up to 3 weeks. In case of the endothelialized collagen
construct freely floated (i.e., disassembled from the 3D printed frame), we observed brain
endothelial cell-induced contraction of collagen about 45% over 4 days of culture (see supple-
mentary Figs. S1C and S1D in Ref. 47) as similarly reported.*

We operated our microfluidic culture with gravity-driven perfusion leading to relatively
high flow rate and thus high Péclet number (Pe) to avoid depletion of nutrients and oxygen to
brain endothelial cells in downstream of 8—10 mm-long microchannels.'” Based on our calcula-
tion, Pe was ~10°, much larger than L/d~ 10, where L and d are length and diameter of a
collagen microchannel, respectively. In addition, we did not observe differences between cells
in upstream and those in downstream in terms of morphology, growth rate, adhesion on colla-
gen, and formation of tight junctions for up to 3 weeks (Fig. 4).

To visualize the array of reconstructed brain microvasculature, we immunostained bEnd.3
cells on day 14. Immunofluorescence staining images clearly show the structure of engineered
brain endothelia with diameter of 235 um (Fig. 4(a)). We observed no sprouting of brain endo-
thelial cells into the collagen gel over 3 weeks. Orthogonal views of z-stacked confocal images
demonstrate a circular cross-section of our engineered brain endothelium (Fig. 4(b)).

D. Barrier function of engineered brain microvasculature: Transendothelial permeability

In physiological environment, the brain vasculature plays a key role in protection of the
brain tissues by the selective transport of oxygen, glucose, and amino acids, and by the
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FIG. 4. Confocal fluorescence micrographs of constructed in vitro brain endothelia cultured for 14 days. (a) Maximum in-
tensity projection of large-area scanned fluorescence image. (b) Orthogonal view of engineered brain microvascular struc-
ture shows hollow lumen inside. The channel shown in this figure was fabricated by using microneedles with diameter of
235 um. Red: F-actin, green: ZO-1, and blue: nucleus.

prevention of potential toxins and pathogens as well as drugs, which is characterized with a
well-known term, BBB.* This barrier function of BBB is originated primarily from
well-developed tight junctions between brain endothelial cells. Especially, it is known that the
brain capillary has 50—100 times higher expression levels of tight junction proteins among other
endothelial cells existing in peripheral microvessels.”

To evaluate the barrier function of our engineered brain microvasculature, we measured
transendothelial permeability by monitoring transient permeation of FITC-dextran from the
endothelialized microchannels to the bulk of collagen hydrogel under a confocal laser scanning
microscope. We loaded 10 uM of 40kDa FITC-dextran into the channels followed by rapidly
balancing volumes of the solution in both in- and outlet reservoirs. This operational condition
was not only to prevent convection-mediated molecular transport but also to set up an instanta-
neous initial condition. We acquired fluorescence images at the same position at various time
points of 0, 1, 2, 3, 4, and 5 min, with our brain endothelia cultured for 1, 2, 3, 4, 7, 14, and 21
days as well as a non-seeded control (Figs. 5(a)-5(ah)). As shown in color-mapped fluorescence
micrographs as well as line profiles of longitudinally averaged fluorescence intensity (Figs.
5(a)-5(h)), leakages of 40kDa FITC-dextran (Stoke’s radius of ~4.5nm) decreased while the
coverage of bEnd.3 cells on the luminal side of collagen microchannels increased from day 1
to 4. From day 7 to 21, we observed no random leakages of the FITC-dextran across our brain
microvasculature (Figs. 5(f)-5(h)). Our data show 2-stage formation of a brain endothelium. In
the first stage from day O to 4, bEnd.3 cells continued covering the entire luminal surface, and
thus, significant permeation as well as random leakages of the fluorescent molecule occurred.
Although the brain endothelial cells covered nearly entire collagen microchannels on day 4, we
still observed a pinhole in the left side of the endothelium (Fig. 5(e)). During the second stage
from day 7 to 21, bEnd.3 cells covering collagen microchannels remained intact without
pinholes while the maturation of tight junctions occurred.

E. Estimation of transendothelial permeability with analytical modeling in cylindrical
brain microvasculature

To quantitatively investigate the molecular transport across the engineered brain endothe-
lium, we formulated an analytical model in the cylindrical coordinate as similarly done in the
Cartesian coordinate.'® To do so, we made following three assumptions: (i) The fluorescent
intensity was proportional to the concentration of a fluorescent solute, (ii) the molecular trans-
port from a cylindrical microchannel to a bulk material occurred solely by diffusion without
convection or hydrodynamic pressure, and (iii) there was no longitudinal variation of the
concentration within the cylindrical microchannel. These assumptions were valid in our experi-
mental system because (i) the linear proportionality maintained in low concentration ranges,>
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FIG. 5. Color-mapped confocal micrographs of 40kDa FITC-dextran transported across microfluidic vasculature without
bEnd.3 cells (a), on days 1 (b), 2 (c), 3 (d), 4 (e), 7 (f), 14 (g), and 21 (h). In each case, four representative images show
temporal evolution of interfacial transport at 0, 1, 3, and 5min. 40kDa FITC-dextran leaked randomly from microfluidic
brain vasculature from days 1 to 4 (stage 1: coverage of lumen), whereas no such leakage occurred from days 7 to 21 (stage
2: maturation of tight junction). Plots on bottom panel show longitudinal axis-averaged fluorescence intensity profiles
corresponding to the molecular transport shown in (a)—(h). Microchannels shown here were fabricated using microneedles
with diameter of 235 yum.

(ii) the macromolecule started to diffuse into the surrounding matrix under a static condition,
and (iii) we loaded the FITC-dextran solution rapidly to fill the microchannels.'?

We introduce a cylindrical coordinate system in which a fluorescent solute diffused radially
into the bulk material. Then, we can set a concentration profile of the solute to be ¢ =c(r, 1),
diffusivity in collagen as D [cm?/s], and transendothelial permeability across the endothelium at
the microchannel-collagen interface as K [cm/s] (Fig. 6(a)). Non-dimensionalized parameters
are as follows: radius R =7/3, concentration ¢ = (¢ — ¢y)/(c; — co), del operator V = 6V, and
time 1 = Dt/6°.

In the bulk of collagen as a system of interest, the governing equation for a concentration
distribution can be expressed as transient 1D radial diffusion (Fig. 6(b))

oc )
90— V. (D
A Cylindrical molecular transport model B Cc Cylindrical molecular transport model
Ie—1Iy —_
FITC-dextran solution in the n <'x - la) E 4
brain endothelium model .+ Axisymmetric 0.0 S el O, 10
it ) Z 1054 5
i ~ 3 T
“{\“A.?(icz;(lartranspon 0.2 o] ’T‘i‘
 Without bECs o~ € “
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FIG. 6. Analytical modeling for transendothelial permeability in the case of microvascular structure embedded in collagen
matrix. (a) Schematic illustration defining system of interest: fluorescein-labeled macromolecule (FITC-dextran) is trans-
ported radially into collagen matrix across cylindrical endothelium with permeability of K. Initial concentration of the trac-
ing molecule in the channel is ¢, and spatio-temporal concentration profile can be defined as ¢ = ¢(r, ). (b) Log-linear plot
of intensity profiles at distance of 250 um from edges of the microchannels shown in Fig. 5. (c) Estimated transendothelial
permeability in our brain microvasculature model. The transendothelial permeability decreases consistently over 21 days of
culture. Day 0 denotes collagen channels without brain endothelial cells (bECs).
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An initial condition almost equivalent to our experiment is ¢(R, 0) = 1, and two boundary con-
ditions at R=0 and 1 are

Vve(0,1) =0, )
vE(l,r):fBiE(l,r), 3)
where the Biot number is defined as
Ko
Bi = —. 4
) 4)

With these conditions, we can obtain a general solution for the concentration distribution at
position R and time 1

& BN Ji()
C(R,‘C) - 2; 14 (;m) ] WJO(/LIR)e ’ (5)
Jo(Zn)
)Ln =B, 6
Ji(Zn) ©

The general solution can be approximated as follows, assuming that the first term dominates at
early times:

-1
_ B\*| () .
c(Ryt) = 2|1+ (—) ] ————Jo(L1R)e "7, 7
21 {Jo()}Y
Jo(41)
A =B, : ®)
: Ji(41)
At the distance of 6 away from an edge of the cylindrical microchannel (R = 0), we can get
0,1) — D
In (M) —_— (z% —2> t+1Ino, )
¢i —Co 0
where o is
BN )
a:2[1+(3)] e (10)
M {Jo(41)}

Thus, a linear fit of In[(c(0, 1) — co)/(c; — ¢o)] vs. t gives 44,

slope|d”
/11:\/%. (11)

From the definition of Bi (Eq. (4)) and Egs. (8) and (11), we obtain the transendothelial perme-
ability of our engineered brain microvasculature, K as

v
]1< /slope|5>
A\ D ]
[|slope|s°
J0< \soge| )

Ky = +/|slope|D

(12)
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According to the linear fit of fluorescent intensity profiles, we obtained absolute values of slope
for both engineered brain microvasculature and non-endothelialized case (Fig. 6(b), supplemen-
tary Fig. S3B and Table S1 in Ref. 47). With diffusivity of 40 kDa FITC-dextran in 5 mg/ml of
collagen, D=15.5 x 1077 cmz/s,36 the transendothelial permeability without brain endothelial
cells was Kisnout brainEcs = 9.66 x 10~ %cm/s (Fig. 6(c)). The transendothelial permeability
decreased rapidly as the culture period increased. For example, on day 4, the transendothelial
permeability was Kpgy 4 =2.27 x 10~7cm/s, which appeared to be nearly two orders of magni-
tude lower than that of non-endothelialized collagen channel. The transendothelial permeability
continued decreasing significantly over 3 weeks with Kp,,>; =6.03 x 10~ '"%cm/s. These results
suggest that the maturation of tight junctions affect the barrier function of engineered brain
endothelium.

To observe the difference in tight junction formation, we immunostained bEnd.3 cells cul-
tured for 1, 7, 14, and 21 days with ZO-1. As shown in Fig. 7 (projected view), on day 1, tight
junctions barely start expressing. However, as the culture period increases from day 7 to 21, the
expression level of tight junctions (ZO-1, green) becomes clearer (Fig. 7). This trend of tight
junction maturation clearly correlates with the decreasing trend of transendothelial permeability
(Fig. 6(c)), implying the role of tight junctions in the barrier function.

F. Disruption and recovery of barrier function

The temporal disruption of barrier function is one of major interests of pharmaceutical
researchers since healthy brain vasculature prohibits the transport of drug molecules into brain
tissues. To address this issue, mannitol has been widely used to open the BBB owing to its
safety and efficacy.”’ We also used mannitol as a hyperosmotic model agent to disrupt the bar-
rier function of our engineered brain endothelium. Although others used high concentrations of
mannitol (e.g., 1.4-1.6 M),>7% we treated microfluidic brain endothelia with relatively low con-
centration of mannitol solution (i.e., 0.3 M), to adjust its solubility in media, for 30 or 60 min.

As shown in leakages of 40kDa FITC-dextran (Figs. 8(a) and 8(b)), 30 min of treatment
opened the barrier even with the low concentration. As expected, for the longer treatment for
60 min, the leakage increased. The transendothelial permeability of mannitol treated brain endo-
thelia for 30 and 60 min were Kayzamitor 30 min=3-90 X 10™" and Kazamitor 60 min=3-99 x 10~ °cm/s,
respectively. Compared with the control (day 7, non-treated, Kp,y, 7=3.18 x 107®), the mannitol
treatment for 30 and 60 min demonstrated larger transendothelial permeability by one and two
orders of magnitude.

To demonstrate the viability of our engineered brain endothelium, we also monitored a
recovery of the barrier function. 4 days after the mannitol-treatment (Fig. 9(b)), the 30 min-
treatment resulted in significantly lower transendothelial permeability of Kgecovery from 30 min rreament
—=2.13 x 10 ?cm/s, which is comparable with that of brain endothelium cultured for between 7
and 14 days. However, the 60 min-treatment showed Kgecovery from 60 min treament = 329 X 10 %cmy/s,
similar to the state of day 7. These results indicate that the extent of temporal opening of brain
endothelium ultimately affects the recovery of the barrier function.

A Day 1 B Day 7 (o Day 14 D Day 21

Faw .
R NS0 S e SENNR s

Z0-1 —
DAPI 100 pm

FIG. 7. Immunofluorescence imaging of tight junction (ZO-1) on days 1 (a), 7 (b), 14 (c), and 21 (d). As culture periods
increase up to 21 days, the expression of tight junctions between bEnd.3 cells becomes clearer, corresponding to the trend
of transendothelial permeability.
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FIG. 8. Effect of hyperosmotic agent (mannitol) in the barrier function of brain endothelium. (a) and (b) Disruption of bar-
rier function. 0.3 M mannitol solution was delivered into the engineered brain vasculature (culture time: day 7) and treated
for 30 (a) and 60 (b) min, respectively. The leakage of 40kDa FITC-dextran increased as the treatment time increased. (c)
and (d) Recovery of barrier function. The mannitol-treated brain endothelia were cultured additionally for 4 days, and the
transendothelial permeability assay was performed. Microchannels shown were fabricated using microneedles with diame-
ter of 235 um.
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FIG. 9. (a) Log-linear plot of intensity profiles at distance of 250 um from edges of the microchannel showin in Fig. 8. (b)
Estimated transendothelial permeability in mannitol-treated endothelia (30 and 60 min) and that obtained after 4 day-
recovery process (**p < 0.01).
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IV. DISCUSSION

We have fabricated a three dimensional brain vascular structure embedded in a collagen ma-
trix. The pre-formed geometry in the collagen matix in collaboration with coated fibronectin served
as a basement membrane which supported cell adhesion and subsequent regulation of overall cell
behaviors.”® Collagen I has been a great scaffold material presenting physiologically relevant
microenvironment in terms of its fibrous characteristics for cells to be able to remodel, softness,
and permeability to small and macromolecules. Although PDMS, thermoplastic polymers, and
glass tubes have been used to fabricate vascular structures in vitro, their mechanical properties
(PDMS: 1-3 MPa, thermoplastic polymers: 1-2GPa, and glass: ~80GPa) are much higher than
those of typical tissue components in vivo.** Since the cell functions have been reportedly medi-
ated by the mechanical properties of materials, high mechanical stiffness may exaggerate overall
cell functions in an unexpected way.*'™ In this study, we used 5mg/ml of collagen I known to
show the elastic moduli around 100Pa (gelation at 37°C),** which was far smaller compared to
conventional engineering materials and even closer to that of brain in vivo.*’

Towards reconstructing more physiologically relevant microenvironment where other cell
types in brain such as astrocyte, pericyte, and neuron, it could be beneficial to introduce other
extracellular matrix (ECM) compoments. For example, glycoprotein and proteoglycan are abun-
dant ECM components in brain,*' and specifically, collagen IV is known to be also abundant in
basal membrane which helps expressing tight junction proteins between brain endothelial
cells.>? However, in our experience, collagen IV is too soft to fabricate stand-alone micro-
structures and relatively expensive. Collagen IV is yet more appropriate as an additive or a
coating material.

It has been known that cellular microenvironments such as interstitial flow and mechanical
property of gels affect the sprouting of endothelial cells (ECs) even without chemical cues such
as vascular endothelial growth factor (VEGF). For example, in other 3D microfluidic model,
interstitial flow and shear stress increased the chance of sprouting and migration of ECs through
gel,46 leading to focal leaks. However, in our engineered brain microvasculature model in vitro,
bEnd.3 cells demonstrated early adhesion and spreading, and long-term viability for up to three
weeks on fibronectin-coated collagen microchannels. The brain endothelial cells cover the lumi-
nal surface completely by 3—4 days, yet we observed no sprouting towards the bulk of collagen.
This implies the quiescent state of endothelium, attributed to higher concentration of collagen
(i.e., denser ECM fibers compared with the typical concentration of 2mg/ml collagen).'**® In
addition, the luminal flow stabilized endothelium, as similarly presented in Song and Munn*®
where they elucidated the effect of interstitial and luminal flows in angiogenic sprouting.

To demonstrate the applicability of co-culture of multiple cell types in our culture platform,
we cultured mouse primary astrocytes within collagen with a seeding density of 10° cells/ml
for 4 days in the presence of brain endothelialized microchannels. Astrocyte feet were sprouting
(black arrow heads in supplementary Fig. S2 in Ref. 47) similarly as in vivo.

With our analytical model to calculate the transendothelial permeability, we have derived
the spatio-temporal concentration profile of a fluorescent solute under a transient diffusion pro-
cess. By applying principles of transport phenomena in the cylindrical coordinate system (i.e.,
r-direction), we obtained an analytical expression for transendothelial permeability characterized
by the ratio of Bessel functions of the first kind. If we apply the in-plane (1D) diffusion model
in the Cartesian coordinate, the permeability can be expressed as

T [|slope|5°
Kcartesian = |Slope‘D('ol/agen tan E)L ’ (13)

collagen

where the absolute value of slope can be obtained identically to Eq. (11). From this simpler 1D
diffusion model, calculated values of the permeability are 3.75 x 10~ cm/s for the 21 days cul-
tured brain endothelium, and 5.33 x 10 *cm/s for non-endothelialized channel (supplementary
Fig. S3C and Table S1 in Ref. 47). The transendothelial permeability values obtained from in-
plane transport model were generally one order of magnitude higher compared with those



024115-14 Kim et al. Biomicrofluidics 9, 024115 (2015)

obtained from the cylindrical transport model. Such difference in transendothelial permeability
was also reflected on the mannitol-treatment experiments (supplementary Fig. S4 and Table S2
in Ref. 47). In our experimental setting, the molecular transport occurred radially; therefore, the
simpler 1D diffusion model was likely to overestimate the barrier function of our engineered
brain microvasculature model.

Interestingly, we found that changes in diffusivity (and thus the concentration of collagen)
within an order of magnitude played a very minor role in affecting K whereas interfacial transport
across brain endothelial barriers over time served as a predominant factor (supplementary Fig. S5
in Ref. 47). To predict the extent of the dependence, we theoretically mapped the two parameters
(i.e., D and |slope|) affecting K by setting up a few hypothetical cases based on practical ranges of
diffusivity and |slope|. Note that we used a minimum value of 2 x 10”7 cm*/s corresponding to dif-
fusivity of 40kDa FITC-dextran in 2.4mg/ml of collagen and a maximum value of 6.5 x 10’
cm?/s corresponding to that in 45 mg/ml of collagen.”® Also note that we varied |slope| ranging
from 107 to 1077 s™', corresponding to that estimated on day 1 and 21. Our scaling prediction
showed that changes of diffusivity within an order of magnitude, corresponding to a practical range
of collagen concentration, played a very minor role in affecting the transendothelial permeability,
K, whereas interfacial transport across brain endothelial barriers over time (i.. |slope|) served as a
predominant factor in both cylindrical and in-plane transport models.

V. CONCLUSIONS

In this study, we fabricated an engineered brain vascular structure by combining the 3D
printing technique and microfluidic hydrogel. These fabrication techniques allow for the recapit-
ulation of phyiologically more relevant configurations in terms of the choice of a scaffold
matrix, circular cross-section of endothelia, and the formation of tight junctions. Our engineered
brain microvasculature model in vitro allowed for the demonstration of a time-dependent
evolution of the barrier function for up to 3 weeks. In addition, the disruption of the barrier
function and its functional recovery indicated the validity of our model as a useful platform
towards recapitulating the brain vasculature in vivo. Yet, remaining challenges still include, but
not limited to, the investigation of multicellular interactions between brain endothelial cells and
other cells such as astrocytes and pericytes with mimicking their 3D microenvironments.
Moreover, the multicellular interactions would have to be not only indirect via biochemical
factors but also direct by cell-cell contacts. Although further studies still remain towards
constructing fully biomimetic BBB systems to address the challenges above, we believe that
our engineered platform can serve as a useful tool not only for fundamental studies associated
with BBB and neurovascular unit in physiological and pathological settings but also for
pharmaceutical applications.
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