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We report a microfluidic blood-brain barrier model that enables both physiological

shear stress and optical transparency throughout the device. Brain endothelial cells

grown in an optically transparent membrane-integrated microfluidic device were able

to withstand physiological fluid shear stress using a hydrophilized polytetrafluoroethyl-

ene nanoporous membrane instead of the more commonly used polyester membrane.

A functional three-dimensional microfluidic co-culture model of the neurovascular

unit is presented that incorporates astrocytes in a 3D hydrogel and enables physiologi-

cal shear stress on the membrane-supported endothelial cell layer. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935594]

INTRODUCTION

The blood-brain barrier (BBB) is composed of endothelial cells separating the systemic

blood circulation from the brain and characterized by a high electrical resistivity, low permeabil-

ity, and regulated transport of biomolecules. The BBB plays a critical role in brain drug delivery

and pathogenesis of neurological conditions such as Alzheimer’s disease and stroke. Despite

increasing knowledge regarding regulation of the BBB,1,2 delivery of therapeutics into the brain

remains a persistent challenge in drug development for the central nervous system (CNS). BBB

function depends not only on the phenotype of the endothelial cells but also on their dynamic

interactions with other cells and the extracellular matrix within the “neurovascular unit.”2,3

Several groups, including ours, have reported efforts to develop organotypic microphysiological

systems representative of the neurovascular unit.4 We previously demonstrated that culturing

astrocytes (the chief supporting cell of the BBB) in a three-dimensional (3D) collagen matrix

differentially affects their ability to modulate brain endothelial barrier function.5 Moreover, it is

well documented that fluid shear stress stimulates formation of higher-resistance endothelial cell

layers generally6 and supports development of barrier properties in brain-derived endothelial

cells in particular.7

Several membrane-integrated microfluidic devices have recently been reported for modeling

the BBB.7–12 To date, the membrane materials used in microfluidic devices have represented a

tradeoff between robust cell adhesion enabling shear stress studies (polycarbonate, PC) and

optical transparency (polyester, PE). PC membranes are optically translucent, resulting in an

inability to visualize cells by phase contrast microscopy, requiring fluorescence staining, and

thus precluding observation over time. Transendothelial electrical resistance (TEER) can be

monitored over the course of a study with electrodes integrated into the microfluidic device, but

at the cost of added complexity in fabrication and handling. PE membranes are optically trans-

parent, but data supporting their use for culture of brain endothelial cells and other endothelial

cells (human umbilical vein endothelial cells (HUVEC), dermal) under physiologically relevant

shear stress are lacking4 or only indicate tolerance of shear stress for a limited period of

time.13,14
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Previously, we reported a novel bonding procedure to integrate, in polydimethylsiloxane

(PDMS) microfluidic devices, a commercial nanoporous Teflon membrane (polytetrafluoroethyl-

ene, PTFE). This PTFE membrane, used in well inserts (Millicells
VR

, EMD Millipore), has a

proprietary coating to make it hydrophilic. PTFE membrane-integrated microfluidic devices

demonstrated the ability to support primary cell culture.15

Here, we report brain endothelial cell growth on PTFE for the first time, to our knowledge,

and demonstrate this optically transparent membrane supports bEnd.3 (murine brain endothelial)

cells grown under physiological fluid shear stress with functional protein expression. Using this

membrane, we demonstrate viability and differentiation of a microfluidic version of our previ-

ously described static 3D model of the neurovascular unit, including astrocytes in a hydrogel,5

and demonstrate the ability of this 3D microfluidic co-culture to accommodate physiological

shear stress in the endothelial channel in a format convenient for cellular assays.

METHODS

Two-compartment microfluidic devices were obtained by sandwiching a nanoporous mem-

brane between two PDMS micromolded channels. Membrane-integrated devices had a cell

culture area of 10 mm (l) � 1 mm (w) with an apical channel height of 150 lm and basolateral

compartment height of 150–300 lm (Fig. 1(a)). Commercial PE and PTFE nanoporous

membranes (pore size 0.4 lm, TClear 3450, Corning, and BGCM00010, Millipore) were used.

Fabrication details of membrane-integrated devices are described elsewhere.15,16 In order to

achieve a physiologically relevant fluid shear stress of 5 dyn/cm2 (Refs. 11 and 17) on a

150 lm tall flow channel, a fluid flow of 120 ll/min was used. The average shear stress s was

calculated using the equation s ¼ 6Qg
h2w, where g is the viscosity of water, Q is the flow rate, h is

the height, and w is the width of the channel. The apical compartment was connected to a pro-

grammable syringe pump (Harvard Apparatus, PHD Ultra) operating in aspiration and a 10 ml

medium reservoir for low-flow studies. For high fluid shear studies (5 dyn/cm2), a medium

recirculation system was adopted with the device connected in aspiration to a peristaltic pump

(Masterflex L/S) connected to a 100-ml reservoir. Both PE and PTFE devices withstood this

fluid flow in the incubator for up 4 days, with no leaks, indicating effective bonding of the

membrane to PDMS.

Astrocytes (C8D1A, ATTC) were encapsulated at 1� 106 cells/ml in 2 mg/ml collagen

hydrogels obtained by neutralizing and diluting rat tail collagen (10.08 mg/ml, Corning 354249)

on ice. Hydrogel-encapsulated cells were injected with a chilled 50-ll Hamilton syringe into

the basolateral compartment and polymerized in situ for 30 min before seeding of endothelial

cells in the apical compartment.

bEnd.3 cells (ATTC) were seeded on PE membranes coated with 1.8 lg/cm2 collagen

IV–fibronectin. The optimal coating for PTFE was found to be 1.6 lg/cm2 collagen I. After

phase contrast microscopy indicated complete coverage of the membrane channel, barrier prop-

erties of bEnd.3 cells were measured by apical to basolateral transport of 70 kDa fluorescein

isothiocyanate (FITC)-dextran (2 mg/ml in phenol red-free Dulbecco’s Modified Eagle Medium

(DMEM)) after flushing out the collagen-embedded astrocytes. Media from the basolateral

FIG. 1. (a) Schematic of the microfluidic co-culture. (b) FITC-dextran transport across bEnd.3 cells on PTFE (n¼ 3, error

bars are S.D.) and PE (n¼ 2) membrane-integrated microfluidic devices. (c) Phalloidin (green)-stained C8D1A astrocytes

in collagen hydrogel in co-culture with bEnd.3 at day 14. Blue: Hoechst 33 342 counterstain. Scale bar: 50 lm.
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compartment were collected every 30 min for 180 min, and fluorescence was measured using a

plate reader (Flipr Tetra, Molecular Devices). The apparent permeability coefficient was calcu-

lated using the equation Papp ¼ DQ
DT =

A
C0

, where DQ/DT is the slope of the linear portion of the

compound transported vs. time curve, A is the area of the membrane, and C0 is the initial

concentration.

Phalloidin staining for actin and immunofluorescence staining for claudin-5 were performed

as previously described.5,15

RESULTS AND DISCUSSION

bEnd.3 cells cultured on PTFE membranes demonstrated barrier properties with 70-kDa

FITC dextran transport clearly reduced (Papp¼ 5.9 6 2.3 � 10�7 cm/s, n¼ 3) from a blank

membrane (Papp¼ 2.1 � 10�6 cm/s) (Fig. 1(b)), under both high and low shear stress. The bar-

rier was superior to the one measured for bEnd.3 on PE (Papp¼ 1.2 � 10�6 cm/s, n¼ 2), which

could only be obtained at low shear stress. Dextran permeabilities on both membranes in devices

were as good or superior to those measured in our static 3D BBB co-culture model with the same

cell types (Papp¼ 1–7 � 10�6cm/s).5 Permeability in the PTFE-integrated device is comparable with

the PC membrane-based microfluidic bEnd.3/C8D1A co-culture described by Booth,12 (Papp� 9 �
10�7cm/s), although in that case the C8D1A are grown on the membrane and not in a 3D matrix.

The flow in the apical compartment was adequate to ensure viability of C8D1A in the ba-

solateral compartment, with viability over 90% at day 4 (n¼ 3) as measured by live/dead stain-

ing (L-3224, Life Technologies). As observed by phase microscopy, bEnd.3 in co-culture with

C8D1A reached confluence within a period of 1.6 6 0.9 days, faster than in monoculture for

both PE and PTFE devices (5.8 6 1.0 and 4.5 6 0.5 days, respectively). The co-cultures could

be maintained for as long as 14 days (Fig. 1(c)), but were typically used within one week.

Both PE and PTFE membranes enable phase contract imaging of cells throughout their

cultures (to conveniently monitor growth and confluence, Figs. 2(c) and 2(d)). bEnd.3 formed

confluent monolayers with similar cell morphology on both membranes as illustrated by phalloi-

din (Molecular Probes) staining (Figs. 2(e) and 2(f)). Monolayers remained intact at 5 dyn/cm2

shear stress for 24 h on PTFE (Fig. 2(g)) and exhibited barrier properties (Fig. 1(b)), while on

PE the cells were peeled off (Fig. 2(h); supplementary material).18

Protein expression of claudin-5, an integral membrane protein highly expressed in brain

endothelial cells and a major structural component of tight junctions responsible for the

size-selectivity of the BBB,19 was observed on PTFE membranes (Fig. 2(i)), while it was con-

sistently negative on PE membrane devices (n¼ 10 tests, Fig. 2(j)).

FIG. 2. (a) and (b) SEM images of PTFE and PE membranes, respectively, scale bar: 5 lm. (c)–(j) Optical microscope

images of bEnd.3 microfluidic cultures, scale bar: 50 lm unless otherwise noted. (c) and (d) Phase contrast (200-lm scale

bar). (e)–(h) Phalloidin (green) and Hoechst (blue) stains of bEnd.3 cells with minimal flow ((e) and (f)) and at 5 dyn/cm2

((g) and (h)). (i) and (j) Claudin-5 staining (red).
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In summary, we demonstrate for the first time a functional neurovascular unit model in a

microfluidic platform incorporating a 3D matrix for supporting cells and an optically transpar-

ent membrane for endothelial cells that supports cell attachment at fluid shear stress comparable

to that in the cerebral microvasculature in vivo. An in vitro platform recapitulating these key

features of the neurovascular unit will facilitate better evaluation of brain pharmacokinetics

in vitro, improving the pace and quality of preclinical CNS drug development.
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